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FOREWORD

Recent developments in expert system technology have led to the question
whether such systems could be used for the enhancement of nuclear safety, particularly
as advisory system during abnormal plant conditions. This approach requires the
integration of plant design information, known safety information and operator response
information from plant operating procedures. This knowledge is then assembled into a
set of logic rules which form the basis of an expert system.

Expert systems can now be regarded as sufficiently mature to be used to create
a variety of user support facilities. However, for the foreseeable future, the inclusion of
expert systems into overall system design is not expected to change in any way the
existing, proven approaches for the enhancement of safety in nuclear installations. These
systems should not be considered replacing fully the human contribution to a system or
being used in a superior role to a human. The decision to employ expert system
techniques for a given application must be based on clearly defined criteria. Of particular
concern are the assurance of system software (language/shell) and applications software
(knowledge base) quality and reliability. It is also necessary to address carefully the
problems of software validation and licensing of such advanced systems.
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INTRODUCTION

This document was produced during the Technical Committee Meeting (TCM)
to Demonstrate and Review Expert System Prototypes, which was organized jointly by
the International Atomic Energy Agency and British Nuclear Fuels Ltd (BNFL) and held
at the BNFL site in Springfields, United Kingdom, from 30 September to 4 October
1991. It was the third meeting in the series of meetings that the IAEA has organized on
the subject. The first meeting was held in Vienna in October 19881 and the second in
Moscow in October 1990.

This document reflects the views of the TCM on the current state of expert
systems in the nuclear industry. It is not and should not be treated as a comprehensive
survey.

The following approach was used for the production of the document.

(1) Assessment of the current situation in the field of expert systems based on:
(i) Presentations by participants
(ii) Abstracts resulting from a literature search carried out on the INIS data-

base.

(2) The main part of the report is divided into the following areas:

(i) Applications: Analysis of the way Knowledge Based Systems (KBSs) are
currently being used in the industry.

(ii) Techniques: Analysis of the techniques currently used to implement
KBSs.

(iii) Ergonomics

(iv) Project Management

(v) Future prospects: Assessment of the future of KBS within the nuclear
industry and recommendations for future areas of work.

The findings of the meeting in each area are summarized in this report.

1 A report of the meeting, Use of Expert Systems in Nuclear Safety,
IAEA-TECDOC-542, was published by the IAEA in 1990.



1. APPLICATIONS

There has been an increase in the complexity of tasks to which expert systems
technology is applied. The current trend is towards the use of expert systems for on-line
and possibly real-time applications.

Although the majority of applications are still concerned with conventional fault
diagnosis, many other application areas are under investigation.

This chapter summarizes the state-of-the-art of the application of expert systems
technology in the nuclear industry.

This analysis is based upon a survey of work conducted in the field of expert
systems in the period 1988-1991. The information has been extracted from a search
through the IAEA INIS database.

In order to address the relevant aspects of such applications during this period this
chapter is organized into 5 sections: scope, definitions, applications, analysis and
conclusion.

1.1. Scope

The overall scope of this survey is to identify known applications of expert systems
technology throughout the nuclear industry.

The survey also includes established projects which are currently under
development with a view for potential application.

A broad spectrum of applications are considered across the following functions
in the operation of nuclear facilities:

- Reactors
- Reprocessing
- Decommissioning
- Waste Management
- Regulations
- Miscellaneous.

Within each target area each application has been classified in terms of the
following categories:

- Training
- Monitoring
- Design
- Safety
- Diagnosis
- Alarm Analysis
- Miscellaneous.



1.2. Definitions

1.2.1. Off-line

Off-line systems include conventional stand-alone systems used for consultation
by experts, operators and plant personnel.

1.2.2. On-line

Expert systems applications access plant data and information automatically from
external data sources.

1.2.3. Real-time

Real-time expert systems are distinct from on-line systems and should support the
following basic capabilities:

- handle interrupts
- reason with asynchronous events
- uncertain and incomplete data
- guaranteed response times.

1.3. Known Applications/Projects

A preliminary analysis of the applications included in the search of INIS database
is included in the Appendix.

The main classifications are in terms of geographic location and are subdivided
in terms of off-line and on-line applications.

The tables included in the Appendix also indicate the institutions and
organizations responsible for the development of such applications.

1.4. Analysis

A stratified sample was taken from the applications listed in the Appendix. From
a preliminary analysis it is evident that the principal target area is the operation and
management of nuclear reactors. It appears that the majority of such applications have
been developed for implementation as off-line systems. The main scope of these
applications is for providing operator support.

A breakdown of on-line and off-line applications from the sample is presented in
Table I.

From these results it is evident that very few applications have been reported in
the remaining target areas. A further classification in terms of application areas is shown
in Tables II and III.

However, several applications of off-line systems for interpreting applications
identified have been related to safety.



TABLE I

Country

USA

Japan
France

Germany
UK

Czechoslovakia

Other
TOTAL

Sample

75

34

18

11

11

6
15

170

On-line

27

14

4

6
5
1
6
63

Off-line

42

15

12

4

4

4

6
87

Unclassified

6

5
2

1

2

1

3

20

TABLE II

Country

USA

Japan

France

Germany

UK

Czech.
Other

TOTAL

Training

5
0
1

0
1
2

0

9

Monitor

25

10
4

4

4

2

3
52

Design

9

6
6
2

0

1

2

51

Safety

24

11

7
0

2

0
7

51

Diagnosis

29

13

6

7

4

1

7

67

Alarm

3

0
1
1

0
0
3
8

Other

28

15
2

1

3

0
2

51

Multiple categories allowed.

The overall trend within the industry appears to be a move from conventional off-
line applications of expert systems towards on-line systems, which constitute 42% of the
sample.

Moreover, of the applications reported in Japan and the UK, considerable
emphasis is placed on the development of on-line systems.

As expected, the dominant application area for expert systems is fault diagnosis.
A prerequisite to developing successful diagnostic systems is a plant monitoring
capability.

10



TABLE III

Country

USA

Japan

France
Germany

UK

Czech.
Other

TOTAL

Reactor

58
24

15
10

6
4

3

120

Decom

0

0

0

0

0

0

0

0

Reproc

3

1

0
0

2

0
0
6

Waste

4

1

0

0

1

0
1
7

Regulations

10

3
2

1

2

0
1
19

Other

3

6

4

0
1

1
1
16

The emergence of on-line applications throughout the industry indicates a growing
interest in this particular area.

1.5. Conclusion

The increasing power of industrially available hardware and integrity of associated
software tools has made expert systems technology an economic solution to many
industrial problems.

The acceptability of expert systems as reliable tools to be used for a variety of
aspects of plant operation is also increasing.

A common theme that runs throughout many applications has been the use of
expert systems to solve complex problems involving a number of disparate tasks.

Several applications have illustrated that the potential of deploying expert systems
technology can be realized by concentrating development efforts on more appropriate
problems with clearly identified benefits.

However, the use of expert systems to solve the more well-defined strategic
problems has also yielded many benefits.

2. TECHNIQUES

2.1. Software Currently Being Used

The use of expert system shells is now widespread for off-line systems,
although on-line systems are now coming onto the general market, for instance
PROMASS, COGYS, G2 and GENESIA. PROLOG and LISP are used, but to a
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much lesser extent than shells. The dominance of PROLOG in expert systems written
in artificial intelligence languages is an indication of the prominence of PROLOG in
Europe; LISP tends to be favored in the USA.

Conventional languages (e.g. C) and object oriented languages (e.g. C++) are
commonly used in conjunction with inferencing procedure. Shell-based expert systems
are also being used as only a single part of a larger "intelligent" system. Other
commercially available software packages are often utilized with the expert system to
facilitate data transfers, spreadsheet applications, graphical tools, etc. Database
management systems are also used as data sources for many expert systems in off-line
applications. Tools are being developed and used to work with expert system shells. A
common example is a tool to assist in knowledge entry into the expert system at a
higher level than traditionally employed by knowledge engineers.

New paradigms being used to enhance the functionality of expert systems
include hypermedia and neural networks.

2.2. Knowledge Representation

Deep knowledge representation is being applied in many expert systems
projects in the nuclear industry. Using deep knowledge is, however, computationally
intensive. An interesting solution to this problem has been developed by Electricité
de France, whereby relevant deep knowledge is compiled into shallow knowledge for
a particular problem area, and so used in a real time system.

Qualitative representations are used/proposed in several systems, to facilitate
reasoning about continuous, dynamic systems where quantitative information is
unavailable.

Rule-based representations are still the dominant formalism for both on-line
and off-line expert systems, although a number of other forms of formalism are being
used, eg. frames, trees, Object Oriented Programming Systems (OOPSs), fuzzy
systems, most often rules and frames, to be used in the same system.

In the case of neural networks, totally different inferencing strategies, based on
pattern matching, are used.

2.3. Knowledge Elicitation/Analysis

Traditional knowledge engineering techniques are the most common means of
knowledge entry into expert systems. Tools are becoming available to simplify and
formalize the entry of knowledge at a higher level than the knowledge representation
formalism used by the expert system. An example of this is the PERFECT expert
system development tool (ITI-TNO) used with COGSYS (COGSYS Ltd.). Knowledge
is entered in a graphical form of multi-level flow models: PERFECT converts this
representation into COGSYS rules.

Conventional mathematical codes are used to provide the expertise/knowledge
used in an expert system. An example presented at the workshop is the MIXSET
code for producing diagnostic logic for the Tokai Mura Instruction System.
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For systems incorporating deep knowledge, models of the plant and processes
form an important part of the knowledge representation. Much of the knowledge
about the plant structure and operation will be elucidated directly from technical
documentation, manuals and plant operation data, without the need for any
knowledge engineer to interpret it.

2.4. Inference Mechanisms

The inference mechanisms are determined by the knowledge representation
used: where rules are employed in a real time system, processing is event driven and
therefore must include a forward chaining component. For off-line systems, other
chaining strategies are also applicable.

In some systems an inferencing mechanism is used in which the rules are
ordered to increase its performance. Several systems use, or propose to use,
probabilistic reasoning to facilitate probabilistic safety assessment (PSA).

The currently fully operational expert system for Ignalina NPP (USSR) is
intended primarily for the early detection and prevention of events rather than for an
analysis of plant conditions after event initiation. The decision tree method with
forward and backward chaining technique has been implemented in that system for
the analysis.

2.5. Verification/Performance

The necessity to ensure the validity of all aspects of expert systems is becoming
of a wider concern, with increasing awareness of QA requirements. This is especially
important in safety critical applications. Methods used to assure the quality of systems
include the use of simulation data, case histories, peer group reviews, etc.

Some systems check new knowledge, for syntax and semantic correctness, when
entered into the system. There is little evidence in the literature of structured
techniques being employed in the development of knowledge bases.

There is very little information on the methods used to quantify the expert
system in terms of performance and cost benefits.

2.6. Architecture/Design

There is a tendency towards the modularity of expert system and knowledge
base modularity. The functions of the expert system are often distributed across
different components, and different machines, running concurrently.

13



3. ERGONOMIC ASPECTS OF EXPERT SYSTEMS
IN THE NUCLEAR INDUSTRY

It is apparent that ergonomics is a field which is not receiving the attention it
deserves. This is probably a reflection of the early state of development of most of
the systems which have been described at the workshop. A number of developments
are however of some interest. In some cases the user interface has been split off from
the rest of the application as a separate module. Whilst not in itself a major
contribution to the user's view of the system, this does at least have the merit of
concentrating the developer's mind on the ergonomics of the user interface as a
separate entity ensuring that it is not treated as an afterthought as so often appears to
be the case. This ties into the question of how ergonomie aspects of a system are to
be treated by the project management.

Windowing systems and graphical interfaces have made important
contributions to the more developed expert systems. These will typically cover both
the run time system and the development aspects of an expert system. An interesting
avenue which may be followed more in the future, particularly in off-line systems, is
the use of hypermedia which should enable the production of sophisticated interfaces
with the minimum of development effort.

In the case of on-line systems an on-going concern has been that of user
acceptability. It has become apparent that if a system is to be accepted it must be
available in the control room for routine tasks such as data logging so that familiarity
with the system is gained and the situation does not arise in which a need occurs and
control room operators are expected to turn to a system with which they have very
little experience. This aspect of user acceptability is clearly of particular concern to
systems which are intended for use only in transient or accident situations. Related to
this consideration is the desirability of obtaining the very close involvement of the end
user (e.g. the plant operations personnel) in the development of the rule base. In the
case of the PROMASS application at the Windscale Vitrification Plant adherence to
these principles has helped to ensure user acceptability. In other cases a system has
only been accepted in the control room after it has been seen to work correctly and
usefully in a number of difficult situations.

One application, relating not so much to the ergonomics of the expert system
as to the use of the expert system as an aid to the ergonomics of the plant, is that of
data treatment. In some cases this acts to integrate data into a higher and more
understandable form, thus performing the role of a sophisticated monitoring panel
(data fusion), whereas in other cases this acts to reduce the quantity of data being fed
to the operator, by filtering out unimportant or common source data (data filtering).
The latter case is most used in alarm prioritization. Whilst this is an important
application, on which some work has been apparent from the literature review carried
out by the expert systems group at Sellafield, it is clearly important that a high degree
of confidence in such a system is achieved, by whatever means, before it is put into
use, particularly if alarms are to be suppressed.
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4. PROJECT MANAGEMENT

The following points can be made on the topic of project management in the
area of knowledge base (KB) development:

(1) Since many of the projects reported were research projects a formal
system of project management would not, perhaps, have been
appropriate. However, as the techniques developed are moved into
other areas, there will be a need to subject them to formal project
management procedures. If it is the intention to move research
techniques to other areas, then it may be worthwhile to consider how
the procedures used in the research development phase could be
utilized in a formal project management phase.

(2) The problem of formally estimating the cost/time, scope and complexity
of KB systems has not yet been addressed. This will be necessary to
ensure that KB developments can be properly resourced and scheduled
within a formal project plan.

(3) Any successful project management procedure must accommodate the
active involvement of the users in the development of the KB. This
facilitates the ownership and acceptance of the KB.

(4) Major industrial systems cited at the TCM did have formal procedures
in place to manage the maintenance of the KB and assign responsibility
for the validity of the KB.

(5) There is no evidence of cost-benefit analysis being carried out as a
matter of routine. Methods of carrying out such an analysis must be
developed if resource managers are to be convinced of the benefits of
utilizing KB technology.

(6) Methods to formulate bench marking techniques need to be addressed
as well. These techniques could provide an useful tool in quantifying the
performance of KB systems.
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5. THE FUTURE ROLE OF EXPERT SYSTEMS IN THE NUCLEAR INDUSTRY

The role expert systems ought to play in the future of the nuclear industry is to
contribute to the safety, economic viability and public acceptability of that industry.

5.1. Requirements for Future Expert Systems

(1) There is a need to develop comprehensive knowledge bases (KB) which
derive their knowledge representation from all relevant sources. These
sources sill include:

plant documentation;
plant operating procedures;
plant design drawings;
plant operational experience;
plant simulation models and safety analysis;
plant simulators.

This will ensure that the KB is based upon all of the sources relevant to
informed decision-making in relation to the safe operation and
economic running of the plant.

Several participants have expressed an interest in, and need for the
range of expertise available to the KB to be wider than that which
could be represented by human experts. For example, the need to
interrogate and extract expertise from archives, plant related databases
and mathematical models.

(2) There is a design requirement to represent complex information in a
way that is intelligible to, and can be used by, operators. This will
require attention to the working environment of the operator and the
impact that the KB is likely to make upon his tasks.

Several participants have indicated that operator acceptance of the KB
is facilitated by the following:

the active involvement of the operator in the design and
implementation of the KB;

through understanding of the operational problem that the KB is
designed to address.

(3) The ability to accelerate the knowledge acquisition process by both
refining current interviewing and analysis techniques and developing
additional techniques to integrate non-human sources of expertise. This
will be necessary in order to undertake large scale KB.

In this context participants have considered the derivation of production
rules from deep knowledge models of the plant and/or from neural
network systems.
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(4) Human operators may not be able to handle the large amounts of
information necessary to make timely decisions regarding the operation
of the plant or the consequences of certain exceptional circumstances.
The utilization of the large scale integrated KB will enable the best
operators to be even better by providing access to all relevant data and
removing the fallibility associated with fatigue and limited memory
capacity.

(5) There is a need for KB to learn from the novel situations they
encounter. Several participants presented work on systems which have
the potential for learning; for example, neural networks. It will be
necessary to consider both the techniques for learning and the issues of
maintenance and validation presented by such systems.

(6) The development and deployment of large scale integrated KB will
require a structured approach to systems building. This will be necessary
in order to assure that the necessary verification and validation of such
systems can be undertaken to the required degree of confidence. The
use of such a structured method will assist in the movement of KB
development from unique projects to a more routine data processing
project.

(7) Several participants have described multi-level KB. The development of
such KB will require emphasis upon modularity both for maintainability
and validation. In addition it will be necessary to consider the possible
requirement for multi-level user interfaces. It cannot be assumed that a
single user interface will be adequate for different users carrying out
different operations.

(8) It will be necessary to consider the use of KB as an intelligent filter of
information as well as a presenter of information and/or adviser upon
the basis of information. Information overload is a problem recognized
by several participants. The design of KB to take some responsibility for
routine events in order to minimize this problem will need to be
considered. The importance of routine events with regard to more
exceptional events must be appreciated.

(9) There is a need to consider KB for human selection and management
tasks. There are human experts at allocating diverse sources to specific
problems and minimizing conflict within working groups. It would be
useful to use KB to address these socio-psychological issues in addition
to the technical issues of plant operation.

(10) There will still be a need for small-scale off-line KB. An example of
such a need is for the consistent use and interpretation of national and
international regulations pertaining to the nuclear industry. The
potential of the application of the INES system was an actual case
raised during the proceedings.

17



5.2. Future Issues

The envisaged role for expert systems in the future of the nuclear industry
raises a number of issues.

(1) Wide scale acceptance of KB will depend upon the users' appreciation
of how the KB is addressing the domain problem. This will not
necessarily involve an understanding of the specific technology used to
implement the KB. However, it will require a degree of confidence that
the approach of the KB to the problem is sensible. For example,
knowledge that the KB is based upon extensive plant drawings or
production rules derived from an acknowledged expert. It must be
demonstrated to the end user that the system is complete and
consistent.

(2) Acceptance of KB will also depend upon non-technological issues such
as ergonomie factors and user training, political considerations and
ownership of the system.

(3) The issue of estimating potential KB projects will assume greater
importance as the technology moves into a routine production phase.
There is a need to attend to the problem of formally estimating
potential systems in terms of:

cost / time to develop the system;
projected size of the final system;
complexity of the initial problem;
maintenance requirements;
interfaces to other systems.

(4) There is a need to consider the issue of system metrics. In particular,
there is a requirement to assess the performance of the system against
the technical and economic objectives initially specified for the KB.

5.3. Future Technical Requirements

In order to realize the above benefits of expert systems within the nuclear
industry, it will be necessary to make certain technical advances. The proceedings
were encouraging in that it demonstrated that participants were actively considering
the techniques they would require in the future in order to realize these benefits.

Of particular interest would be developments in the following areas:

(1) There is a requirement to consider data base management systems to
support KB applications. Techniques must be established which will
allow the routine integration and interrogation of existing databases
both as sources of information and as potential sources of expertise.
The following areas require attention:

data representation formalisms;
tools for integration of KB and databases;

18



(2)

facilities for Case Based Reasoning;
techniques for the intelligent manipulation of data within the
data base.

There exists a variety of methods for synthesizing simple and effective
representations of complex data sets by methods which do not require a
detailed human knowledge of the system.

Two main categories exist:

(i) Neural networks:

(3)

These derive a representation of a system
from many examples of the system in
operation. In theory they can represent any
system that they have seen in sufficient
detail. Uses include

(a) classifying complex plant state vectors
into simple groups, e.g. good or bad;

(b) prediction of future events based on
current state. This can also be used to
detect sensor failures in the event of
false prediction;

(c) emulation of slow mathematical
models to enable real-time use

(d) knowledge extraction from plant
behavior.

These generate solutions to any problem for
which there is a criterion for the goodness of
any putative solution. The methods work by
having an evolutionary strategies for
solutions which favor solutions which are
accurate and uses these to generate better
solutions.

Both these methods are in their infancy and
there needs to be improved understanding of
appropriate problem domains. Additionally,
training times can be long and more
efficient algorithms, including the use of
prior knowledge of the problem to be solved
as suggested at the workshop, are urgently
required.

There are means of presenting information which are not, as yet, fully
exploited in KB user interfaces. For example, the integration of video
and sound sources within a KB consultation.

(ii) Genetic algorithms:

19



(4) There is a requirement for better algorithms and better hardware to
handle the requirement for increased speed. Participants expressed a
requirement for faster processors and parallel processing to overcome
this problem.

(5) Attention must be paid to the development of a formal method for
systems design, system building, testing and validation. The development
and implementation of such a method will increase official and public
confidence in the fitness of KB to undertake their role within the
nuclear industry.

6. CONCLUSIONS

Throughout the nuclear industry a large amount of time and effort has been
expended on investigating knowledge based systems of one sort or another and many
highly successful projects and applications have been completed bringing real benefits.
As is natural with a new technology many different approaches have been tried in
terms of project management, technical methods and application areas. The
technology of expert systems is now maturing and there is a real need to standardize
the approach and the development tools used so that system development costs and
time can be reduced. This will also increase the confidence of the industry and the
public in the reliability of finished systems. Collaboration within the industry is an
efficient and cost effective way of achieving this.

Current applications concentrate on a few main problems, such as reactor
transient analysis. Whilst this is natural, there are many areas with complex problems
in which benefits could be gained, such as PSA, maintenance, etc.

Many issues pertinent to the routine use of Knowledge Based Systems (KBSs)
within the industry have only just started to be addressed. Fully acceptable systems
require attention to many of the issues contained in this report, most especially
methods of validating the systems which are consistent across the industry and issues
of ergonomics and user acceptability.

The development of techniques for use in expert systems continue apace. In
particular work has progressed in knowledge representation and knowledge
acquisition from sources other than human experts. KBSs must show real benefits
against safety, economic, and public acceptability criteria to justify their use. It is clear
from the activities currently being carried out that KBSs can meet this requirement.
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BRITISH NUCLEAR FUELS OFF-LINE EXPERT SYSTEMS

D. UNS WORTH
Corporate Management Services,
British Nuclear Fuels pic,
Risley, Warrington, Cheshire,
United Kingdom

Abstract

This paper describes the work of the British Nuclear Fuels
pic (BNFL) Expert Systems Team. It covers the background to
Expert Systems within BNFL, the method for developing
off-line Expert Systems, applications within BNFL and future
developments affecting off-line Expert Systems.

Background:
BNFL have been involved with Expert Systems technology since
1983 when R & DD at Sellafield looked at the potential of
Expert Systems to support chemical plant operations. This
research was oriented towards the solution of a specific
business requirement; that is, the diagnosis of plant faults
and monitoring of plant performance. As a result of this
work a real time plant monitoring system, PROMASS, has been
successfully developed.
In addition to the large scale real time applications of
Expert Systems BNFL also recognise the potential for
off-line Expert Systems. The BNFL Expert Systems Team based
at Risley have responsibility for the development of these
systems and their deployment throughout the Company.
The Development of Off-Line Expert Systems:
The early projects undertaken by the Expert Systems Team
were used to develop and refine a general method for
off-line Expert System development. This method guides our
activity and is continually updated to reflect our
increasing experience of the factors critical to the success
of Expert Systems projects.
The general method adopted by the Expert Systems Team is as
follows:

Business Analysis
The first stage of a potential application is concerned
with familiarising ourselves with the business
objectives and activity of the potential Expert and
Users of the system. We are concerned with the
suitability of the proposed problem for Expert Systems
technology and the character of the expertise currently
involved in the solution of the problem.
This period of analysis is completed by a formal
project definition agreed by Managers, Experts and
potential Users of the proposed Expert System.
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Analysis of the Experts' Activity
The analysis of the experts' activity and the mapping
out of a solution strategy for the problem is the most
time consuming activity within the project. The
objective of the analysis is to construct a Conceptual
Model of the experts' problem solving behaviour such
that it will be possible to build an automated system
capable of replicating the experts' decisions within
the specified domain.
System Development
The task of developing the Expert System consists of
several activities:

Interface Design:
The quality of the user interface is important to
the acceptance of any system. For this reason the
design of the user interface is treated as a
distinct task within the project. Extensive use
of prototyping is made with both the experts and
potential users. A feature of the user interface
which has been found to be particularly important
is the incorporation of general information and
advice concerning the particular problem.
Logical Design:
This involves moving the Conceptual Model
developed during the analysis of the experts'
activity into a design which can be implemented
using the software selected for the project.
Physical Design:
This involves the design and coding of the Logical
Design into the software chosen for the project.
The Expert Systems Team have developed several
structured techniques based upon traditional Data
Processing methods to assist in the design of
rule-based systems.
Standards :
In order to assist in the development and testing
programme naming conventions and code standards
are formulated and circulated to all members of
the project team. These assist in the structured
development of systems in accordance with the BNFL
Expert Systems Method.
Testing:
There are two aspects to the testing of an Expert
System. The first aspect is the testing of the
Logic of the system. This involves a
demonstration that the code actually implements
the Logical and Physical designs. This testing is
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undertaken by members of the Expert Systems Team
not directly involved in the Logical or Physical
design of the system. The second aspect is the
testing of the Sense of the system. This task is
undertaken by the experts' colleagues and is based
upon a period of beta-testing by the experts'
department, review by peer groups and selected
case histories.

System Implementation
The implementation phase of the project consists of
training the users of the Expert System and the
establishment of incident reporting procedures. The
incorporation of on-line help within the system can
often make the provision of a User Manual unnecessary.

BNFL Off-Line Expert Systems;
The Expert Systems Team have developed many off-line
applications for use within BNFL.

Tranaid
Tranaid was developed for the Transport and Safety
Section of Pacific Nuclear Transport Limited. Its
function is to answer enquiries from BNFL sites
concerning the application of IAEA regulations
governing the transportation of radioactive materials.
This Expert System is used both within BNFL and by
other parties within the UK and Overseas. The system
is commercially available from BNFL.
NUMAXES

NUMAXES was developed for the BNFL Safeguards and
Programmes Office to assist in the export of nuclear
materials by identifying requirements for International
controls imposed by supplier countries, advising upon
Licence requirements laid down by the UK Department of
Trade and Industry and advising upon any additional
approvals required by the UK Department of Energy.
Alpha-In-Air Diagnostic System
The Alpha-in-Air Diagnostic System was developed
initially for personnel at the BNFL Springfields site.
It assists with the maintenance of Alpha-in-Air monitors
by diagnosing electrical, electronic and mechanical
faults. The system runs on a portable PC in the
workshop. This allows the system to be used where it
is most required; i.e. at the site of the maintenance
activities. The Expert System also uses pictures and
diagrams as a Help feature.
Paint Coatings Advisor
The Paint Coatings Advisor was developed for Materials
Fabrication and Technical Services within BNFL to
advise upon suitable protective coatings for black
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stainless steel structures. It has several novel
interface features worked out with the experts and
users, including the ability to display a list of the
case factors contributing to the suggested protective
system.
Quality Control Advisor
The Quality Control Advisor was developed in
conjunction with the QC Department at Sellafield to
ensure a consistent approach to the procurement of
items to the correct quality standard for the plant.
When the system is fully implemented it will be
accessible by all 2000 Demanding Officers at
Sellafield. To satisfy this demand the Expert System
will be moved from its current PC platform to a
Mainframe platform.
Glovebox Decommissioning Advisory Expert System
BNFL are building up considerable expertise in the area
of decommissioning. In order that advanced technology
is fully exploited in meeting the challenge of
decommissioning the Expert Systems Team have developed
a Glovebox Decommissioning Advisory Expert System in
conjunction with the Decommissioning Unit at
Sellafield.

Future Developments within BNFL
New technologies are emerging which will have a direct
influence upon off-line Expert Systems within BNFL. It is
part of the activity of the Expert Systems Team to keep
abreast of these technologies and to assess their potential
benefits for the Company. The following gives a brief
outline of some of the advanced technologies currently under
consideration.

Hypermedia
Hypermedia facilities are already being used in several
off-line Expert Systems developed by the Expert Systems
Team. The main attraction of using Hypermedia is in
the quality of the interface and the ability to give
the user access to both textual and graphical support
to the decision making activity. We envisage that the
role of Hypermedia will expand considerably in the near
future.
Object Orientated Paradigms
The Expert Systems Team is investigating the use of an
Object Orientated Paradigm as a means of tackling
problems which demand subtle knowledge representations.
Examples of such problems include strategy decisions
and scheduling.
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Neural Networks
A member of the Expert Systems Team has recently
completed academic research upon the use of Neural
Networks. As a part of this research a section of an
existing system was re-implemented using a Neural
Network. It was found that this suggested significant
implications for both the technology available for
off-line Expert Systems and the techniques available
for the analysis of the experts' problem solving
behaviour. Work is currently underway to see how this
can be further exploited within BNFL.

To receive further information about the services which the
BNFL Expert Systems Team can provide contact:

David Beechey
OR and Expert Systems Manager
Corporate Management Services
British Nuclear Fuels pic
Risley, Warrington
WA3 6AS
United Kingdom
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REAL-TIME KNOWLEDGE-BASED SUPERVISION AND
FAULT DIAGNOSIS FOR INDUSTRIAL APPLICATIONS
USING COGSYS

SJ. DA VISON, S.R.J. BURRAS
COGSYS Limited,
Salford, United Kingdom

Abstract

This paper describes the development and application of a new real-time expert
system called COGSYS. COGSYS was developed through a collaborative project
involving 35 major European companies. The project began life in 1987 following
on from the successful completion of an earlier real-time expert system project
called RESCU (Real-time Expert System Club of Users), which was a similar
collaborative project funded under the Government's Alvey initiative. As an
awareness project RESCU allowed the club members to gain sufficient insight into
the potential benefits through its application to a detergent manufacturing plant at
ICI Wilton to justify a further project aimed at the commercialisation of the system.
The COGSYS project lasted 3 years and culminated with demonstrations at 2 test-
sites, British Gas in Solihull and CM B Technology in Wantage. The British Gas
application involved a decision support system for a gas production plant and the
CMB application is based on quality control of a laminated plastic bottle making
process. COGSYS is now being marketed by a company of the same name, set
up by British Gas, SD-Scicon and Salford University Business Enterprises.

1. INTRODUCTION

Over the last few years there has been a growing interest in the application of
artificial intelligence techniques within commerce and industry. This has occurred
mainly due to the advent of expert system shells which provide a simple built-in
inference engine which can be used to tackle a wide variety of problems requiring
the need for some sort of advisory system. Typically these systems were designed
to run as stand-alone applications, where the user interaction took place through a
question and answer dialogue. Most of these shells were limited both in terms of
the range of inference and knowledge representation techniques but also in terms
of their speed of response. Due to these limitations the uptake of such systems
within the process industries was extremely slow. However, recent advances in
both hardware and software technology have enabled these shortcomings to be
addressed so that now the term "expert system" is as familiar to the process
engineer as it is to the commercial data processing engineer.

Far from being a solution looking for a problem the use of expert systems in
industrial applications is already having positive benefits, not least of which is the
ability to capture scarce expertise and apply it consistently and safely in a wide
variety of situations. After the hype in the early 1980's the emphasis today is on
well engineered systems that perform reliably in often hostile industrial
environments. Some of the problems currently being tackled include fault
diagnosis, expert control, condition monitoring, optimisation and intelligent
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procedures. Some common themes which run through many of these applications
include the need to embody both shallow and deep level knowledge, the ability to
handle interrupts and respond quickly to critical events and provide explanations
where necessary to support the advice provided. Increasingly in large continuous
and batch processing plant there is also a need to be able to handle both current
and old values and understand such expressions as "A occurred before B", a
facility known as temporal reasoning.

One tool that is being increasingly used for the development of real-time expert
system applications is COGSYS. The COGSYS product is marketed by a company
of the same name which has been set up as a joint venture between British Gas
PLC, SD Scicon and Salford University Business Enterprises Limited. The
development of COGSYS is the result of a three year collaborative project involving
35 major industrial partners from within Europe including British Nuclear Fuels,
BOC, DEC, Powergen and IBM (see Appendix A). The development phase
culminated with the demonstration of the software on two test sites at the British
Gas Midlands Research Station and at CMB Technology in Wantage(1).

The COGSYS project was initiated at the end of a previous real-time expert systems
project called RESCU (Real-Time System Club of Users), which was formed to raise
the awareness of companies to the potential benefits of on-line expert systems for
fault diagnosis, quality and process control.

RESCU began in 1984 as part of the UK Government's ALVEY Initiative, a large
programme of research and development for advanced information technology
costing some £350m over a five year period. The objectives of the project were to
demonstrate the feasibility of applying expert systems to industrial processes. This
culminated with a demonstration of the RESCU system in its application on a
detergent manufacturing plant in the North East of England(2). This was judged to
be a success, giving a level of performance comparable to skilled plant operators.

The results from the RESCU project were sufficiently encouraging(3) that a follow-on
project, COGSYS, was initiated. The aims of the project were three-fold. Firstly,
that COGSYS would capitalise on the better features of RESCU especially in the
area of reasoning with uncertain data using heuristic techniques that modelled the
experience of the plant operators. Secondly, COGSYS would address the
perceived shortcomings of RESCU, which included speed of response, its interface
to industrial control systems, and its temporal reasoning capabilities. Thirdly,
COGSYS was intended to be developed as a commercial product, bringing tangible
benefits to club members.

Now that the commercialisation has been realised many of the club members have
taken up copies of the software and are applying it to a range of applications within
their organisations.

2. THE COGSYS TOOLKIT

This section describes the COGSYS toolkit in some detail, concentrating on its real-
time features and giving examples of the main building blocks in the environment.
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2.1 GENERAL FEATURES

COGSYS was designed to incorporate as many advanced practical expert system
features as possible, particularly those aspects related to real time operation. It
was also required to address the more general needs of industry such as
interfacing to a wide variety of process systems, fail safe operation and interrupt
handling. The main features can be summarised as follows:

- Real-Time Operation
- High level Knowledge Representation Language

- Links to conventional software
- General Purpose Interface
- Multi-processing

- Modular development
- Advanced Graphical Editor for User Interfaces

A principal feature of COGSYS is that it was designed for real-time operation. This
means not only a fast response but also the ability to prioritise and act on events
as they occur, to reason with and in time and to maintain a data base consistent
with the plant state. Fast on-line response is only one aspect of real-time
operation, probably more fundamental is the ability to reason coherently and
consistently with a dynamically changing database. Temporal reasoning will be
discussed later in more detail, but it is sufficient to point out now that the basic
reasoning strategy of COGSYS was developed with the concept of concurrent
processing as being an essential element.

The Knowledge Representation Language (KRL)(4) was designed to be as easy to
use and natural as possible whilst at the same time supporting the development of
complex applications. Conventional code, written in C for example, can also be
linked into a COGSYS application and is especially useful when application
developers have existing libraries of code which would otherwise need rewriting.

The General Purpose Interface (GPI) is a means of passing data into and out of
COGSYS. The GPI provides a flexible means of linking to a wide variety of
industrial SCADA systems, PLCs and operator interfaces. The GPI is structured as
a series of points with their associated data, for example TEMPERATURE
CONTROLLER has Setpoint, Value and Output fields. These points are organised
into scan groups according to the frequency at which they need to be scanned.

The Graphical Interface (Cogviews) provides an extensive library of shapes and
messaging facilities. This enables the facilities which are embedded in the Expert
System to be presented in clear and concise mimic diplays. This enables the
development of complex systems that can be operated effectively by lower skilled
staff.
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2.2 REAL-TIME FACILITIES

Events in the real world often occur synchronously, sometimes independently of
each other and at other times relating in some way. Concurrent processing is
required and this is provided by COGSYS in the form of Activities which run
simultaneously, competing for processor resources and memory access. COGSYS
employs a sophisticated scheduling mechanism to control these operations
ensuring consistent data access, efficient prioritisation and deadlock avoidance.

COGSYS is far more powerful than a shell in that it provides an environment for
designing, developing and testing the sophisticated knowledge bases required to
solve a wide variety of real industrial problems. To facilitate this a COGSYS
application is developed as a series of modules each of which has a well defined
scope and interface to other modules. This not only proves to be a powerful and
reliable development mechanism but it also leads to a highly optimised runtime
performance. This modular aspect was exploited strongly at the British Gas Test
Site, enabling an object-orientated design to be employed as well as allowing the
application to be developed separately by team members in England and The
Netherlands, before final integration.

COGSYS was designed from the beginning for real-time operation. It is appropriate
to consider just what is meant by 'real-time' in this case. A very limited definition is
often applied which generally says that if the monitoring system can respond within
the shortest cycle time of the process being monitored then this is real-time, which
could be anything from milliseconds to days.

Traditionally, real-time issues have been addressed by either adopting a 'fast batch'
processing approach or secondly, allowing calculations to proceed while data is
changing, the 'data changing' approach.

The first method ignores inherent delays which naturally occur in physical
processes due to transport lags whilst the second is fundamentally flawed as the
system will usually be reasoning with an inconsistent database, especially if a long
calculation is involved and the data is changing rapidly. A number of important
principles have been adopted in the design of COGSYS which aim to address
those issues. To summarise, they are:

- Time Stamping

- Record/Replay

- Pseudo Time

- Interrupt Handling

- Transactional Processing

At the simplest level, all COGSYS variables are time stamped and trended to an
unlimited depth. The depth may be specified as a number of points, for example,
keep the last ten, or as a window time - keep the last ten minutes worth.

74



Data from external interfaces can be captured by using the Record facility. This
may then be Replayed, possibly faster or slower than originally, using Pseudo
Time. The COGSYS clock operates in Pseudo Time which is normally the same as
real-time. However, it can be made to be faster or slower than this, which is useful
for simulation and debugging purposes.

Interrupt handling is supported by the use of demons which can respond both to
external events such as alarms as well as to internal changes, such as a new value
being asserted in the knowledge base. Demons can also be made to fire
periodically or in response to a time-event message which allows one to schedule
an activity at some future time hence such as "In ten minutes time check all critical
valve positions".

One of the fundamental features of COGSYS is the transactional nature of
processing based on multitasking activities. When an activity is scheduled it claims
all the variables that it has access to so that other concurrent activities cannot use
them. This allows the 'fast batch' problem and the 'data changing' problem,
mentioned earlier, to be addressed. When an activity claims a variable it not only
takes a snapshot of the latest value, but also the complete history of the variable
allowing various forms of temporal reasoning to be employed. It is only when an
activity completes successfully that the results are published. Should the activity be
aborted for any reason then the system would be left in its original state with no
changes to any of the claimed variables. This ensures that the system never
contains half finished chains of reasoning in line with the concept of temporal
consistency. The way Activities run and their relationship to the data is determined
by a number of scheduling parameters, some of which are enforced by the system
and others may be controlled by the developer.

2.3 THE DEVELOPMENT ENVIRONMENT

The COGSYS development environment is composed of a generator and a runtime
system which may be installed on separate computers - one for development and
one to run the application. However, only one computer is absolutely necessary.

The generator system comprises 4 main tools which are :

- KRLEDITOR

- GPIEDITOR

- KRLCOMPILER

- KRLLINKER

The KRLEDITOR is a text-based editor which is tailored to developing complex
modular knowledge bases. The GPIEDITOR is a spreadsheet type editor that
allows the user to specify the structure of the external interface by specifying
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generic templates. Source files are compiled and linked from within the
KRLEDITOR to produce an optimised application knowledge base. During the
compilation and linking phases various checks are made for rule conflicts and
circular reasoning. The knowledge base is then loaded into the runtime system,
which is written in C, giving an optimised performance since the knowledge base
has already been presorted by the compilation and linking phases. Practically
speaking this means that COGSYS will only ever search for relevant rules at any
point in time no matter how the application developer has built the knowledge base.

2.4 THE KNOWLEDGE REPRESENTATION LANGUAGE (KRL)

The COGSYS KRL provides a flexible means of representing and reasoning with
both 'shallow' heuristic knowledge and 'deep' physical knowledge. The KRL
facilities are a major feature of COGSYS which can be summarised as follows :

- Demons

- Activities

- Rulesets

- Functions

Demons are used to schedule interrupts. They fire as determined by external or
internal events such as a value or status changing or on a periodic basis. If a
demon is linked to a GPI point, specifying some real world event, then dead
banding can apply which restricts firing within narrow variances of an existing value.

Activities are blocks of procedural code which may be run concurrently according
to their priority. They contain normal procedural statements such as assignments
and conditional expressions and may be used for assigning variable values,
retracting assertions, setting outputs or calling a variety of functions.

Rulesets define blocks of declarative code, IF-THEN-ELSE type statements, which
can be used to represent heuristic information. These rules can be either forward
or backward chaining as well as multiply chaining either way. In the latter case
consistency functions are employed to test conclusions gained from different rules.
It is also possible to ask for explanations at runtime to find out which rules were
used to derive particular .answers.

The Functions available to the activities include rule functions, action functions and
external functions. The first two contain declarative or procedural code
respectively. The latter provide the links to external code such as C and Fortran.
In addition, COGSYS features a wide range of built-in and special functions, for
example, to invoke inference mechanisms, return information on rule processing or
control priorities.

Data representation within COGSYS allows a variety of reasoning schemes to be
supported based on different models of physical processes. This means that the
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application developer is not constrained in their choice of knowledge representation
or reasoning mechanisms. The main features which support this are :

- Blackboard Architecture and Cognitive Entities (COGs)

- Scalar, Complex and Array Types

- Inheritance

- Truth values and Certainties

COGSYS is based on a blackboard architecture which can use modules and
zoning to partition the knowledge base.(5>6> The blackboard reasoning paradigm is
widely used as it offers an intuitively appealing mechanism for problem solving. It is
based on the concept of experts working together to solve a problem using a
blackboard. The solution is arrived at in a co-operative fashion by building up
successive partial solutions. In this metaphor the experts are represented by
COGSYS activities and the solutions are built up and stored on the blackboard
using COGSYS variables called Cognitive Entities, or COGs for short.

A COG is a structure which represents different properties of the data such as its
type, references to other COGs, time stamped previous values of the data item etc.
Different classes of COG may be used in different ways and with varying
constraints. For example, Full COG values are inferred from rules or are asserted
and include truth maintenance and certainty values. Variable COGs on the other
hand cannot be inferred and feature no truth maintenance or certainty values.
External COGs provide the link between COGSYS and the outside world. These
different types of COGs are used depending upon whether one is using rule based
or procedural reasoning, internal or externally derived data etc. This allows the
knowledge base to be optimised both in terms of memory usage and processing
speed.

Data types include scalars such as real, integer, string, time and symbolic.
Complex arrays and structures may also be used. These can be combined into a
whole range of complex forms to allow such things as frame-based and generic
reasoning.

Inheritance is strongly supported which extends the scope of the frame-based
approach and allow rules and relationships to apply across a generic domain.
For handling probabilities, COGSYS provides a certainty mechanism which allows
the propagation of certainty values within rules, using a default fuzzy logic
approach. The default truth mechanism is based on Boolean logic, but again, this
can be modified to support forms of "fuzzy" truth.

2.5 REASONING

COGSYS supports all the standard reasoning mechanisms within a framework
designed to cope with changing data, which include :

- Forward/Backward Chaining

- Reversible Rules
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- Temporal Reasoning

- Truth Maintenance

- Hypothesis and Test

- Data Soundness

- Consistency

COGSYS provides both single and multiple forward and backward chaining using
the same rules. This can be tailored at a variety of levels by the application
developer to suit the problem at hand.

Reversible rules allow algebraic expressions to be expressed concisely as COGSYS
will generate all the permutations given a single expression.

Temporal reasoning is strongly supported through the use of trended variables,
temporal datatypes, operators and functions. Using timestamps, which are
recorded as values are placed in the data base rather than at periodic intervals,
trends can be established, time references and data validity determined etc.

COGSYS features a powerful truth maintenance system. This ensures that all data
held on the blackboard is consistent. To illustrate, imagine a particular line of
reasoning diagnosing a fault condition from a set of symptoms, such as stuck
valves and so on. Many variable values may depend on this analysis, if at some
future time one of the symptoms were to be found unreliable, due to a faulty sensor
being discovered for example, then the internal dependencies which are maintained
between all variables would determine that any conclusions based on this unreliable
data should be automatically withdrawn, including all intermediate lines of
reasoning. The plant representation is thus maintained consistent with all available
data and the changing level of confidence in that data.

The Truth Maintenance mechanism also allows the use of the hypothesise and test
strategy whereby a fault is asserted, generating expected conditions. These are
then tested against actual observed behaviours. If a match is found then the fault
has been found, if not, the original assertion is retracted, undoing the previous
analysis, and another fault is tested.

Since Activities take a finite time to run, external events may cause data used by
the Activity to change during processing. COGSYS employs a "Soundness"
concept which enables the activity to be informed that the data it has may no
longer be valid.

Rules may be inferred with Consistency functions applied. These compare the
current results with those previously obtained and inhibit further inferencing if
inconsistencies are discovered.
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2.6 EXTENDABILITY

Though adequate for most real-time applications there are cases when it is useful
to allow the developer to tailor these basic features. In order to facilitate this
COGSYS is built around an open architecture designed to be extended in a variety
of ways. Examples of this include :

- Guidance Functions

- Certainty

- Truth

- Special Types

High level guidance functions are used to tailor both the inference mechanism and
the scheduling mechanism, allowing the application developer to tackle very
specific problems for which would otherwise be intractable using the conventional
expert system approach. Certainty, which is normally manipulated using a fuzzy
logic approach can be replaced with a whole range of alternatives, eg Dempster-
Schafer. Truth, normally a boolean value can be modified and manipulated using
fuzzy techniques. Special Types are definable, permitting data structures unknown
to COGSYS to be handled as though they were normal data types.

2.7 KRL EXAMPLE

The following example KRL demonstrates the 3 basic building blocks in the
COGSYS language which are Demons, Activities and Rules. It shows a simple
example of the use of KRL to calculate a plant status based on the values of 2
variables :

DEMON spot_change
WHEN CHANGE( varl.value )

OR CHANGE( var2.value )
FIRE checkjstatus

ENDDEMON

ACTION checkjstatus
ON plant_status = failed DO

/* Tell the operator that there is a problem */
OTHERWISE

/* Do nothing, all is OK */
ENDON

ENDACTIVITY
RULESET statusjuleset

RULE varjule
IF #any.value > 560 THEN

#any.status IS failed;
ELSE

#any.status IS ok;
ENDIF
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ENDRULE
RULE statusjule

IF varl.status = failed
OR var2.status = failed THEN

plant_status IS failed;
ELSE

plantjstatus IS o/r \DEFAULT;
ENDIF

ENDRULE
ENDRULESET

The Demon spot_change is used to spot a change in 2 structured COGS
(variables) called varl and var2. When the va/ue field of either COG changes the
Demon fires an Activity check_status to check the current plant status and issue an
appropriate message.

The Activity checkjstatus contains a simple conditional expression which forces the
value of the plant_status COG to be inferred. By default COGSYS will backward
chain using any Rules which mention plant_status in their rule conclusions. In this
case there are 2 valid rule conclusions, contained within Rule statusjule, which
COGSYS can use. By backward chaining through the conditions it will seek to infer
values for the varl status field or var2 status field. Another Rule varjule exists
which allows COGSYS to calculate these values by matching the COGs varl and
var2 to the wild COGs indicated by the hash sign preceding the wild COG name
any. Rule varjule is therefore a Generic Rule which can be applied to any COG
in the system which has both value and status fields. At this point COGSYS can
satisfy status jule and so return a new value for plant_status to the Activity
check_status.

Rule status_rule also demonstrates one use of a Guidance Functions, mentioned in
the previous section, which in this case is shown by the use of the DEFAULT
qualifier following one of the plant_status rule conclusions. This qualifier is used to
guide the inference engine in its selection of goals, which in this example makes
sure that COGSYS will only select the default rule conclusion when no other
conclusions are valid. Any number of qualifiers may be designed by the user to
build up complex and optimised reasoning strategies.

2.8 THE GENERAL PURPOSE INTERFACE

Once the link is made via the GPI, COGSYS has a number of options for
transferring data. Unsolicited system interrupts may deposit values in the GPI.
Once new data is entered in this way, the events become soft interrupts which are
monitored by Demons at discrete processing boundaries. To read selected data at
predefined intervals, COGSYS makes use of a scanning facility so plant channels
can be polled. The GPI also allows conditioning of the incoming data such as
filtering.

During the test site applications described below, two Device Drivers were quickly
developed; one linked COGSYS to TCS processes controllers via a data base
residing in the computer's memory, the other linked COGSYS to a number of PC's

80



and a Multibus controller via serial links. The GPI concept extends COGSYS's
scope further in that multiple Device Drivers may be simultaneously operating on
the same GPI bringing in data from a variety of plant sources.

3. THE TEST SITES

In order to ensure the demanding requirements specified for COGSYS were being
met, two test sites were selected with the applications undergoing parallel
development to that of COGSYS. This was an essential feature of the project and
was a major factor in the successful development of the system. The two sites
were intentionally different, British Gas being a continuous process and looking at
several areas of plant operation, CMB Packaging Technology (formerly Metal Box)
concerned more with batch monitoring and making use of a extensive COGSYS -
operator dialogue.

The latter application was based on a plastic bottle blow moulding machine. Their
remit was to monitor product quality and to provide advice when process faults
occurred. Their application has an extensive communications system involving the
blow moulding controller, an instrument stand and an operator interface, which is
implemented on a PC. Interaction with the system is through a COGSYS/operator
dialogue which endeavours to mimic the typical interactions that took place before
COGSYS was introduced.

The British Gas application was based around a gas production plant that was
required to run continuously, 24 hours a day, 7 days a week, providing synthetic
gas for research purposes. The plant was operated by graduate staff during the
dayt.me and by less skilled caretaker staff outside normal working hours. The
requirement on the COGSYS team was to provide a decision support system that
would allow the graduate staff to concentrate on research activities associated with
the downstream pilot plants. The remainder of this section will concentrate on the
application of COGSYS at the British Gas test-site, covering the functional
specification, the design, the communications links and the project evaluation.

3.1 FUNCTIONAL SPECIFICATION

The British Gas application covered 4 main functional areas, since the objective in
the application was not only to evaluate COGSYS as a new expert system tool but
also more generally, to investigate the feasibility of applying such systems to
British Gas plant. A prime requirement was to evaluate just what were the benefits
of such systems and in which areas are they most easily realised and
demonstrated. The four main application areas covered by the project were:

- Procedures

- Condition Monitoring

- Optimal Control

- Alarms Analysis
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The Procedures option was used to provide context sensitive advice, based on the
state of the plant during start ups and shutdowns. Condition monitoring provided
long term maintenance advice and indications of adverse trends. Optimal control
allowed the operator to obtain control advice on a variety of levels. This varied
from single loop tuning using a heuristic rule based approach to a truly optimal
multi-variable control scheme. Here the intention was to use COGSYS as a user-
friendly front-end to a complex mathematical control package written in FORTRAN.
Alarms provided diagnosis of active alarms using historical information and a fuzzy
pattern matching approach. Interaction with the system is via a trackerball and pull
down menus.

3.2 DESIGN SPECIFICATION

In order to tackle these different tasks an overall design was required into which the
different modules could be slotted after separate development by different members
in the team, some of whom were working in Holland for ITI-TNO the Dutch club
member. Various overall design strategies were considered but the one which
fitted in most naturally with the distributed nature of the project development team
and the diverse functionality of the application was an object oriented design based
on the physical layout of the process. This design technique also worked well due
to the modular nature of the COGSYS language. The basic design, representing
the static organisation of the knowledge base was worked out over a 2 day period
using a simple connectivity analysis technique which was able to break down the
overall layout of the process into logically related components represented by the
hierarchically structured modules.

This design technique was to prove to have direct benefit throughout the project as
it provided a common framework around which the various members of the project
team and the expert operators could work. Structuring the knowledge gained from
the experts was relatively easy since knowledge relating to a single reactor would
reside in a reactor module, while higher level, more generic knowledge relating to
groups of plant components would be located a higher level, such as the
downstream module. Not only could the activities and rules be tested separately in
modules before integration but it was straightforward to ask the experts to
comment on their coded knowledge. This technique is also useful when designing
for expansion or change since if a reactor vessel was changed, leading to new
knowledge being required, the effects on the knowledge based could be localised
to a single discrete module.
To illustrate how this technique can be used to organise data inputs and rules
consider the following example. At the lowest level were placed the actual sensor
inputs such as TIC004, TAL004 and TAH004 for R1, which are respectively a
temperature indicator and controller, a low temperature alarm and a high
temperature alarm. Now consider the following diagnostic rule:

RULE diagnostic_rule
IF R1_temperature_too_low
AND mainsjslectricity_is_off THEN

fault IS heatjracingjailure;
ENDIF

ENDRULE
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Looking at the conditions within this rule it can be seen that reference is made to
the R1 module and the Plant Services module. The 2 modules are linked at the
Upstream module in the hierarchy. Accordingly, the diagnostic rule would be
placed in the Upstream module since there is no ambiguity about the location of
the data needed to satisfy the conditions.

This example also illustrates clearly how the modular nature of the development
environment was used to encapsulate and localise knowledge so that the
application could be designed functionally using a top-down approach but
implemented and tested in a bottom-up fashion. In the diagnostic rule above the
first condition concerned a low temperature in R1. The question is what does the
rule mean by a low temperature ? Does it mean "Is the alarm TAL004 active ?" or
perhaps "Is the analogue temperature sensor TIC004 is indicating a temperature
below some specified limit ?". For the majority of the time the question does not
arise because it is only really relevant when making initially designing and later
modifying the underlying conditions and in fact as long as the advice
R1_temperature_too_low is reliable it does not matter how it was derived and
indeed only adds extra complication to the understanding of the application.
However, when the application is built a low level rule that can provide the required
information is placed in the R1 module as follows :

RULE low_temp_rule
IF tic004.PV < 460 THEN

R1 Jemperaturejoojow IS true;
ELSE

R1 Jemperaturejoojow IS false;
ENDIF

ENDRULE

By localising such rules within a logically structured framework it is possible to
make changes within the R1 module that are hidden, following the principles of
data encapsulation, as long as the description of the interface is preserved. This
meant that in the case of the British Gas application the problem of structuring and
refining the knowledge became a straightforward task, not requiring the use of
esoteric AI knowledge engineering techniques.

Having analysed the static requirements of the knowledge base it was then
necessary to layer the more abstract tasks described in the previous section on
top, where each layer contained knowledge relating to different operational states
of the plant. For example, the knowledge about alarm filtering changed according
to whether the plant was starting up, shutting down or fully running, so that module
AA1 contained different filtering rules to modules AA2 and AA3.

Once this design was finalised the different task areas were assigned to team
members who developed each one independently within the overall design
framework.

The design and knowledge acquisition for each subtask varied according to the
type of knowledge required. For example the Procedures module was written by
computerising the existing manuals with the help of the operators when ambiguities
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needed clarifying. A period of observation during a plant startup was also used to
aid in the design of the operator interface. The condition monitoring module was
built using the data sheets provided for maintenance purposes in addition to a
series of formal interviews undertaken to find out which process information was
most important in characterising and providing early warnings of potential plant
failures. The optimal control module, on the other hand, was written entirely by the
expert himself, who was a control engineer. The alarm analysis module was based
on the HAZOP (Hazard and Operability) Study carried out on the plant when it was
commissioned. It can be seen that the overall application involved assimilating a
wide range of knowledge, including deep level knowledge about the operation of
the plant, qualitative knowledge about its failure modes in addition to a variety of
heuristic information.

3.3 COMMUNICATIONS LINKS

The communications system was installed for the project. The total I/O count was
about 150 analogue and digital signals. These were picked up on an RS 422 serial
communications highway from the backplanes of the 15 original single loop
controllers and 3 signal processors, especially installed for the project. These
signals were converted into RS232 and fed out to a MicroVAX II computer using
fibre optics. Links were also provided to a graphical user interface in the control
room. Development was carried out in a remote building over ethernet links.

Two main device drivers were built for the project. These were a TCS (Turnbull
Control Systems) driver and a driver to the display system in the control room. The
TCS driver was built by SD-Scicon in Cheadle while the graphics driver was built in-
house by modifying the standard driver supplied with COGSYS. The TCS driver
was able to communicate with the TCS instruments by either polling or requesting
individual values from each instrument. This driver was able to update the
application knowledge base of around 800 fields in under a second. The graphics
driver used a simple messaging system that was able to request new mimic
displays stored on a dedicated graphics processor.

3.4 ASSESSMENT

The system was installed and commissioned during the first half of 1990, with the
evaluation of the knowledge based component taking place in June. The
assessment was based on a variety of criteria including the following :

- Ease of development

- Flexibility of the Knowledge Representation Language

- Ease of interfacing

- Speed of response

- User acceptance
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During the specification and design stages COGSYS scored extremely well,
especially in terms of the flexibility of the language and the strength of its modular
development environment. The alarm analysis module in particular utilised facilities
for temporal reasoning and also for dealing with uncertainties and providing
explanations to support the end-user. The development of the British Gas device
drivers and the CMB Technology device driver demonstrated that COGSYS had
succeeded in providing an open interface to a wide variety of instrumentation and
software packages.

The overall performance of the system was found to be better than initially
expected considering that the application was built of 4 distinct functional modules
which had been defined without reference to each other. At the outset each task
was assigned a band of priorities within which to work. The most important task
was judged to be alarm analysis, followed by condition monitoring, optimal control
and procedures. The management of these tasks was transparent to the end user
and the overall design of the system ensured that when critical information was
needed, such as alarm advice, COGSYS was able to schedule the appropriate
activities and provide information within a predictable and consistent time span.

The customised graphical front-end to the application was extremely flexible which
allowed it to be tailored in a number of ways to suit the particular requirements of
the operators. Generally this meant that the main interaction with the system was
through the use of a tracker-ball and pull-down menus. The optimal control
module made extensive use of graphical templates of standard response curves in
order to aid the unskilled operator in the tuning of a complex process. Initial
criticisms about the layouts of the mimics and the format of the advice were quickly
rectified since the graphical interface had been developed completely independently
of the knowledge base. Indeed, by using the graphical interface talking to a
dummy application it was possible to get useful early feedback during the
knowledge acquisition process. This was found to be useful in 2 ways. Firstly, it
speeded up the development times considerably and it also meant that user
acceptance did not become an issue at any stage of the project, since the experts
had actually defined the interface themselves.

4. CURRENT APPLICATIONS

A number of applications within British Gas have been identified and initiated.
These include an intelligent help desk for a regional communications network, a
safety system for offshore platforms and a fault diagnosis system for a regional grid
control system.

Some early applications within the original club members include a heuristic control
system, an automated laboratory analysis system, a generator diagnostic system
and an energy trading system.

In addition a lot of work is going on within the 10 academic centres who obtained
copies of COGSYS through an initiative sponsored by BNFL (British Nuclear Fuels).
These include a control system for a fermentation process, a user friendly front-end
to a complex mathematical control package and a high level graphical development
toolkit for developing real-time applications using graphical techniques that allow
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the response of the knowledge base to be analysed and estimated accurately
before a single line of code has been written. This research is being developed
into a commercial toolkit called PERFECT (Programming EnviRonment For Expert
systems Constrained in reasoning Time) by ITi-TNO who are working with the
university of Delft in Holland. PERFECT will be used to generate COGSYS code
automatically from the graphical description of the knowledge base.*7'8* The output
from PERFECT is a series of ASCII source files which are then fed into the
COGSYS generator system. Not only will this tool speed up development times
considerably but it will tackle one of the fundamental problems associated with
developing real-time knowledge based systems, and that is being able to predict
exactly how the system will behave before it is coded up.

5. CONCLUSION

In conclusion, COGSYS is able to represent and reason with theoretical and
heuristic knowledge. It has a modular development environment which allows the
use of many conventional software engineering techniques. The product is
supported and will be maintained by a company backed by British Gas, SD Scicon
and Salford University Business Enterprises Ltd.

COGSYS has been funded and developed by a large industrial club following on
from the successful completion of an earlier ALVEY project. Both British Gas and
CM B Technology are actively using COGSYS with the intention of applying the
system to full scale plant. In addition, a growing number of COGSYS club
members in Europe and the UK are taking up COGSYS to develop applications in a
wide variety of industrial process control applications.
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APPENDIX A

COGSYS CLUB MEMBERS

The following companies collaborated in the development of the COGSYS product:-

AEA TECHNOLOGY
ABB AUTOMATION - Sweden
BASS
BICC
BOG CRYOPLANT
BP RESEARCH
BRITISH COAL
BRITISH GAS
BRITISH NUCLEAR FUELS
BRITISH SUGAR
COURTAULDS
CMB PACKAGING TECHNOLOGY
CPRM - Portugal
DAVY McKEE
DEC
DDC
FERRANTI
GEC ELECTRICAL PROJECTS
H.J.HEINZ
IBM
ICI
ITI-TNO - Holland
KENT
KODAK
NEI
NUCLEAR ELECTRIC
PILKINGTON
POWERGEN
ROLLS ROYCE
SALFORD UNIVERSITY BUSINESS SERVICES
SD-SCICON
SHELL
TCS
UNILEVER
WHITBREAD
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DESIGN ISSUES OF REAL-TIME
KNOWLEDGE BASED SYSTEMS

J.M.A. SASSEN, R.B.M. JASPERS
Institute of Applied Computer Science,
Delft University of Technology,
Delft, Netherlands

Abstract

PERFECT (Programming EnviRonment For Expertsystems Constrained in reasoning Time)
aims at supporting knowledge engineers during the development of real-time knowledge based
systems (RTKBS). It provides support at the knowledge level (Newell 1981) in offering
guidance in modeling complex industrial processes, and in supplying ways to use this
knowledge model during problem solving. A generic modeling technique for RTKBS is
described. Apart from support in modeling, PERFECT also provides support at the level of
(real-time) software engineering by means of an analyzer that predicts the response-time of the
knowledge model at run-time when using the model for diagnosis of disturbances. In case the
response-time is not as required, the analyzer proposes an alternative structure for the
knowledge model and checks whether the resulting knowledge model is observable.

1. Introduction

The rise of interest in Artificial Intelligence (AI) has led to the exploration of its potential in the
control of industrial processes by the application of real-time knowledge based systems
(RTKBS). For RTKBS to become viable complements to traditional process control systems,
e.g. in chemical industry and power plants, requires that a number of problems be solved. As
in traditional software systems, high demands are placed on maintainability and reliability of
RTKBS. Apart from that, the time-constrained tasks an industrial RTKBS has to perform and
its industrial environment make special demands on its functional requirements (Laffey 1988):

1) A RTKBS gathers its input from a set of sensors. Therefore, it must have an interface with
the target process. Besides, since sensor performance can degrade in time, the RTKBS
must be able to reason with uncertain or even missing data.

2) Since disturbances in the target process occur unexpectedly, the RTKBS must be able to
deal with asynchronous events. It has to judge the importance of such an event, and if
necessary, interrupt its current activity to handle the event. In other words, it must support
flexible problem solving.

3) Since industrial processes are dynamic, the RTKBS must support temporal reasoning.
Moreover, inferences based on a certain state of the process are not always valid in other
states ofthat process. Therefore, non-monotonic reasoning is of great importance.

4) RTKBS must have a high performance level and guaranteed response times in order to
ensure that in each situation (especially alarm situations) the most appropriate course of
action will be taken.

5) Because actions of each RTKBS are based upon deviations of observed process behavior
from expected or desired process behavior, it is important to have clear expectations of the
process behavior. This means that simulation of the process is indispensible, regardless
whether the RTKBS is used for monitoring, diagnosing, or optimizing the process.

Existing tools for RTKBS development offer powerful features for implementing a RTKBS.
COGSYS, for instance, offers a generic interface to industrial processes, a high performance,
possibilities for reasoning with uncertainties, temporal and non-monotonic reasoning, and
concurrency to deal with asynchronous events (Van S teen and Sassen 1989). However, the
level of abstraction of these tools is often too low to provide a rich enough vocabulary for
expressing knowledge and task-specific reasoning strategies (Chandrasekaran 1988). This
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means that important issues of RTKBS-applications, like modeling a complex industrial
process and the use of those models for problem solving, are not addressed. Besides, the
available tools generally do not pay attention to aspects of software engineering like the choice
of module structures, the definition of interfaces among modules, or the efficient implemen-
tation of domain knowledge and reasoning strategies. In other words, existing tools do not
support the design of a RTKBS at the knowledge level (Newell 1981), nor at the level of
software engineering. In order to build software systems that are reliable, maintainable and
that have a guaranteed response time, support at those levels is desired (Armenise 1989).

At the Delft University of Technology and Institute of Applied Computer Science TNO, we are
currently undertaking the construction of PERFECT (Programming EnviRonment For Expert
systems Constrained in reasoning Time), to provide the necessary support in the design phase
of RTKBS development. PERFECT consists of an integrated set of tools based on a single
modeling technique (Figure 1). With the graphical interface, a knowledge engineer edits a
knowledge model. Certain properties of this model are checked by the analyzer. For instance,
the analyzer can check whether the knowledge model contains sufficient knowledge for
diagnosis of disturbances. It can also calculate the response-time of the knowledge model, i.e.
how long it will take a reasoning strategy to diagnose a disturbance. If response-times are not
as required, the analyzer can propose a different structure of the knowledge model in order to
improve the response-time. Once a knowledge model is obtained that is satisfactory, this
model can be compiled to a skeleton program in a language suitable for implementing RTKBS,
eg. COGSYS.

PERFECT aims at designing real-time knowledge based systems that are maintainable and
have guaranteed response times. Besides, the required time for development of these systems
ought to be reduced. At the moment of writing, PERFECT supports the development of
knowledge based system that can monitor and diagnose an industrial installation. Other tasks,
like optimal control, will be investigated in the future. In the following the use of PERFECT
for building real-time knowledge based monitoring and diagnosis systems will be described.

knowledge
model

model that meets all
requirements

acquired
knowledge

Graphical
Interface

flnalyzei Compiler

XSMODELINÜ TECHNIQUE

skeleton
program

Figure 1. An overview of PERFECT.

2. The PERFECT-philosophy

2.1 Diagnosis of industrial processes

First generation diagnostic knowledge based systems were often based on heuristic
knowledge. In these shallow systems domain knowledge is modeled in a compiled form to
allow efficient problem solving. Clancey (1985) shows that these systems predominantly use
heuristic classification, a reasoning strategy that links symptoms to causes by means of
empirical associations. It has been recognized, however, that these systems often show poor
performance in explaining their behavior and in reasoning at the boundaries of their expertise.
Moreover, maintenance of the knowledge base of these systems often proves difficult. A more
structured design of these systems may improve on these drawbacks (Jaspers 1990). Still the
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costs of developing knowledge based systems based on empirical associations will remain
high, due to the necessity of finding a complete set of associations to prevent a degradation of
performance at the boundaries of the domain. Also, in shallow systems an important
knowledge source, i.e. that of the design of the process to be diagnosed, remains unused.
This led to a rise of interest in model-based diagnostic (MBD) systems that reason from first
principles (Davis 1984; Genesereth 1984; De Kleer and Williams 1987; Reiter 1987). Despite
the large amount of research that has been conducted in this area, some important problems
remain that hamper the suitability of MBD-systems for industrial processes. First of all, due to
the exponential growth of the search space with the number of components in the process,
industrial processes are generally too complex for MBD-systems to diagnose. There seems to
be a general recognition that the efficiency of MBD-systems can be improved by making the
model of the target process hierarchical (Davis 1984; Steels 1989; De Weger 1989). It still
remains unclear, however, how such a hierarchical model can be attained. Questions like how
functions or components can be abstracted to form higher levels in the hierarchy, as well as
how to achieve a process model to begin with (Davis and Hamscher 1988) remain unsolved.
Apart from these limitations, the dynamic behavior and feedback loops of industrial processes
pose one more problem for MBD-systems reasoning from first principles. No results have
been found in literature as yet, how for diagnostic RTKBS process dynamics and feedback
can be suitably described by first principles.

PERFECT aims at offering support in modeling industrial processes such that the resulting
model will be sufficiently efficient to meet performance requirements. In the following, a
generic modeling technique will be described that allows the construction of many different
kinds of hierarchical process models.

2.2 Generic tasks

The modeling technique of PERFECT offers design primitives at the knowledge level. This is
to say that the level of abstraction is suitable for expressing knowledge and its use in the
context of problem solving. The primitives are derived from the generic task approach of
Chandrasekaran (Chandrasekaran 1988). He has noticed that complex reasoning tasks are
often a combination of several "building blocks", also called generic tasks. A generic task is
characterized by:

1) The kind of information it takes as input for the task and the information produced as a
result of performing the task.

2) A way to represent and organize the knowledge that is needed to perform the generic task.
3) The algorithm that is used to perform the task.

These three aspects of a generic task are captured by the design primitives of PERFECT.
There are primitives to describe input and output of a task, to represent knowledge about an
industrial process, and primitives that supply task-specific reasoning strategies. According to
the idea of generic tasks, these three types of primitives are strongly related. In general, the
exact type of content of the first two types of primitives is completely determined by the choice
of a task-specific inference strategy, and this is, in turn, determined by characteristics of the
application.

For diagnosis of plant disturbances, i.e. classifying the cause of a disturbance in terms of one
or more malfunctioning components, a useful reasoning strategy is esmblish-refine which
works on a classification hierarchy (Chandrasekaran 1988). It is the first task-specific
inference strategy that is incorporated in our modeling technique. To use it for diagnosis, it is
necessary to organize knowledge about (causes of malfunctions of the plant hierarchically,
which was shown to be a prerequisite for efficient diagnosis. A mechanism has to be added
that can evaluate whether a certain function is disturbed. Lind (1982) has proposed multi level
flow modeling to address these issues.

91



2.3. Multilevel Flow modeling

A multilevel flow model (MFM) represents an industrial process by means of a set of
interrelated flow structures describing flows of mass and energy at different levels of
abstraction. At the highest level, the general objectives of a particular process are described. At
lower levels these objectives are decomposed into more and more specific functions and
eventually into the physical components of the plant. This will be illustrated by means of a
simplified example of a PWR nuclear plant.

For a nuclear plant, a global objective is Safety. An important aspect of this objective is to
prevent leakage of radioactive material to the environment. This objective is met when the
mass content in the primary circuit of a nuclear plant remains constant. Figure 2 shows the
topology of the components of ihe primary circuit of a nuclear plant. Each component has been
named, pipes and junctions of pipes as well. Figure 3 shows the MFM-hierarchy that models
the goal prevent leakage of radioactive material. The way each node of this hierarchy is
intended to behave can be described as in the functions underneath the hierarchy. When the
value of the variable ni_behavior_ok (1< i<9) is true, the node n-t is behaving as intended. In
case the value of ni_behavior_ok is false, the node «,- is malfunctioning. In the presented
configuration of the nuclear plant, except for the safety valve and the steamgenerator, the
components at the lowest level of Figure 3 cannot be diagnosed seperately. This is because no
additional measurements are available than the ones shown in Figure 2. This implies that in
case eg, n4_behavior_ok has evaluated to false, that further refinement of this diagnosis, i.e.
the evaluation of the status of pipes p2,p!2,j2 and p3, requires the addition of new sensors
in the process.

The parent-child relation in a MFM-hierarchy has two aspects.
1) The children of a function indicate how the function is implemented. Consequently, when a

child is malfunctioning, its parents must be malfunctioning as well. Here, we assume that
each function is implemented in a single manner, i.e. when a function is malfunctioning,
there is no other (stand-by) function which can implement that same function.

2) The parent indicates why a certain component or function is part of a larger system, i.e.
what is its function or objective in view of the larger system.

In general, a MFM-hierarchy is a directed acyclic graph, i.e. the same component or
subsystem may be part of different larger systems that each have their own function. This
implies that when a component starts malfunctioning several functions may be affected, and
vice versa, unexpected behavior of abstract functions may be a symptom for malfunctioning of
several components or subsystems. In Figure 3 the MFM-hierarchy is a directed tree, since
just the transportation of mass is considered here.

p!3

pressurizer

flow [kg/s] CO 'evel [m] CO pressure [Pa] Çt_5 temperature [deg C]

Figure 2. The primary circuit of a nuclear plant of the PWR-type.
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= if (total_mass = constant) then true else false;
= fund (mass_rcactor, mass_pressurizer, mass_pipes, mass_sleamgencrator);
= func2 (....);

if (flow_to_shellsidc = 0) then tnie else false;
= func3(13, fS, f3);
= if (f20 = (f2 + flow_to_shellside)) then true else false;

Figure 3. A MFM-model for the goal prevent leakage of radioactive material.

Lind (1990) presents guidelines to support a modeler in deciding on the aggregation of
components and functions to achieve higher abstraction-levels. Also, he introduces a set of
graphical symbols to construct MFM-models. These symbols seem very suitable also for
explanation of plant disturbances in industrial alarm systems (Praetorius and Duncan 1989).

In the following, when the distinction between goals, functions or components is irrelevant,
we will speak of nodes of a MFM-hierarchy instead of goals, functions or components.
How a MFM-hierarchy can be used for diagnosis of malfunctions will be explained in Section
4. Before this diagnostic process is described, however, we will first introduce the design
primitives of PERFECT that may implement a MFM-model.

3. Basic design primitives of PERFECT

The design primitives for modeling an industrial process are called units. Each unit models a
single component, a subsystem or an abstract function of the target process. Units can be
decomposed or aggregated to form a hierarchical structure, in the same way as subsystems of
the target process can be decomposed into components, or aggregated to realize a function.
Units corresponding to sensors or other components that provide input to or receive output
from the RTKBS are called hooks, to indicate their function as an interface between the target
process and the RTKBS. Units have attributes and relations in order to represent knowledge
about the corresponding part or function of the target process. Formally, the design primitives
are defined as follows (Sassen 1990).

An attribute is a tuple a = (T, V, v) where
- T e (extjnput, ext_output, internal], indicating the type of a.
- V is a non-empty set of possible values of a, representable by a computer.
- v e V is the value of a.

In the sequel we use T(a) to denote T, V(a) to denote V, and v(a) to denote v. Attributes of
type extjnput are called external input attributes, of type ext_output are called external output
attributes and of type internal are called internal attributes.
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The value of an attribute is obtained by evaluating relations.

A relation is a computable function r: V(aj)xV(aj+j)x... x V(aj+k) -> V(ai), in which a,-,
a/+/n(0<=m<=k) are attributes. The relation r is said to define attribute a,-.
The set of all units U= {u = (Pu, Su, Au, Ru)} where

- PU c U is a finite, possibly empty set of units, the parent-units of u
- Su c U is a finite, possibly empty set of units and hooks, the subunits of u
- AU is a finite, non-empty set of attributes
- RU is a finite, possibly empty set of relations.

A unit u = (P, 0, A, 0) and T(a) = ext_output for all a e A, is called a hook.

Only a restricted class of units is useful for the modeling technique of PERFECT, the so-called
class of well-defined units. Before we can define this class, additional terminology must be
introduced.

An attribute a is owned by a unit u = (P, S, A, R) if and only if a e A.

A relation r: V(aj) x V(aj+i) x ...x V(aj+k) -> V(ai) 6 R is allowed when
- a,- is owned by u
and aj+m (0<=m<=k) is either
- owned by a unit us, us 6 5, and T(aj+m) = ext_outpuf,

Informally, the external output attribute dj+m is owned by a subunit of u.
- owned by a unit up, up e S, and T(aj+m) = ext_inpuf,

Informally, the external input attribute aj+m is owned by a parentunit of u.
- owned by u.

To calculate vfa/j by means of relation r, the values of attributes a/+m (0<=m<=k) must be
known. Therefore, we say that a,j+m is needed for a,-.

Let u = (P, S, A, R) 6 U, r: V(aj) x V(aj+1) x ... x V(aj+k) -> V(ai) e R.
occur (r) = {aj, aj+i, ..., aj+k, aj}
occur (R) = u occur (r).

reR

The attribute-dependency graph AD(u) of a unit u = (P, S, A, R) is a directed graph
(Vert,Edges) in which the set of vertices Vert = occur(tf). For al, al e Vert, (al,a2) 6 Edges,
if and only if al is needed for a2.

A unit M = (P, S, A, R) is \vell-defined when
- In case P * 0,S*0: for every a e A, there is exactly one allowed r 6 R that defines a.
- In case P = 0: for every external-input attribute a 6 A, the user of the model provides a

value for a. For all other attributes b & A, there is exactly one allowed r e R that defines b.
- In case 5 = 0: for all attributes a 6 A, there is a sensor connected to the model that

provides a value for a.
- AD(u) contains no directed cycles.
- AD(u) contains no paths aj, ai+i,..., ai+n, n>=l, with T(aO = ext_input and T(ai+n) =

ext_output.
The dependency graph D(U) of a finite set of well-defined units U is a directed graph (Vert,
Edges) in which the set of vertices Vert = U. For uj, U2 e U, (uj, u2) e Edges, if and only if
«2 is a subunit of «;.

A finite set of well-defined units U is called a unit-hierarchy if and only ifD(U) contains no
directed cycles.
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Figure 4. The graphical representation of units.

Since we are only interested in unit-hierarchies, and hence in well-defined units, we abbreviate
"well-defined unit" to "unit". In the graphical interface of PERFECT a unit is represented as a
rectangle. Its subunits are represented as rectangles within the unit. Attributes are represented
as rectangles with rounded corners. Internal attributes are placed inside the unit that owns the
attribute. External input attributes are placed on the left vertical edge of the subunits that use
this attribute in a relation. External output attributes on the other hand are placed on the right
vertical edge of the owning unit. Figure 4 shows the graphical representation of units.

The design primitives that have been described here allow the construction of many different
kinds of hierarchical process models, be they based on first principles, MFM or otherwise.
The generic graphical interface (Figure 1) can be easily adapted to a special purpose interface
for a specific class of process models, like multilevel flow models for instance. In the next
section the process of diagnostic reasoning about these models will be described.

4. Reasoning about MFM-models in PERFECT

It has already been mentioned that the reasoning strategy used in problem solving is a
dominant factor in determining the structure of a unit-hierarchy and the kind of attributes and
relations of units. In PERFECT the strategy establish-refine has been chosen for diagnosis of
plant malfunctions. The input for establish-refine is designed to be a unit-hierarchy. This
implies that a MFM-hierarchy for diagnosis must be represented as a unit-hierarchy in order to
serve as a useful knowledge structure in PERFECT. To do this we define a unit for every
node in the MFM-hierarchy, and model the node's mass- and energy balance equations as
relations. The variables that occur in the balance equations are represented by attributes. Figure
5 shows the representation of the unit Prevent leakage of radioactive material of the MFM-
model of Figure 3.

To illustrate the reasoning over MFM-models in PERFECT assuming single faults, the
example of the MFM-model of the nuclear plant (Figures 3, 5) will be used. Suppose the
steamgenerator is leaking. Because of the first aspect of the parent-child relation in a MFM-
hierarchy, i.e. how has a function been implemented, this implies that nodes n8, n5 , and nl
prove to be malfunctioning as well. The monitoring-process, which periodically evaluates the
behavior of the goals of a MFM-hierarchy, will discover that the goal nl is not met, and it
triggers the diagnostic process. The establish-refine reasoning strategy will compare the
expected behavior of each of the goal's children to their observed behavior until one is found
to be malfunctioning. The child which is found to be malfunctioning is "established". In other
words, a node n is said to be established when the value of the variable n_behavior_ok of the
node evaluates to false. In our example this would be n5. This diagnosis is refined by
establish-refine by investigating the behavior of the children of this node. The node n8 would
be established. Since it has no children of which the behavior can be investigated, this
diagnosis cannot be refined, and hence the diagnostic process stops and returns a leakage of
the steamgenerator as the diagnosis.
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Figure 5.The unit Prevent leakage of radioactive material.

Thus far, it has been assumed that we deal with diagnosis of single faults. A MFM-hierarchy
can also be used for diagnosis with a multiple-fault assumption, however. In that case, more
nodes need to be investigated. In the single-fault case, when after establishing nl, n5 is the
first child to be investigated, n2, n3, and n.4 need not be investigated anymore, since the single
disturbance can be found by refining n5. Also, when after establishing «5, n8 is the first child
to be investigated, n9 need not be investigated anymore, since the single disturbance is found.
In the multiple-fault case, n2,n3,n4 and n9 need to be investigated as well, since they might
also be disturbed.

One problem, inherent in hierarchical diagnostic models, needs to be mentioned here. Due to
the dynamics in the target process it may take some time before the malfunctioning of a
physical component has propagated through the abstraction-hierarchy. This problem, which
does not hamper diagnosis of electronic devices, that often serve as experimental domains for
MBD-research (Davis 1984; Genesereth 1984; De Kleer and Williams 1987; Reiter 1987),
requires special measures to be taken to diagnose industrial processes. At this moment, we
deal with this phenomenon by making ad-hoc extensions to the diagnostic models and the
monitor-strategy of PERFECT. More fundamental research into this issue is currently on its
way.

5. Support offered by PERFECT

The modeling technique of PERFECT offers different types of support: support at the
knowledge level and support at the level of software engineering.

Offering support at the knowledge level implies that a knowledge engineer is guided in
modeling a complex industrial process, and in using the constructed model during problem
solving. For the latter, PERFECT provides the establish-refine reasoning strategy for
diagnosing malfunctions of the process. Units, attributes and relations are offered for
representing the MFM-hierarchy of a process as a unit-hierarchy. A MFM-hierarchy contains
the necessary knowledge for a diagnostic process, when it consists of completely observable
subsystems (Lind 1982). Complete observability of a subsystem means that all variables
occurring in mass- or energy balances must be observable or inferrable. It can be proven that
the definition of the design primitives of PERFECT ensures that each MFM-hierarchy that is
representable by a unit-hierarchy consists of completely observable subsystems, i.e. that a
diagnostic process can always find a malfunctioning component or function. Note that this
diagnosis is not necessarily correct since the MFM-hierarchy might not be modeling the target
process adequately.
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Support at the level of software engineering implies that a knowledge engineer is guided in
choosing a module structure and defining interfaces among modules. In PERFECT using a
unit-hierarchy to model an industrial process ensures that the model is a hierarchically ordered
collection of modules with clearly defined interfaces. Note that attributes of type exîjnput and
extjoutput are the interfaces. In this way, the maintainability of the RTKBS is enhanced:
whenever a component of the target system is changed, the corresponding unit can be easily
replaced by a unit modeling knowledge about the new component, assuming that the interface
specification remains the same.

PERFECT also offers support to implement the process model in such a way to guarantee its
response-time, and to ensure it has a high performance (Laffey 1988). A MFM-hierarchy
ensures that the esîablish-refîne reasoning strategy can provide an answer at any moment in
time. Since the diagnostic process is triggered by the identification of a malfunction, a coarse
diagnosis is directly available. This can serve as the required answer if immediate action is
necessary, for example in emergency situations. If more time is admissible for reasoning, this
coarse answer can be refined to a more detailed one. And again, this detailed answer might be
further refined if there is enough time to do so. How PERFECT supports a knowledge
engineer in meeting its objective to equip the RTKBS he or she is designing with a high
performance is described in the next section. In the following we will deal with diagnosis
making the assumption of single faults.

5.1. Functionality of the analyzer

Eventhough the hierarchy of a MFM-model ensures that at any moment in time there is a
(coarse) diagnosis available, in order to meet the objective of a high performance, it is
important to do the best that is possible in the available reasoning time. Moreover, the
knowledge engineer must know the consequences of the design, i.e. the knowledge engineer
must know what is the best that can be done in the available reasoning time. This way, it is
possible to change the design in an early stage if performance is unsatisfactory.

The best that can be done in the available reasoning time is to find the most detailed
malfunction. This implies that esîablish-refîne should investigate as many malfunctioning
nodes as possible, and as few well-functioning nodes as possible, because investigating well-
functioning nodes can be considered a waste of time. In the example presented in Section 4
this means that in the ideal case, esiablish-refine would only investigate nl, n5 and no, and
none of n2, n3, n4 and n7.

Two useful heuristics to accomplish this are:
1) Nodes with a high probability of being disturbed should be investigated before nodes with

a lower probability of being disturbed.
2) Nodes which require less time to be investigated should be investigated before nodes

which require more time.
These two heuristics can be combined in the notion of worth (Smith 1989). The worth of a
node in a MFM-hierarchy is a pre-compiled evaluation of the benefit of investigating that node
in order to find the cause of the disturbance.

By means of calculating the worth of nodes of a MFM-hierarchy, the analyzer can determine in
which order establish-refine should investigate the children of an established node to do the
best that is possible in the available reasoning time. Figure 6 shows a MFM-hierarchy of
which the labels on the edges denote the order to investigate children, based on worth-
information. For example, if gl is disturbed, the best node to investigate is/7. Only if this
node is behaving as intended,/? must be investigated. In the other case,// is malfunctioning,
and the next node to investigate is/5. In the rest of this section, the benefits of guiding
establish-refine by "the order of investigating children"-heuristic is explained. How such an
order can be determined by the analyzer is described in Section 5.2. To distinguish between
establish-refine which is not guided by the heuristic, and establish-refine which is guided by
the heuristic, the latter will be called guided establish-refine.
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The analyzer can determine which nodes will be investigated when a component is
malfunctioning and establish-refine is guided. For instance, when c3 is malfunctioning,
guided establish-refine will investigate// (which is found to be malfunctioning),/? (which is
also malfunctioning) and finally c3. Another possibility would have been to investigate J2,f6
and then c3. However, this path will not be followed by guided establish-refine, since the
heuristic makes it investigate children in the order shown in Figure 6. Hence it is possible to
reduce the MFM-directed acyclic graph to the directed tree shown in Figure 7. This tree can be
further refined, since there are nodes which only have one child (f4 and/7). Once such a node
is found to be malfunctioning it is known immediately that its only child must be
malfunctioning as well. Therefore, nodes like/4 and/7 can be ommitted from the MFM-
hierarchy of Figure 7.
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Figure 6. A MFM-hierarchy in Figure 7. A MFM-hierarchy Figure 8. A MFM-hierarchy
which the order of investigating with the same diagnostic with better response-times
children of an established node is capacities as the hierarchy of for c2 and c3 than the one
indicated Figure 6 in Figure 7

This reduced hierarchy also uses other information that is implicitly contained in Figure 6. For
instance, for purpose of diagnosing single faults, f2 is an unnecessary function. If/7 is
investigated, and could not be established,/? must be malfunctioning because f3 is a
grandparent of all components that are not a grandchild of/7. One of these components must
be malfunctioning, because it is already known that the grandchildren of/7 are all functioning
properly. Another example is that when/5 is investigated, and could not be established it is
known that c2 is functioning properly. When/4 is established, c2 need not be investigated
anymore, and hence the malfunction is cl. Figure 7 has already ommitted all children of a
node that need not be investigated anymore.

From Figure 7 the time it takes a guided establish-refine to diagnose a malfunction can be
determined. In order to do so, analyse what happens when for instance c3 is malfunctioning.
Then gl will no longer be met, which triggers the diagnostic process. First,// is investigated,
followed by/5 and finally c3. The time it takes to perform these investigations is the sum of
the investigation-times of the individual nodes plus the "lap-time" of the monitoring process.
This last term is necessary because it can be the case that the monitoring process has checked
the goal #7 just before c3 started malfunctioning.

This performance estimate can be compared to the required performance. If it is not good
enough there are several possibilities to improve on this result. Firstly, the lap-time of the
monitoring-process can be shortened. Secondly, a faster computer can be considered. Thirdly,
the MFM-hierarchy can be adapted. For example, c3 can be lifted to a higher level in the MFM-
hierarchy. This is shown in Figure 8.

This hierarchy has the same diagnostic capacities as the ones in Figures 6 and 7. But by lifting
c3 one level, the function f5 was not necessary anymore, because/5 would only have one
child left. Therefore,/? is replaced by c2. For reasons stated earlier,/? and/7 are ommitted.
This new hierarchy has better response-times for c2 and c3.

We can conclude from this section that worth-information can be used by the analyzer in order
to analyze the response time of a MFM-hierarchy and to improve this time, if necessary.
However, it has not yet been described how the worth of investigating the behavior of a node
can be calculated. This is done in the following section.
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5.2. Calculating worth

As stated before, the worth of investigating a node is an evaluation of the benefit of
investigating that node (Smith 1989). To give a definition of the worth of a node it is
necessary to introduce some other terminology.

A subgraph subn of a MFM-hierarchy rooted at node « is a graph with root n. Other nodes of
subn are the children, grandchildren, grand-grandchildren etc. of n. The edges of subn are
those edges of the MFM-hierarchy that connect nodes that are part of subn. For example, in
Figure 6, the subgraph rooted at/7 consists of the nodes/7, f 4 , f 5 , cl, c2, c3, and the edges
(fl, f4), (fl, f5), (f4, cl), (f4, c2), (f5, c2), (f5, c3). The subgraph rooted at gl is equal to
the MFM-hierarchy of Figure 6.

A path through a subgraph is defined as a sequence of nodes that can be visited in that order
by establish-refine (not necessarily guided). For example, in Figure 6, a path through the
subgraph rooted at/7 is <fl, f4, c2> (establish-refine may follow this path when/7, f4, and
c2 are malfunctioning). Another path is <fl, f4, f5, c3, c2> (this path may be followed when
fl is malfunctioning, f4 is well-functioning,/5 is malfunctioning, c3 is well-functioning and
c2 is malfunctioning). <f4, fl, f5, c2> is not a path, since establish-refine would never try to
establish/4 before//.

The utility of a path through a subgraph of a MFM-hierarchy is equal to the probability that
following that path leads to finding the malfunctioning component, divided by the costs of
following that path. In formula, the utility U(Path) of a path Path is:

U(Path) = P(Path)
C(Path)

P(Path) denotes the probability that Path leads to finding the malfunctioning component, and
C(Path) denotes the costs of following Path.

The worth of investigating a node «, W(n), is defined as the utility of the path through the
subgraph rooted at n, which has the highest utility of all paths through that subgraph. In
formula,

W(n) = max U(Path), with Pathn the set of all paths through subn.
Path e Pathn

The probability that a path leads to finding the malfunctioning component depends on the
number of components that are part of the path, and the probability of failure of these
components. Assume that failure of components are independent events, and that the
probability that component c fails is equal to P(c). Then the probability that a path Path =
<fi, f2,..., fn, ci, C2,..., cm> leads to finding the malfunctioning component, P(Path), is
equal to:

P(Path) = 1 - P(ci, c2,.... cm do not fail) = 1 - IT (1 - Pfa))
i=l..m

If there is no information available about the probability of failure of a component, a default
probability of p fail is assumed.

The costs of investigating a path depend on the number of arithmetical operations, the number
of observations (sensor-readings) and the number of database lookups that must be made in
order to be able to compare intended behavior to observed behavior of each node of the path.
In Figure 3 for instance, it can be seen that n8 and n9 both use the value of the variable
flo\v_to_shellside to describe their intended behavior. This implies that when n8 is
investigated after n9 has been investigated, the value offlow_to_shellside can be read from the
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database. However, if n8 is investigated before n9, then the value offlow_to_shellside must
be calculated. This shows that the costs of following a path through a subgraph depend on
which other nodes have been investigated before, and can only be calculated when it is known
which other nodes have been investigated. In other words, in order to calculate the costs of
following a path through a subgraph rooted at n, it must be known which other nodes have
been investigated before n. This is only known at run-time. However, to be able to calculate
the "order of investigating children"-heuristic (which must be used at run-time), the costs must
be calculated at design-time. Luckily, this can be solved by making use of the way a guided
establish-refine behaves.

The diagnostic process is triggered when the monitoring process has discovered a
malfunctioning goal. A guided establish-refine will first investigate the child of the
malfunctioning goal which has the highest worth given that the goal has been investigated.
This can be calculated because the only investigated node in the MFM-hierarchy is the
malfunctioning goal. The algorithm is described by means of calculating the worth of/7,/2
and/? given that gl is investigated in Figure 6.

At first sight, the way to calculate the worth of/7 is to determine the utility of all paths through
the subgraph rooted at/7 given that #7 is investigated. However, this leads to a combinatorial
explosion. A more efficient way to calculate the worth of/7, given that gl is investigated, is
the following.

Fl must know which of its children has the highest worth. Therefore, the worth of/4 and/5
given that gl and/7 have been investigated must be determined, because it is known that/4 or
f5 will only be investigated when gl and/7 are malfunctioning. To calculate the worth of/4,
f4 must know which of cl and c2 has the highest worth, given that gl-.fl andf4 have been
investigated. Both cl and c2 have no children, which implies that their worth-value can be
calculated. The worth of cl is equal to the probability that cl fails, divided by the costs of
investigating cl given that gl,fl and/4 have been investigated (again, cl will only be
investigated when gl,fl and/4 are malfunctioning). The worth of c2 is equal to the
probability that c2 fails, divided by the costs of establishing c2 given that#7,/7,/4 have been
established. Suppose c2 has a higher worth than cl. Then, in order to calculate the worth of
f4, the utilities of the paths <f4, c2>, <f4, c2, cl>, given that #7 and/7 have been
investigated before, must be calculated. The worth off4 becomes the maximum of these
values. The utility of the path <f4, cl,c2> need not be calculated, since a guided establish-
refine would not follow this path (see Figure 9).
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Figure 9. Worth-calculation of f4,
W(c2)>W(cl)

Figure 10. Worth calculation of fl,
W(f5) > W(f4)

The worth of/5 is obtained in a similar way. Suppose the worth of/5 is greater than the worth
of f4 and that the order of investigating the children of ß is c3 before c2. Now, the order of
investigating the children off4 must be recalculated, since now it is known that/4 will be
investigated after/5, and/5 can influence the costs of investigating^ and c3. Suppose that
the order remains c2 before cl. Then, in order to determine the worth of/7, the utilities of the
paths <fl, f5, c3>, <fl, f5, c3, c2>, <f 1, f5, f4, c2>, <fl, f5, f4, c2, cl> given that gl has
been established before must be calculated (Figure 10). The worth of/2 and/3 can be
calculated similarly. Now it is known which of/7,/2, and/? has the highest worth. Suppose
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it is/7. The calculations done so far have determined an order of investigating the nodes of the
subtree rooted at/7.

Hereafter, the worth of/2 and/? must be determined, given that gl and/7 were investigated
before. Suppose f3 has a higher worth. Then the order of investigating the nodes in the
subtree rooted at/3 is known. Now, the last to do is determining the order of investigating the
children of/2, given that g l , f l , f 3 , f 2 have been investigated before.

As can be derived from the example, the analyzer is able to determine an order of investigating
children of an established node. This is based on an evaluation of the benefit of investigating a
node in order to find the cause of a disturbance.

6. Conclusions

PERFECT aims at offering support in modeling industrial processes such that the resulting
model will be sufficiently efficient to meet performance requirements. A generic modeling
technique has been described that allows the construction of many different kinds of
hierarchical process models, be they based on first principles, Multilevel Flow Modeling or
otherwise. PERFECT'S generic graphical interface can be easily adapted to a special purpose
interface for a specific class of process models. For the purpose of modeling process
dynamics, PERFECT employs the MFM-technique to build hierarchical dynamic process
models. At the same time modeling guidelines based upon this technique support a modeler in
making the right decisions in aggregating components and functions to higher abstraction
levels.

In this paper it has been shown how a MFM-hierarchy can be used for diagnosis of plant
disturbances. The hierarchy ensures that the establish-refine reasoning mechanism can provide
an answer at any moment in time. Furthermore, an algorithm has been described that can
analyse unit-hier archies in order to calculate a heuristic to be used by the reasoning
mechanisms during run-time. This heuristic, which is a combination of probability that an
inference step will lead to finding a malfunction, and the costs of following that inference step,
can be used to reduce a unit-hierarchy to a directed acyclic tree with less nodes than the
original directed acyclic graph. From this reduced hierarchy, response-times of the reasoning
mechanism can be determined. If these are not as required, the analyzer can restructure the
reduced hierarchy in order to improve the response-time. Because the heuristic is calculated by
the analyzer, a difficult knowlegde acquisition session is not necessary.

The ideas on the analysis of PERFECT models will now be tried in a practical situation.
Depending on the findings of these experiments, adjustments to the analyzer may need to be
made. Furthermore, these ideas will be extended to strategies for diagnosing multiple faults.
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Abstract

The role of Af-techniques in the implementation of computerised operator support
systems is discussed. It is suggested that similar problems are encountered in control system
desing. Solving various plant control problems is considered as the dominant task. Different
techniques to solve control problems and the knowledge they require are reviewed. It is pointed
out that knowledge base need not be a set of rules on how to solve the problems in a given
domain. The knowledge base may also be a (qualitative) description of the problem domain
(e.g. a power plant). Finally a research project addressing the problem of computerised
operator support systems is sketched.

1 Introduction

The term 'expert system' gives an impression
of a large set of rules in a knowledge base
representing experts' heuristic knowledge on
how to solve problems in a given domain.
Expert system is in a way an implementation of
experts' heuristic problem solving algorithm.
Important issues are knowledge elicitation and
validation.

However, expert systems employing production
rules are only one branch of artificial
intelligence (AI). And heuristics is not the only
knowledge available and interviewing experts
is not the only approach to knowledge
elicitation.

AI originates from techniques and tools for
symbolic computation and automatic deduction
which provide many other knowledge
representation formalisms in addition to
production rules. In this paper AI is used as a
synonym both of symbolic computation and of
automatic logic reasoning in general.

Knowledge bases typically contain knowledge
on hot to solve the problems. But instead of
having a set of rules telling how to solve a

problem it is possible to describe the problem
domain itself and let the inference engine to
solve the problem from the first principles.
And these first principles need not be heuristic
ones.

So called computerises operator support
systems (COSSs) are proposed to be used to
help in plant operation. They are proposed to
help in fault detection and diagnosis, in
prognosis and in action planning and procedure
synthesis. Also in control system design
problems similar to procedure synthesis and
prognosis are encountered.

There are solution methods for some of the
subtasks but in putting them to work together
a system capable of 'reasoning' on the
behaviour of dynamic systems would be very
useful.
• Simulation can be used in prognosis, but

how to generate the worst-case scenario?
Due to uncertainties significantly different
behaviours may be possible, but how to
detect them with a simulator?

• Optimal control can be used to determine
control inputs. But only after the optimal
control problem has been formulated.
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Solving many of the problems in action
planning require only straightforward
routine reasoning when simple knowledge
on plant structure and on some basic laws
of physics is available. There are
commercial expert system shells and other
products available, but can they deduce the
required facts from such first principles of
plant behaviour? When dependability is
important.

2 Plant Control and Operation

For example Kato, Hiroyasu and Takao (1991)
propose computerised operator support systems
(COSSs) to be used to help operators in plant
operation. For example in case of a fault COSS
should help the operator
• to detect the anomaly in the plant behaviour

as early as possible,
• to diagnose the cause(s) of the anomaly,
• to predict the possible (alternative)

consequences of the fault,
• to plan actions to recover from the fault.

Figure 1 depicts the plant control problem.

operational
«wtafont

functional rsqutramonts

Figure 1. Plant control.

Appropriate inputs must be determined to make
the plant to work so that the functional
requirements are satisfied and so that the
operational requirements are not violated. If
faults and failures are considered as additional
inputs, fault detection and diagnosis can be
considered as a sort of control problem as well:
Which input can have taken the plant into the
current state?

2.1 The knowledge required in plant
control

2.1.1 The plant model

To design plant controls it is necessary to know
how the plant reacts on various control inputs.
Thus some kind of a plant model is necessary.

The modelling process and the intended use of
the model impose the following requirements:

• It must be possible to construct the model
in a modular fashion. It should be possible
to construct the plant model detail by detail
without considering the overall structure of
the plant or the overall behaviour of the
plant.

• The resulting model should be
comprehensible. It must be possible to
make the model understandable to experts
from various fields.

• It must be sufficient to describe the first
principles of plant operation; laws of
physics, structural information on plant
components etc.

• The model must allow efficient and
tractable solution of the control problems.

• Modelling should not require unnecessary
or unobtainable information.

The knowledge required when constructing a
model is obtained mainly from plant design
documentation. In addition knowledge on laws
of physics is needed.

For the model following requirements can be
given:

• The model must reflect the structure of the
plant, like how the components are
connected together.

• It must reflect the static relationships, like
characteristics of a valve.

• It must reflect the dynamic relationships,
like mass and heat balances.

104



• It must be possible to describe both
continuous time and discrete-event
dynamics. For example blocking valves are
a source of discrete-event phenomena in
plant behaviour. And when considering
supervisory control it is natural to consider
for example the protection system as part
of the plant which introduces discrete-event
features into the dynamics.

Especially in operator support systems a model
should not be tailored to solve a specific
problem and general problem solving methods
should be applied in problem solving.
However, there is no single method to solve all
kinds of problems. And different problem
solving methods require different kinds of
models.

It is not enough to consider the model alone:
• The intended use of the model
• the knowledge content of the model,
• the formalism in which the model is

represented and
• the method employing the model
are tightly coupled.

2.1.2 Requirements

Part of the functional requirements and most of
the operational restrictions can be found in
plant design documents. Every component has
limitations on its operational range. The
intended use of every component, every
subprocess and the whole plant is documented.
The rest of the functional requirements are
given by the operators.

Requirements are given either as quantitative
performance criteria or as logic clauses telling
acceptable from unacceptable operation.

2.1.3 Uncertainty and the Level of
Abstraction

Typically it is so that the more accurate a
model is made, the more effort is needed in
modelling and the more computation power is
needed in using the model.

Too low level a model may not capture in best
possible way the interesting aspects of system
behaviour. For example considering molecular
interactions is not the correct level of
abstraction when modelling the flow through a
valve.

Models are of course always simplifications.
The functional relationships and the parameters
in any model are approximations only. External
world is usually modelled as a partially known
disturbance input. As consequences of the
inaccuracies in the models
1) the predictions grow less and less accurate
the longer into the future they are extended and
2) there maybe drastically different
predictions, not only a slow decrease of
accuracy. This is the case when there is non-
linear dynamics in the continuous-time part of
the model and/or if there is certain kind of
discrete-event dynamics.

Sometimes it is enough to be able to determine
the average behaviour but very often it is
important to know the extreme cases. Thus the
models should somehow express the
uncertainty and it should be considered when
using the models.

Uncertainty can be represented in different
ways. In numerical computations probability
distributions can be used. Intervals can also be
used to tell that a parameter value lies for sure
in the interval. Relationships between
parameters can be represented using relations
like 'x is a monotonie increasing function of y'
instead of trying to approximate the
relationship with some mathematical function.

3 How to solve control problems?
Plant control tasks are implemented in different
ways:

• Feedback control determines the control
inputs as a function of plant measurements
(and as a function of the internal state of
the control system).

• Open loop control determines in advance a
trajectory to be followed

• automatic control sequences implement a
sort of feedback control using discrete-
event control strategy.
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• Operator actions can be interpreted as a
sort of discrete-event control strategy as
well.

Plant model and goal of operation are the
necessary knowledge to determine a control
strategy. The level of abstraction, accuracy and
the formalism are determined by the method
used in solving the control problem.

3.1 Simulation

Simulation is a widely used method and it can
be made use of in COSSs. However, alone it
does not solve plant control problems. A
simulator is designed to work like the plant and
it reacts on inputs like the plant does. Thus in
figure 1 the plant can be replaced with the
simulator which indicates that simulation alone
is not the solution of plant control problems.

Simulation as such does not solve a control
problem but the opposite problem. It
determines the system state and the outputs
when the inputs and the initial state are
specified. And even that only when the inputs
are exactly specified.

3.2 Mathematical optimisation

Mathematical optimisation provides carefully
studied methods to solve control problems.
When making an operator support system or a
tool for control system design, the methods and
the tools of mathematical optimisation should
be considered.

Of course, embedding optimisation into a
COSS is somewhat different from typical use
of mathematical optimisation.

Typically on-line applications of optimal
control are preceded by careful off-line
analysis. Off-line analysis is accomplished by
an expert having insight into the system, the
problem at hand and the method. The final goal
is often to find and optimal trajectory or an
algorithm for optimal control. COSSs must be
able to solve more autonomously a wide
variety of problems. The final goal is not that
often optimal control but 1) to get an 'yes-or-
no' answer to some question or to find a robust
safe control strategy in an unforeseen situation.

3.3 Logic Reasoning

Logic reasoning is based on rules which tell
how to deduce new facts from a set of facts
and relationships presented as logic clauses.

Automatic logic reasoning is the basis of
knowledge-based systems (KBSs). KBSs allow
the separation of the description of the problem
domain and the problem solving is
accomplished by an inference engine. Applying
KBS-techniques is in many ways an attractive
approach to problem solving.

There is a wide variety of ways to implement
automatic reasoning and correspondingly many
different formalisms for knowledge
representation. However, in principle all KBSs
have a discrete-event view on the system
behaviour because logic reasoning requires that
the logic clauses introduce a countable -
typically finite - set of alternatives to choose
from.

Differential equation model tells the direction
of change of the system state in any point of
the state space and the behaviour can be
represented as a trajectory in the state space. In
logic framework the behaviour of the system
can be represented as a state automaton. The
logic clauses tell what must be true in any
system state and which transitions from state to
state are possible.

Logic gives no hints on how to construct the
description of the system. It is very easy to get
trapped in describing the behaviour of the
system: "In this case this and this will happen
if...". This results in complex logic conditions
telling when to apply which clause or "rule".

Knowledge bases can be made more
comprehensible, easier to validate and more
straightforward to construct by describing the
first principles of system behaviour in a
modular fashion. Correspondingly reasoning
based on such deep knowledge is
computationally more complex.

3.3.1 Qualitative modelling

Originally continuous change and continuous
time dynamics were not considered in the logic
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Figure 2. Phase portrait of a dynamic system.
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Figure 3. A stale automaton corresponding the
behaviour in figure 2.

framework. Temporal logic addresses dynamics
but only as instantaneous discrete changes in
the truth values of system variables. So called
qualitative modelling or qualitative simulation
can be seen as trial to solve this problem
(Kuipers, 1989).

Qualitative modelling has a discrete-event view
of the system behaviour. The behaviour is seen
as a state automaton where each state
represents a subset of the original system state
space. Thus it is suitable as a basis for logic
reasoning. There are relations which tell a
consistent state from an inconsistent one.

Continuous change is treated by determining
the direction of change for the state variables.
The interpretation is that the system state is
moving to the given direction inside the region
representing the current state in the original
state space. The direction of change can be
used to determine possible state transitions.

Qualitative simulation has shown that it is
possible to reason about the behaviour of

continuous time dynamic systems without
quantitative information. Using only rough
qualitative models many conclusions from the
system behaviour can be drawn. For example
in procedure synthesis and in designing plant
automatics there are problems which require
that kind of reasoning. Typically solving those
problems is straightforward but it may be
tedious due to the complexity of the task.

Of course, without quantitative models there
will be no quantitative results. And plant
control requires quantitative values for control
inputs. However, a typical approach to
qualitative modelling does not in principle
reject quantitative knowledge and quantitative
computations.

Qualitative modelling seems to be potentially
useful in some applications while there are
many applications where it seems to be
unfeasible.

• If accurate prediction of system response to
system inputs is of major importance then
qualitative simulation is not feasible.

• Qualitative modelling of large systems with
complicated dynamics is difficult. Ingenuity
is needed to include into the model enough
constraints to prevent the predictions of the
behaviour from being too loose and
ambiguous.

• It may be possible to make traditional
quantitative simulation computationally less
expensive by adopting some of the ideas of
qualitative modelling.

• When knowledge of continuous time
processes must be included into a KBS
ideas from qualitative modelling can be
adopted.

• When accuracy is of secondary importance
and the system dynamics is not too
complex but the flexibility in solving many
kinds of problems is important then
qualitative modelling should be considered.

• When there is no exact quantitative
knowledge available but only qualitative
knowledge then qualitative modelling is an
appropriate choice.
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Qualitative modelling requires explicit
description of many such facts and relations
which are implicit in a quantitative simulation
model. Qualitative model can be considered as
a differential equation with unknown
parameters and maybe unknown functional
relationships. Traditional simulation model is
constructed by assigning exact values for
parameters and defining exact functional
relationships between variables. Instead of
trying to find such exact information qualitative
models can be refined by including additional
explicit laws of system behaviour.

While accurate quantitative model predicts only
one of many possible behaviours being in a
way 'too accurate' qualitative simulation tends
to give too loose predictions. And sometimes
there are spurious predictions.

4 A research project proposal

The following is a sketch of tasks in a research
project addressing computerised tools for plant
operators or control system designers. The goal
of the project is to find out ways to make more
efficient use of computers in control system
design and in plant operation. The main
principles are meant to be demonstrated with a
prototype.

• The requirements of an operator support
tool or a control system designer's support
tool should be analyzed. Action planning
etc. should be considered on a concrete
level.

• Subtasks suitable for computerisation must
be determined. The possible alternative
ways to solve the problems must be
evaluated.

• A prototype demonstrating the main
principles of the tool should be
implemented. The subtasks not
implemented should be well specified.

It seems evident that KBS-techniques will be
needed. KBS-techniques seem to be appropriate
to solve some of the low-level tasks which will
be encountered. Existing methods and tools
cannot be integrated simply by considering
them as black boxes and connecting

corresponding inputs and outputs together.
Some kind of automatic reasoning will most
probably turn out to be necessary when
integrating together the pieces of a COSS.

When working with larger systems it is
necessary to have a tool which can generate the
required knowledge base from plant-oriented
documentation like P&I-diagrams.

Natural way to represent the knowledge seems
to be a mixture of first order predicate logic
and mathematical equations and inequalities.
Representing uncertainty as intervals might be
the best choice.

The inference engine should be based on the
discrete-event view of the system behaviour.
Many of the principles of qualitative simulation
can be adopted. However, an algorithm for
solving interval arithmetic problems should be
embedded if quantitative knowledge and is
intended to be used and uncertainty is meant to
be represented as interval.

It seems possible to implement a prototype
using prolog or maybe prolog-in or clp(R).
Prolog-DI or clp(R) have attractive capabilities
to solve problems which require both logic
reasoning and mathematics (Cohen, 1990). The
risk in using them is that they are still under
development and at least clp(R) has somewhat
primitive support for large-scale programming.

Commercial tools can be considered but they
may be too restricted for research prototyping
where the goal is to further develop problem
solving methods. Inference engine based on
production rules is not sufficient for the
purposes of the project.

5 Conclusions

The power of the computers lies in fast
accomplishment of numerous trivial tasks.
Correspondingly the applications of AI should
aim at computerising tedious routine tasks
which seem to require no intelligence.

AI need not be considered as a separate
discipline and Al-applications need not be
separate isolated tools. Al-techniques should be
integrated into the problem solving algorithms
when appropriate among other methods.
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There is not yet any general well-established
methodology to implement logic reasoning
about real-life dynamics systems. However, a
subset of such reasoning tasks a trivial enough
to be handled with the current methods.

One way to realize a dependable KBS is to
consider knowledge elicitation as modelling and
construct the knowledge base systematically
from validated plant documentation and
generally accepted first principles of plant
behaviour. The transformation should be
tractable. The reasoning should be based on
general, carefully verified principles
comprehensible for the user of the system.
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Abstract

For many years, E.D.F has had a plan for the development of computerized
operator support systems to help monitoring and supervising its plants. Besides the
essential advantages these systems offer, from the operation point of view, one of
their characteristics is that they require a high quality standard, compatible with the
current safety requirements. In order to meet this quality standard, in addition to the
important efforts already made in the field of software engineering, help can be
obtained by the use of methods based on the modelling of the process and its
operation. From this point of view there is much to be gained from using Artificial
Intelligence techniques.

After a short introduction about the general context of computerized operator
support systems in nuclear plants (connections of these systems, potential users,
expected functionalities, kind of knowledge to be used), some examples illustrate the
significance of the artificial intelligence techniques and methods for building these
systems, and more particularly the model-based automatic programming approach.

Then the technological features of the KSE system (expert system monitoring
electric power supplies in a PWR plant) are quoted. This system represents a living
example of a computerized operator support system installed in a control room which
uses explicit modelling of the plant and model-based reasoning techniques. This
application largely relies on advanced computer techniques: artificial intelligence,
data bases, real-time systems and computer graphics. The KSE system was
commissioned in unit 2 of the Bugey power plant in November 1989 and is in use
since.

A set of targets to reach, is then defined to extend to a wider field the
functionalities of this type of operator support system, involving in particular some
thermal-hydraulic aspects. Therefore we have to take into account the time aspects
and the continuous change of physical parameters.

1. GENERAL

1.1. Reasons for using a computerized monitoring system

1.1.1. Who will need it ?
A computerized monitoring system shows the state of a process, allowing the

control crew to act as necessary. Potential users of this type of system in the
pressurized water reactor field are logically the operators who monitor the plant, the
radiation protection safety engineer (RPSE), maintenance crews who may have to
repair defective needful components and, in the case of a serious accident, emergency
crews.
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Unlike a control system, a computerized monitoring system is mostly a
surveillance system and does not replace controllers since it does not act. It only
informs and helps decision making.

Diagram 1 shows the environment of such a system in the general monitoring
arrangement. On this diagram, the information is symbolized by arrows. The operator
receives measurements (arrows 2 and 4) and acts on the plant (1 and 3) either
directly, or through the control (which can vary from relays to tactile screens), which
itself receives measurements and controls the plant (5 and 6). We do not propose to
raise an extra computerized barrier between the operators and the plant. We offer, for
the information obtained from the facility and the control, a processing assistance
system for monitoring activities (arrow 9 does not represent all the information
necessary for maintenance but only the information related to defective components,
necessary for operation).

FACILITY CONTROL OPERATORS

MONITORING

SYSTEIVÏ

\/

TVIA.INTENA.NCE

SAFETY
ENGINEER

EMERGENCY
RESPONSE

TEAIVÏ

Diagram 1 : Environment of a monitoring assistance system

1.1.2 Basic functions
One can expect that a computerized monitoring assistance system or a

surveillance system will help the operators in the different monitoring tasks, which
can be grouped into three main tasks : Understanding, Anticipating and Acting.

UNDERSTANDING :
- Read and interpret the measurements in terms of state,
- Extend the measurements to non-instrumented parameters,
- Validate the measurements, taking into account the physical laws of the domain,
- Interpret the informations in terms of phenomena,
- Determine the causes and consequences of undesirable situations.

ANTICIPATING :
- Determine the possible evolution,
- Be able to judge the seriousness of future situations.
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ACTING :
- Calculate the availability of systems to be used,
- Check the application conditions of correcting actions,
- Choose correcting actions and check their efficiency.

1.2. How to built a computerized monitoring system ?

1.2.1. Which information is to be used ?
The first problem to solve in the development of such systems is the

following: What kind of knowledge is to be used? To summarize, we can say that
there are two traditional and non distinct fields of information needed in order to
monitor a plant :

- documentation, in the widest sense, which includes the designing documents, the
technical operating specifications and operating procedures, whether they are
incidental or accidental,
- operator's expertise, which corresponds to the actual operating report and to the
operator's representation of the plant.

Selecting the information from only one of these two fields respectively gives
rise to computerized monitoring process systems and to expert systems, called first
generation expert systems, which are meant to reproduce the thought process of the
operators' monitoring expertise through computer systems.

The first ones corresponded to the computerization of documents such as
operating procedures. The contribution of the computer system is minor because most
of the time it is just a pure copy of the tests and acting advice of the paper document.

The second ones make the assumption that the operators monitor from
experience, and on the basis of a very simple cognitive model, therefore the system
corresponds to the computerization of this limited expert report. Problems arose
during the development of these two types of systems, and in particular their intrinsic
limitations on the number of failures which can occur simultaneously, make hesitate
between one or the other solution.

Technical documentation
Operating procedures

Computer-based
operator support

system

Diagram 2 : Fields of knowledge
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The kind of knowledge needed for the development of a computerized
monitoring assistance system having the functions mentioned above, is therefore still
to be determined. Drawing 2 shows a diagram of these three areas of information.

Concerning the links between the technical documentation of the plant and the
actual monitoring by operators, it is obvious that all the information necessary to
understand the functioning of nuclear plants is not clearly contained in the existing
documents and that one has to use one's general knowledge and common sense to
interpret them. For example, General Physical laws like the principle of conservation
of mass are not thoroughly explained, which does not keep the operators from
validating measurements of flow. Furthermore, the dynamical aspects of the
functioning are rarely described, especially when it is a matter of basic knowledges.
For instance, calculating the time necessary to fill in a tank, is usually learned at
school. A structuring and computerization of the information contained in the
documentation would be insufficient in order to use them for on line process
monitoring, unless one only takes into account the already existing operating rules,
which most of the time assumes that we are in a pre-defined situation, whereas the
operators have to monitor all kinds of situations.

The data processing and structures to be defined for the computer monitoring
tool need not to be copied exactly from the same mental structures as those of the
monitoring operators. One could wonder about the interest in developing a computer
system imitating an operator with his strengths and his weakness, in other words, the
interest for an operator to have a computer system using the same reasoning as
himself. Furthermore, it is more and more obvious that the development of this type
of system not only consists of interviews and an immediate copying of information in
the form of production rules or methods of object oriented languages, if one wants to
avoid serious validation problems and checking of a system using a guaranteed
knowledge base. The man and the computer do not have, for the moment, the same
characteristics and if the computer can deal quickly with a great deal of information,
the operator is able to handle vague, fuzzy and contradictory synthetic information in
a way which is difficult to copy on a machine. To determine the electric availability
of a pump for instance, an operator handles abstract notions of power trains while
knowing there are particular cases where lines are not completely separated, while the
electric power supplies KSE surveillance system described as follows arrives at this
conclusion, reasoning on the level of the physical connections between materials,
which, by the way, doesn't stop it from being understood.

From this, it is obvious that the computer monitoring assistance tool directly
concerns operators who will sooner or later need to be taken into account, and that it
also needs data which is or ought to be in the documentation. When developing these
systems, phases of interface definition must be foreseen with a possible computerized
system for documentation management on the one hand, adapting them if necessary
to include the data required for the computerized monitoring assistance system, and
with users on the other hand, adapting if need be the monitoring instructions to take
into account the supply of new functions offered by these assistance systems.

1.2.2 How can it be implemented ?
For a data processing system which would control a complete plant as

complex as a nuclear power plant, the functions listed above should use a substantial
amount of information and finally, should correspond to several hundred thousand
code lines.

114



Let us take for example the following code lines :

if (a = 2) then (b = 7)

Even if this instruction sequence is easy to understand, some explanations are
necessary :

When the variable "a" is worth "2" the level of the "031BA" tank is very high,
when the variable "a" is worth "1" the level of the "031BA" tank is high,
when the variable "a" is worth "3" the level of the "031BA" tank is low,
when "b" is worth "7", a closing command is sent to the "012VL" valve,
when "b" is worth "6", an opening command is sent to the "012VL" valve...

The instruction sequence therefore corresponds to the following operating
rule:

Rulemaintain_theJeveI_of_the_031BA_tank_within_reasonable_limits
if
the_leveI_of_the_031BA_tank_is_very_high
then
c!ose_the_012VL_valve

In this case, the rule which corresponds to elementary knowledge, is explained
and does not need to be translated.

There is obviously some advantage in explaining information and direct
symbolic handling through the data processing system of a rule of this type. The
previous rule for instance, can be used in different ways :

- if the operator asks why the 012VL valve is closed, the system can reply that the
condition of very high level of the 03 IB A tank has been reached,
- if the system detects a very high level along with the 012VL opened valve, it can
conclude that the 012VL valve is not operating, or it can make the assumption that
there is a failure in the tank protecting logic system, or it can question
informations concerning the level of the tank or the open position of the valve,
- if the system is informed of the open position of the 012VL valve, under some
conditions, it can conclude that the level is lower than very high level...

It is not the case for the instructions sequence "if (a = 2) then (b = 7)", which
can be only operated in the execution of the corresponding programme and will close
the 012VL valve with a very high level in the 031BA tank.

But above all, and this is essential, an operator or any other trained person,
may judge whether it is necessary to close the 012VL valve when informed of a very
high level in the 031BA tank. Known information can be controlled in a much better
way.

In the event of disagreement on the operating rule validity, the specialist can
make use drawings such as figure 3 and apply solid knowledge of the plant
concerning, its structure, behavior and control purposes. This drawing shows the
structure of the facility, the 03 IB A tank is connected to the 012VL valve by a pipe
through which fluid flows from the tank to the 012VL valve (there is a non-return
valve). Very elementary knowledge of fluid flow enables to conclude that the valve
opening can only lead to the rise in drain flow rate of the tank and on the contrary,
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closing the valve will lead to a decrease of this output. As the purpose is to maintain
the level of the tank within reasonable limits involving fluid draining in the case of a
very high level, the 012VL valve must be opened when this level is reached.

One must point out that the knowledge used here is relatively general
knowledge which is not specific to the facility shown in figure 3, but it can be applied
on other facilities of the same type. We talk of "deep knowledge" as opposed to
"shallow knowledge" of which the operating rule is an example.

By consulting figure 3, where it wasn't obvious to assign the value "7" to the
variable "b", or what was "arguable", the operating rule accuracy, becomes
"decidable" through complete knowledge of the plant structures, behaviors and
control purposes.

The instruction "if (a = 2) then (b = 7)" will be replaced by the instruction "if
(a = 2) then (b = 6)", which is obscure for a lay person to say the least.

O31BA

O12VL

Figure 3 : explanatory drawing of a part of the plant

It would have been better to have directly stated the operating rule to the data
processing system, or, even better, we should have formalized and stated "deep
knowledge" implicitly used by this rule (those we implement relying on the drawing)
in order that the system has the means to solve the operating rule by itself. We would
improve quality if we could explain all "deep knowledge" of the plant and its control
[26] which would be used by the different codes, enabling to carry out the assistance
functions of the system.

The first problem is to supply general formalisms to explain this knowledge.
The second problem is that if the execution of the monitoring data processing

system codes correspond to the handling of general knowledge concerning plant
structures, behaviors and controls, we cannot expect quick processing, whereas to
apply a specific function of a system, one generally handles only knowledge useful
for the implementation of this function.

2. METHODOLOGY

The solution, to take into account two requirements, generic aspects and
readability on one hand, and speed of processing on the other, is to automatically
generate modules corresponding to the different functions of the assistance system,
each one only handling knowledge useful for solving a specific problem (validation

116



"DEEP KNOWLEDGE"

STRUCTURES DESCRIPTION
BEHAVIOR DESCRD?TION
PURPOSES DESCRIPTION

SIGNALS
VALIDATION

MODULE

DIAGNOSIS
MODULE

SIMULATION
MODULE

DECISION
MAKING

MODULE

Figure 4 : Automatic generation of operational modules

of measurements, diagnosis, simulation...) from a sole base of "deep knowledge" with
regards to the plant and its control [15] [16] [29]. Therefore it is not a classical
computing process of automatic coding or compiling, which transforms instructions
written in a high level language into instructions in a lower level language. Each high
level programme instruction always involves several machine instructions. In this
case, one can sometimes expect to get less instruction lines after the processing than
the initial amount! Figure 4 schematizes this approach where different modules of the
monitoring system are automatically generated from a single structure.

Besides readability of the listed information, another advantage is that one
always handles the same knowledge for generating different modules, and an error in
the description of structures, or behavior, which may not be detected during
simulation for instance, may be revealed by the fact that the measurements validation
module does not understand the measurements (and reciprocally). Software
maintenance is also made easier by the fact that an evolution of the monitored
process, leads to updating the information of this process and to the automatic
regeneration of the operational modules, and not to a new specification of the
assistance software.

However, this approach is difficult because it requires the creation of a
reception framework or formalism of representation of "deep knowledge" with
regards to the type of plant, the definition of different modules corresponding to the
data processing system's functionalities, and the conception of the process, enabling
the production of the different modules from the "deep knowledge" data base. The
data processing developments related to editing and information updating (which may
be an application in itself) or the automatic generation of operational modules, must
be classified among the traditional data processing developments and therefore,
should be subjected to a quality approach adapted to the safety class of those
softwares [1] [2]. However the question is not to imagine a type of formalism
explaining all worldly knowledge, unsolved by Artificial Intelligence (at least for the
moment), but only knowledge allowing an explanation for the behavior of a plant
with regards to its control. The concept of deep knowledge is in fact very relative.

117



3. AN EXAMPLE OF IMPLEMENTATION : THE KSE SYSTEM

The 3SE project [5] [6] [8] which led to the KSE monitoring system is an
application of the methodology mentioned in the previous chapter.

This system enables the monitoring of a large part of a 900 MW PWR nuclear
power plant: the electric power supplies. It consists of different modules which allow,
in real time, to validate measurements and complete the electrical state of the whole
plant, to diagnose possible failures and to identify their consequences, and to simulate
the behavior of electric power supplies.

Though the field is characterized by its complexity (the KSE system controls
several thousand interconnected components which correspond to as many sensors,
alarms, boards, valves, pumps or analog relays...), the general formalisms
representing "deep knowledge" of the field are rather simple and they are really well
suited to the representation of this part of the plant [9]. It is not necessary to use
Maxwell's equations to explain the behavior of the power supply because while
monitoring, we are not interested in the propagation time of the electromagnetic wave
which modifies the voltage of a busbar without battery when there is a loss in the
main network. Ohm's law is sufficient, it can also take the shape of a of logic
equations system when we only look at the null or nominal voltages and null or
infinity resistances (actuators open or closed).

Generally speaking, the level of the model must be suited to the sole
understanding of the physical phenomena linked to the control of the plant, possibly
putting together different working cases in a unique "envelope" case. One has to
determine a level for the model, which will be enough to explain all foreseen normal
working cases and failures as well as their combination (this is the advantage of a
detailed working model) without however modelling too subtly so that one does not
make bootless distinctions between phenomena which are interpreted in the same way
and give the same actions with regards to control.

- Nature of entities

- Relations between the entities

- Characteristic states and failure modes

- Behavior

Figure 5 : Range of application and representation of the KSE system
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Figure 5 shows very schematically the application range and the
knowledge formalisms specified in the context of the 3SE project. These
formalisms can be used for representing knowledge of all kind of facilities
which are obviously subjected to discrete states and immediate evolutions
modelling, whether they are material or functional representations [22] [23].

This monitoring system is a computerized operator aid designed for all the
electric distribution systems of the plant. It is used for the following purposes:

- permanent and real-time processing of events caused by electric power system
failures (diagnosis and detailed assessment of the consequences),
- preparation for the removal from service of electric equipment,
- operators' training in the use of the unit distribution system,
- drafting and management of the technical documents on electric distribution
systems.

The KSE system monitors all the electric distribution systems supplies
of a 900 MW PWR nuclear power unit exclusive of the thermal-hydraulic
phenomena. To be more precise, the field of application encompasses:

- all the components, together with their controls, supplying electric power to the
unit and shared systems,
- the actuators of the pumps and air -and motor- operated valves,
- the process instrumentation channels,
- the alarms in the control room as well as the on/off variables of the unit
computer and data processing system,
- the reactor protection channels,
- the control room recorders and indicators.

This amounts to over 12,000 components described by 150,000 basic data,
that is 1,200,000 characters (1.2 Mbytes).

The system is usually used :

- in the monitoring/diagnosis mode, approximately three times a month for minor
faults (for instance, loss of a 48 V breaker module) and about twice a year for a
more significant incident,
- regularly, and specially during plant shutdown, to prepare the removal of electric
components from service.
- in a self-service mode for training purposes or as a supplier of data on the
electric distribution systems

To allow for changes in the plant, the monitoring system will be updated
every month.

In compliance with the methodology mentioned in the second paragraph, an
approach combining so called "deep knowledge" and model-based reasoning was
chosen; it is typical of second generation expert systems. Attention was no longer
focussed on the reflexes or competence of the problem-solving specialist but on the
basic knowledge he has acquired through experience and on which his quality as
expert rests. In practice, the KSE system is based on an explicit representation of the
topology of the electric distribution system (type of components, links between
them...), of the component operation and of the general diagnosis and monitoring
principles. The system is based on a two-level structure reflecting the separation
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between the design/configuration aspect and the on-line application one. The design
part of the system fulfils the following functions:

- acquisition, management and checking of the data and knowledge describing the
facility and its operation,
- from these data, automatic creation of various on-line system processing modules
(component simulation, monitoring, diagnosis, component data base),
- the automatic drafting of technical documents on the electric distribution system.

The corresponding architecture is shown on figure 6.

VALIDATION

JUPPX.XCATXOH

(DXJU3NOBXB

BXMOXJkTXOH

XDKVTXrXCJkTXOH) TOWARDS THE
APPLICATION

COMPUTER

Figure 6 : KSE system organization, design computer.

At the center of the system, there is a single data base providing a detailed
description of the equipment and operation of the electric power supplies in the plant.
This set of data consists of:

- topological data describing the component nature and characteristics as well as
their component interconnections (some 12,000 components described
corresponding to about 250 different types),
- functional data describing the behavior of components in case of proper
operation or malfunctions (some 400 elementary models) [10].

A number of treatments are associated with this set of data; namely:
- a full-screen dialogue for data acquisition. At present there are 24 different data
acquisition grids, each corresponding to a component family,
- checks (some 400) subdivided into:

. syntactical checks made during data input,

. overall checks to make sure the data base is complete and consistent,

. semantic checks to make sure the plant description corresponds to the design
requirements of the power supplies,

- generation of nomenclature-type files for the real-time system,
- editing of nomenclature-type reports on the electric distribution systems,
- processing by expert system, specially adapted to complex data handling in order
to generate GENESIAI rulesets performing the monitoring, diagnosis and
simulation functions in real-time.
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These treatments are made by the GENESIA II expert system shell. It
comprises an inference engine based on predicate calculus and using forward
chaining. The facts base consists of two parts:

- one part containing the detailed facility description,
- one part corresponding specifically to the functions to be generated
(identification, diagnosis, simulation). It contains a model of the component
operating principles.

The ruleset automatically writes GENESIA I rules. It is based on a theoretic
set logic explicitly integrating quantifiers. The various processing modules
performing the monitoring system functions are automatically generated from the
same data. With this approach, the homogeneity and consistency of each module in
the system is guaranteed. Moreover, since the detailed description of the plant, the
description of the equipment operation and the definition of the required treatments
are made separately, the system is readily adaptable when the plant is modified or
when functions are extended.

The KSE Design/Configuration computer fulfils two families of functions:

- the first, configuration-type functions, are conventional and correspond to
compilation-type processing and are now generally performed by on-site
machines,
- the second, design-type functions, are original and correspond to the automation
of tasks which, today, are largely performed by hand, like, for instance, the design
of control applications based on the knowledge of the elementary system operation
and on the application specification sheets.

COMPOTXK

VROCX88XMO

ARLIC
NETWORK

CONTROL

MAINTENANCE
DATA

• TMOZjkTXOM

XOBMTZrZCATZOM

FROM DESIGN
COMPUTER EQUIPMENT

DATA BASE

Figure 7 : KSE system organization, application computer.
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The architecture of the on-line system is shown in figure 7. Three of the
monitoring system functions are performed by an expert system:

- real-time monitoring of the state of the plant distribution systems,
- real-time diagnosis with, upon demand, the reasoning which led to it,
- simulation of the distribution system behavior based on an actual plant state
(prediction) or a reference state (training) or preparation of equipment removal
from service.

In addition, there is an equipment data base consulting function.

The expert system tool chosen at this level is derived from the GENESIA I
real-time inference engine. It is based on prepositional calculus and uses forward
chaining. In KSE application, the two-level design/configuration structure and the on-
line application benefit from both the short execution time of the GENESIA I R.T.
inference engine for on-line processing and the GENESIA II language capability for
the design of large knowledge bases.

Regarding the response time of the system, one distinguishes between the
response time of the configuration/design computer which corresponds to the time
necessary for the on-line system data and codes generation, and the response time of
the application computer which are times necessary for the supply of a specific
function in the control room. The generation occurs in two stages: general data
controls take Ih30, files generation for the control room monitoring system takes
llh.

Those response times are perfectly compatible with the rate at which the
system is updated when the unit is modified, i. e., one update every month. With
regards to the on-line system, the diagnosis is reached in 6.5 seconds so that 15
seconds at most elapse between an alarm or several alarms and the corresponding
diagnosis, the state (position, voltage, availability, validity...) of all the components is
also recalculated every 6.5 seconds, the average response time, when the equipment
data base is consulted, is 20 seconds, the result of a simulation is produced in 15
seconds.

4. EVOLUTION PROSPECTS AND OBJECTIVES

4.1. Presentation of a new range of applications and impact on modelling
As the KSE system has proved its utility through its results one is tempted to

extend its functions to a field broader than the sole electric phenomenons. For
instance, for the moment, measurements delivered from the instrumentation system
are only validated at the electrical point of view, measurements on electrical systems
being validated having regard to operation through the use of the electric behavior
laws in the reconstruction of the state of the electric distribution system phase.
Inconsistencies between measurements indicating a energized busbar and its dead
power supplies at the same time are underlined, and it would be very interesting to
obtain this type of result for flow, pressure or temperature. Likewise, if this system
can automatically calculate the effects of electrical failures in terms of electrical
availability of actuators or sensors, it does not allow the evaluation of the general
availability of a fluid system with respect to operating pressures or water stocks.

The extension prospect of the range of a monitoring system which has the
functions of the KSE system to a broader range, which particularly includes some
thermal-hydraulic aspects, involve the achievement of some objectives, particularly
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with respect to time aspects. The figure 8 caricatures the new range, it concerns a part
of plant similar to the electric power supply of figure 5, actuators have been replaced
by regulating valves, the busbar by a tank, the voltage sensor by a level sensor, and
the flow meter and position detector are analog. The equation corresponds to a
material balance on the tank.

There are two main differences between the modelling defined for the electric
power supply of figure 5 and the modelling one can plan for figure 8:

- the states defined for actuators or the busbar are discrete (open actuator,
energized busbar), while the level of the tank and the position of the valves can
change continuously,
- time is an essential parameter for understanding phenomenons.

Therefore time must be explicitly represented in a model of the "deep
knowledge" of the plant, which must show the aspects linked to the behavior. The
first aim to reach is to work out a representation formalism of knowledge in which we
will point out the structures and behaviors of a plant (laws of continuous or
discontinuous variation of parameters) taking into account the time. The level of
those models must be suited to the purpose one looks for: understanding
phenomenons in order to monitor. The general laws of mass transfer or heat exchange
for instance must be explained, even if they are simplified versions.

P i

D

D

M (t + dt) = M (t) + k De (t) dt - k Ds (t) dt

Figure 8 : Characteristics of a thermal-hydraulic facility

4.2 Logical interpretation and necessity of a management of uncertain facts
From the description of a section of the plant and the equation of figure 8, it is

possible in some operating cases to reason in a logical way about the state of the
different components. For instance, if for a determined time interval we have
information on the closed position of the two valves, it is possible to logically
conclude in favour of the constant character of the tank level during this time interval.
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By improving modelling and taking into account a possible leak on the tank
for example, we could, as logically as for the previous case, note a leak on the tank
from information of the closed position of the two valves and from information of a
level decrease.

But at this standard of modelling, if we make the assumption that there is a
leak, it becomes impossible to use the previous logical reasoning to conclude in
favour of the level constancy from information of closed position of the two valves!
The previous reasoning set a level of the logical model for which one does not
foresee any leaks, but in this case it will lead to inconsistency if there is a leak.

Likewise if we make the assumption that there is a failure on each sensor, we
cannot conclude anything, because all the information has been lost and, reciprocally,
if we do not make these assumptions, we will not be able to assume anything in case
of sensor failure, the system then being inconsistent.

Generally speaking, the more precise the model, the less easy is the
conclusion, the less precise the model, the more easy is to get discrepancies.

This example involves different problems:

- with regards to the monitoring problem of a facility which performs evolutions
quickly with time, which authorizes a "photographic analysis" (case of the KSE
system where the whole working memory is reset at each cycle of measurement for
on-line processing), the monitoring problem of a plant which changes slowly with
time obviously requires an analysis in time or a "cinematographic analysis",

for some operating cases, logic is enough for understanding phenomenons,
- the on-line interpretation requires a non-monotonic reasoning, corresponding logics
must be worked out through progressive reasoning which minimizes failure
hypothesis and must guarantee the consistency of those hypothesis in time (that does
not mean we have to make hypothesis on all states of the system) [3] [7] [11] [18].

The second objective is therefore to define the logical operators enabling
logical analysis of the behavior of a plant, the manners of computation of those logics
in time, and the means to automatically obtain those logics from "deep knowledge" of
the plant.

4.3. Utility of a qualitative interpretation
For other operating cases where the situation changes, the analysis of the

major phenomenons can be made easier using qualitative models and reasoning,
particularly for the study of tendencies and variation senses of the main parameters
[12] [13] [19]. If we look at the example of figure 8, if for a specific time interval the
"De" input flow kept on increasing and the "Ds" output flow kept on decreasing, one
can qualitatively conclude the increase of the tank level. This type of reasoning can
be reproduced in an artificial way on a computer, relying on qualitative equations
which represent a qualitative model of some behaviors [25]. The validity of those
models and the use of the corresponding equations must be dynamically controlled
for the on-line phenomenons interpretation, and this, in a logical way. Thus, in the
previous example, reasoning which concludes an increase in the tank level is
conditioned by a logical condition of no-leak. On the contrary, the previous
qualitative model could enable to logically conclude in favour of a leak on the tank,
as it leads to inconsistency in the case of an increase of the input flow and
simultaneous decrease of the output flow and tank level. We have once more two
different problems which are respectively obtaining and using those models.
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The third objective is therefore to define qualitative models, which allow to
analyze or give an account of some of the plant dynamic behaviors, the logical
working methods of these models, and the means of building these equations
automatically from "deep knowledge" related to the plant.

4.4 Necessity for a quantitative interpretation
There are also cases of functioning where the qualitative analysis is

incomplete, although it is valid in all cases. This is to due to the fact that the relative
importance of comparable phenomenons cannot be evaluated in a qualitative way.
For example, if between two steps of time the input flow "De" in the container
(drawing 8) has increased, and if during these two intervals of time the output flow
"Ds" has also increased, and if the proportions are comparable, it is not possible to
qualitatively conclude in favour of the normal trend concerning the container level.
One has to be able to estimate the quantities in order to determine a level stability, a
level increase or a level decrease. Without any doubts, a simple subtraction could be
helpful.

The fourth objective is therefore to define quantitative models, the logical
control of these models, and the means of building these numeric programs
automatically from the "deep knowledge" related to the plant.

4.5 Reactions modelling in order to anticipate
If the four previous aims are realized, they should allow an assistance system

to be specified with functions related to the comprehension of phenomenons
occurring in a plant.

Nevertheless, these aims are insufficient if one wishes to specify an assistance
system to help decision making or even to simulate the evolution of the state of a
nuclear plant. Indeed, if for a quick evolution facility the only simulation of
phenomenons is sufficient to anticipate a state to come, it is not possible to make
expectations without taking into account the corrective actions of the monitoring
operators as far as a slow evolution facility is concerned.

Therefore, an additional distinction is to be made between the facilities shown
on the diagram of drawing 5, and the ones shown on the diagram of drawing 8. If one
imagines a situation where the busbar of drawing 5 is energized, and where one
would open the circuit breaker, it is possible to anticipate a situation where the busbar
has no voltage and where the circuit breaker is open, because the transition between
the first situation and the second one can be considered as immediate, or more
precisely, the transition period does not allow the operators to carry out corrective
actions.

It is not the same if one considers the facility of drawing 8 with a full
container, an input flow "De" null due to the closed position of the input valve, and
an output flow "Ds" non null due to the opened position of the output valve. A
simulation of the only phenomenons related to this facility would finally determine an
empty container, which might be the opposite of the reality, if one supposes that
keeping the level of the container to a high level is an aim having priority in
monitoring, and that an operator will have the possibility to act on the valves
position.

In this case, it is not possible to anticipate a situation where the container is
empty, and an anticipation of states to come must therefore take into account
similarly the evolution specific to the process and the corrective actions of the
operators concerning a slow evolution facility. At least, it is therefore necessary to
systematize the information related to the monitoring aims of the plant, because the
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information concerning the structures and properties are not sufficient in order to be
able to evaluate the measures to take. To make it easier, the first aim is to answer the
questions "What is it ?", "How does it work ?", but not the question "What is it for ?".

The fact that a monitoring aim has to be taken into account, as well as the
order of the aims to be reached depend on the state of the plant. Therefore, one has to
introduce a systematization which allows this information to be expressed. A new aim
therefore is to develop a systematization in order to classify the main monitoring aims
of a plant, and the rules allowing these aims to be determined as well as their relative
importance according to the state of the plant.

It is quite clear, at least intuitively, that if one has the knowledge related to the
structures and the properties of a plant on the one hand, and the aims to reach in the
other hand, one should be able to determine automatically the operating aims and
basic actions which allow one to reach these aims. If one takes into account the
example of drawing 8 again, the aim of keeping the container level to a limit under a
very high level can produce the aims of decreasing the input flow "De" and increasing
the output flow "Ds" through material balance equation, and finally help to close the
input valve and to open the output valve. It is actually a difficult problematic in the
framework of an important investigation field in Artificial Intelligence, known under
the name of Automatic Generation of Action Plans.

In any case, the elementary actions and monitoring plans of a plant have to be
stated in a systematization that one has to develop, and an ambitious aim would
consist in defining the means of getting to these actions by breaking down the general
monitoring aims, taking into account the knowledges concerning the structures,
behaviors and properties of the facility.

P i
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D

The operator moves inside the premises (3 mn),
opens the door,
closes the input valve (1 mn)

Drawing 9 : problem of planning in a universe in evolution
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If one considers that this aim is reached, even partly (if it should appear
difficult to automatically obtain the operator's actions through breaking down of the
general monitoring aims for example) one still has to deal with the problem of
checking the applied conditions of the corrective actions in a continuous process. In
order to be clear, one can take the example of the facility drawing 8 again and
imagine that to a given point time TO the container's level highly increases, and that
this state determines the aim of keeping the level in admissible limits. A plan of
action known to fill this aim can consist of sending an operator to close the input
valve. The problem becomes complicated if one supposes that the operator cannot get
to the premises anymore, if the container overflows, because according to the
evolution of the situation, one can consider that at the given point TO the plan is
applicable, or not applicable because it leads to a dead end. Drawing 9 summarizes
this problem.

In order to estimate properly the applied conditions of corrective actions, one
has to define computer programs which, relying on information concerning the
properties of the plant and on the knowledge of the carrying out time limits, allow to
estimate the good development of these actions. One must notice that, if this problem
is solved, the assistance system naturally becomes able to anticipate what might
actually happen. A last aim consists therefore of determining the measures which
allow one to estimate the appliance conditions of corrective actions, taking into
account the carrying out time limits and the evolutions specific to the process.

5. WORKING HYPOTHESIS

The first hypothesis consists of the computation speed of the different on-line
assistance system modules. Between two measurements, a period allows new
informations to be processed. The classically adopted process in the field of real-time
computing is to use algorithms and processing modules fast enough to guarantee that
the new informations will have been completely processed before each new
measurement, and this in all cases. The speed hypothesis take place in this
framework. Other systems are based on the fact that, for each processing input, it is
not always necessary to use all the disposal knowledge, and a first processing module
allows to determine the only knowledge to be used for problem solving. In the case of
an alarm processing system for example, a first knowledge can be to use no
information if no alarm appears. This way, one gets a very fast system to process
alarms when there are none. Save the fact that these systems require very complex
monitoring architectures, these systems are noticeably fast when they have nothing to
do, but they are low-performance when the situation gets very complicated,
particularly in the case of a very degraded situation, when many knowledges are to be
used.

This first hypothesis may seem exaggerated, but the experience proves that
automatic generation techniques allow one to get high-performance assistance
software which work in real time, although the number of basic knowledges used is
about one hundred thousand in the case of KSE system for example [8]. More than a
hypothesis, we are here facing a constraint which could re-open the whole question
concerning this type of development if it was not checked, given the kind of problems
which would then arise.

The second hypothesis is relative for detailing working models. It is
noticeable that in the case of normal or lightly incidental situations, these very simple
models of flow or heat exchange systems can give a quite precise account of
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phenomenons. The difficulty comes rather from the very high number of situations to
consider, as well as from the similar number of action schemes to take in order not to
head towards more dangerous situations. On the contrary, models owing account of
phenomenon in the case of accidental or very degraded situations (core meltdown,
diphasic flows...) can be very complicated, but these situations are easier to diagnose,
the number of remedies is limited and their evolutions are often known. One makes
the assumption of the adequacy between simple models and numerous but lightly
degraded situations (normal and incidental monitoring), and the assumption of a
reduced number of known accidental situations (State Approach [28]).

6. CONCLUSION

The working hypothesis exposed in the previous paragraph was made in the
field of existing studies at the Research and Development Division of Electricité de
France, in collaboration with the Commissariat à l'Energie Atomique and University
Laboratories, aiming to reach the objectives to make the KSE system evolve by
extending its appliance field to thermal-hydraulic phenomenons.
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Abstract

TechSPEX is a knowledge based advisory system for checking the status of
a nuclear plant on compliance with the safety limits and the limiting
conditions of operation. These prescripts for safe reactor operation exist as
textual information. For the purpose of its operational use an explicite
represention formalism is introduced. On this basis, various approaches of
text retrieval are realized, condition based surveillance and control is
supported too. Knowledge editing and verification modules ease the
adaption to changing requirements. TechSPEX has been implemented in
PROLOG.
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INTRODUCTION

Knowledge about limitations on plant variables, operating conditions, surveillance
requirements, and recovery actions that are related to the major task of guaranteeing the
safe operation of a nuclear power plant is documented in a large sample of so called
Technical Specifications (TechSpec). These texts are based on the plant safety analysis
and must be followed by the operators when operating the plant as well as by the utility
staff when supervising and managing the plant. Typical TechSpec items are:

Safety limits, which are limits upon important process variables as thermal power or
neutron flux which assure Reactor Coolant System integrity and guard against the
uncontrolled release of radioactivity.

Limiting conditions for operation, which establish the conditions (e.g. availability!) of
the various safety related components and systems, e.g. Reactor Coolant System or
Steam and Power Conversion System, necessary to either begin or to continue reactor
operation.

Surveillance requirements, e.g. tests, calibrations and inspections at appropriate
intervals, are imposed on systems and components that the limiting conditions for
operation are being met.
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Recovery actions, which define therapy measures to be taken in the event a safety limit
or allowed condition for operation is violated.

It is inherent in the complex nature of TechSpec, which are individually specified for
each subsystem belonging to the plant, that it is difficult to interprète and apply them
adequately in each context. This is especially true when rare situations occur or when
less experienced staff is in duty. An approach for computer assisted handling of
TechSpec should comprise the following features: As the basic option an efficient tool
for retrieving this large and heteregenous sample of textual information must be
provided. Looking into the TechSpec the user can search for all relevant texts to check
the actual operating conditions on compliance with the TechSpec, to compare their
contents with the lessons learned from plant safety analysis or, easiliy, learn by reading
more about the conditions for safe plant operation.

For the purpose of operational usage add-on features are essential. A data acquisition
component and an interface between real process data and informations about plant
configuration on the one side and technological knowledge stored in the TechSpec on
the other side must be established. This is realized by representing textual informations
from TechSpec as explicite knowledge. The kernel statements must be extracted out of
the TechSpec, formalized and then transformed into a knowledge representation
formalism. With the help of this knowledge, decisions about the interpretation of given
situations respectively necessary actions to be initiated can be automatically derived.

KNOWLEDGE REPRESENTATION

The large variety of items referred to in the TechSpec leads to a heterogenous
representation by different relations or, seen as a complex, by a semantic network.
There are three principal knowledge types: knowledge about processes, systems, and
diagnosis (Fig. 1). To handle short names, abbreviations, and symbolic constants
synonyms can be introduced.

Process Knowledge comprises the principal modes of operation, which are
hierarchically structured by a tree. In this classification only a small subset of process
parameters is considered. The same relation is applied both to verify a given slate by the
actual values of the parameters related, as well as to classify a given parameter set.
Parameter constraints form a condition list to define the data range for each process
parameter which must be equal or narrower than the principal range that is physically or
technologically determined. These parameter constraints play an important role for error
identification in manual inputs, for sensor data validation and the consistency checking
of parameter constraints referred to in other knowledge items. Parameter constraints are
formally defined by predicates which restrict the value space: equal(Value), se-
lection(Valuelisi), inlerval(Limitl, Limit2), etc.

System Knowledge. The physical structure of the plant can be described by a hierar-
chy of subsystems and components, wheras the whole set of subsystems can be
arranged by a small number of principal subsystem groups. Subsystems refer to
redundant channels, individual components, and internal parameters limitations. A
recursive representation of the physical structure ensures flexibility and prevents
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Processknowledge Systemknowiedge

syslemgroup ( systemlist )

systems ( system, subsystemlist )

state ( state, substatelist )

constraint ( parameter, limitation )

classification ( state, constraintlist ) components ( subsystem, subcnannel-
llist, componentlist, parameterlist )

^Diagnosisknowledge

limiting conditions of operation ( Ico )

Ico (subsystem, subchannellist, statelist, parameterlist,
timecondition, action )

Diagnosis

FIG. 1. Knowledge organization.

redundant definitions of substructures if they are identically included in some parallel
branches.

Diagnosis Knowledge summarizes the safety limits (parameter constraints) and limiting
conditions on operation (Ico: component/ subsystem availabilities) for each subsystem
with regard to the different operational modes. In addition, these rules for reactor state
interpretation describe timely conditions for allowed component lag-outs and provide
hints on context based surveillance and recovery strategies.
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This application specific knowledge model was developed to overcome the restrictions
of pure standard representations (rules, objects). Deep system knowledge is combined
with various interpretation rules in a homogenous formalism. On this basis, complex
inferences can be carried out, providing data driven reasoning (from process
parameters) in mixture with hypothesis driven diagnosis (component/subsystem faults).
Specific explanation, acquisition, and verification modules can be constructed to assure
transparency for both system developers and end users as well as correctness.

TEXT RETRIEVAL

To have convenient access to the Techspec textfiles the operator needs an efficient,
flexible, and robust text retrieval system. Different situations and various user
preferences define different application indications and therefore require individual
retrieval features:

Text Tracking, the user is led via a hierarchical tree menue which is dynamically
constructed from the knowledge base. Leaf nodes represent partial systems for which
TechSpec are documented. Only for the selected partial system the corresponding Tech-
Spec document is retrieved. The treestructure mirrors the grouping of subsystems on
different levels of detail according to functional similarities. To enable an access to
groups of files too, medium nodes in the hierarchy are used as selectors for all sub-
ordinate ones. Text Tracking is especially comfortable when the user already knows
about which partial systems he needs information. Otherwise he can search along the
leaf nodes, learning by reading more about the structure of the plant and about infor-
mation documented in the associated TechSpec.

Lexical Retrieval can be applied in cases when the user likes to inspect Techspec
textfiles that refer to certain keywords, e.g. component names. The given input is
compared with the contents of all documents using a failure tolerant word recognition
procedure to compensate spelling errors and to enable the input of abbreviations. Those
texts, where the phrase occur, are sequentially displayed.

Relational Retrieval is introduced as a combination of a menue driven information
query as used in text tracking and a contents sensitive approach. For each TechSpec,
descriptors are automatically derived from parameter citations in the knowledge base,
saving additional effort for defining them explicitely. Selected items from a multiple-
pick-menue of all descriptors are matched against the contents of the knowledge base to
retrieve the corresponding TechSpec. Two variations of relational retrieval are provided
that differ in the logical relation among the selected descriptors. Disjunctive retrieval
means that any reference of any selected item matches the query, wheras conjunctive re-
trieval require all selected descriptors to be present.

Common to all these strategies is the aim of the search: to find those partial systems in
whose Technical Specifications relevant informations are contained. For each text found
during retrieval the following options are provided:

display/printing out of texts
paging forward and backward when several texts are retrieved
modification of texts in the editor mode
import text files from conventional text processors.
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COMPLIANCE CHECKING

Actual process and configuration data can be checked on compliance with the Technical
Specifications. For this purpose, a relational knowledge representing formalism has
been introduced. The inference engine deduces the consequences of switched off
components or parameter limitation violations in a bottom-up (breath first) manner, led
by the tree structure of the system knowledge from basic events in components to
subsystems. Knowledge about allowed outage times of subsystems resp. components
considering the actual operational mode of the plant and its redundant layout is applied
to finally evaluate the actual slate, and to propose necessary therapy and maintenance
measures (Fig. 2). Each Technical Specification violation can be explained by tracing
back to its root causes.

Actual State ____
Partial Syrto» Haae : HocMmck»yrtea der HavarlekOhlong

—— r ail tire - Ressayes

I FAILURES : • • ; "
Notkühlwasser CB :.

actually is .. '."'"• 49
it must he in the range''of : 48 ana 45:

Nothiihluasser C C . • ' • . - . ' .

actually is : 8.22 \
it must be louer : 8.15

Branch :. 2 is off

3r ESC/F18

FIG. 2. Reasons for non-compliance with the TechSpec.

Additional problems that can be handled with as well are:

- simulation of the consequences of single (few) actions, e.g.switching
components/subsystems "off"

- analysis of archived data images, whereby special problems must be
considered: data might have been saved before the currently valid knowledge
base has been established and thus the corresponding adaptions must be
dynamically performed to maintain a consistent interpretation of former data
sets by the actual knowledge

- verification of user hypotheses concerning possible noncompliances with the
TechSpec

- checking intended changes of the global operational mode on consistency with
the actual plant data.
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KNOWLEDGE EDITING

Because the knowledge is explicitely represented, it can be Iransparantly stored and
manipulated by a knowledge acquisition component. Each class of knowledge relations
can be edited by a screen-oriented editor for logic clauses. In addition, this editor
supplies basic syntactic checks (predicate name, number and type of arguments). For all
hierarchically structured knowledge parts, another editor performs list operations to
slepwise modify the tree structure (Fig. 3), including basic consistency checks necessary
to maintain the integrity of the tree structure. The component structures of subsystems
are instantiated via input masks.

Operatic

-St*te_Selectl«n>-

• TodiSpex -
Subordinate Classes lor O p n r a t i o n a l Stfttc——

|neu_none
ILeistungshetrieb
[Minimal kontrollierbare Leistung
j Anf alirzwstand
j Uorbere i tunyszustanit
jStillstand

Fl-Hslp F2-S«VB F3-Lo*a F4-BePl«cs FS-Zocn FT-Xcopy FB-Xodit ESC/Flfr-End

FIG. 3. Editor for tree structured knowledge.

Advanced semantic verifications have to be performed before saving any modified
knowledge base. These checks include:

search for unknown knowledge items (referenced only once)
failing knowledge items; known items do not occur where supposed (especially
significant due to the heteregenous nature of the knowledge)
conflicts in value constraints (absolute constraints in parameter and state
definitions vs. relative constraints in predicates referring to these parameters
respect, states)
logical and structural inconsistencies (e.g. loops in trees).
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IMPLEMENTATION

TechSPEX has been implemented in PDC-PROLOG. As secondary functionalities an
online-notebook for user comments, an interface to the operating shell of the PC, and a
contextsensitive help facility are supplied. To meet MS-DOS requirements an overlay
structure of program code has been established; knowledge and data bases are virtually
organized. Their physical localization can be externally set up (expanded memory,
virtual disc, main memory, hard disc). Other possibilities of adapting the system to user
specifications comprise: error level for knowledge verification, window colors, printer
specifications, help texts, accuracy of lexical document retrieval.

The development of our knowledge based system integrates both rapid prototyping and
deep modelling activities. Thus, the advantage of having fast feedback from the user is
combined with establishing an adequate domain model for problem solving, knowledge
acquisition, verfication, and explanation. Intensive re- usage of proven software
modules (e.g. man-machine-interface; totaling to 35% of the code of the whole package)
and comprehensive verification of the knowledge base are meant to assure software
quality.

Test examples for the working stage reached so far were selected for WER-type
reactors. Futural developments should comprise a broader modelling of the Technical
Specifications to integrate dynamic planning of maintenance measures and an extension
of the knowledge base towards the scope of a whole nuclear power plant. Finally,
interfaces to procedures solving other task within safety research (early failure detection
by noise analysis, probabilistic safety analysis) should be established.
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PROBABILISTIC SAFETY ASSESSMENT
AND EXPERT SYSTEMS

A.N. RUMYANTSEV
I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Republics

Abstract

The modern procedures of event tree and fault tree des ion unct
analysis being applied for Probabilistic: Safety Assessment (PSA)
of Nuclear Power Plants (NPP's) .. do have- Much in common with wet-
hods of expert system development.. "Livino" PSA systems may be
considered under certain conditions as expert systems for support
of NPP personal in safety-oriented decision-Making.. An effective-
ness of implementation of "livino" PSA systems and expert systems
based on them is very much predetermined by peculiarities of data
models and its correspanging DBMS software which requires some
additional research efforts and development.

Prob ab i l i et i c -Safety and Risk Assessment o F NPP has become a
very informative» additional source of safety information and has
been implemented on a trial basis for "living" PSA systems assig-
ned to support NPP per son a 3 by probabilistic estimations of N P F'
technical specifications and consequent::i es of personal actions in
a course of operating of NPP l"l.. 2.. 3 Li-

"Living" PSA Systems are using the event tree and fault tree
Methods and procedures being provided by Methods arid procedures
for calculation of probabilities and estimation of confidence
intervals» There is a deep similarity bcrlweren PSA methods and met-
hods applied for development of an expert system.. This permits to
consider a "living" PSA system <LPSAS) as a basis for NPP personal
support safety-oriented expert system (PSES) ., The; main goal of
that paper is a formal comparison of LPSAS arid P Sir. S in terms of
its methodology and to discuss some problems concerning its deve-
lopment ..

PSA event trees and fault trees are» obtained through the quali-
tative analysis of NPP design and operating conditions.. Thus they
are an ordered set of facts about i n i t i a l events,, which may .lead
to violation of safety criteria., and rules on grouping of facts
into the? ordered set« and conclusions from that rules in terms of
probable concequenci es., Facts are internal and external initial
events due to eau i p i ment faults, errors of personal., losses of
off-si te power.. etc.. Conclusions are the expert judgements on
possibilities of core melt arid large releases of rad i onucl i des
beyond safety barriers.. The rules an" group i ng facts into ordered
sets are formulated based on expo? r t analysis of NPP design featu-
res and peculiarities of initiation and development of safety re-
lated processes,. The facts are provided by its probabilities and
its unce?rtant i es in order to perform quantitative analysis and
come up with probabilities for final events and its confidence
intervals,, A set of event trees and fault trees« provided by pro-
bability data and data on its uricc-rtant i es. develops as a matter
of fact an ordered knowledge base for NPP designers and NPP perso-
nal assigned to deal with safety related matters,
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But sine« both LPSAS and PSES are utilizing knowlegde bos«2-3 of
the same NPP design they way be? combined into generalized knowled-
ge base capable to provide both approaches»

Because of huge amount of data on elewentary propositions (eve-
nts) and complexity of event or fault tree-:» (small event trees
develop large fault trees and vice versa) either l-tnowlegde base
rules presenting sufficiently completed knowledge base and proba-
b i l i s t i c model of NPP,. it became?s necc.es;sary to use in the corres-
ponding software packages such means for data manipulation as data
base management systems (DBMS)„

In a course of development BAMC software packages L5.1 for both
IBM-compatible main frames and PC's there were attempts to find
out most effective solution for selection of appropriate data mo-
del and corresponding DBMS in order to create most efficient envi-
ronment for bo t h L P S A S a n d F1 S E S o n P Cy s f o r N P P •* s pro v i d e d w i t h
vWR-lOOO reactor of PUR type.

It is well known that relational data model is the most popular
for PC's and supported by a number of commercially available DBMS.
Implementation of relational data model requires to bring a logi-
cal structure of subject area description to a set of normalined
relations., Their amount is approximately equal to the number of
logical knots (gates) "OR" in the tree structure» Number of attri-
butes (data elements) for each relation of probabilistic models
developed was varied from a few to 20 - 30 and even more but len-
gth of relations (number at lines per relation table) was relati-
vely moderate« It was found that in order to provide most effici-
ent, environment for implementation of direct and backward analysis
all atributes have to be declared as descriptors « Moreover it was
found that almost half ot foult trees for NPP probabilistic model
may be more efficiently described in terms of success instead of
t e r m s of fa i lu r e „

Experiments with data models and various DBMS shown that re.'ta-
t i o n al d ata taa se i s n o t suf f \c i e n 11y e ff e c t i va for repr e se n t a t i on
of data having natural hierarhical structure and some? features of
network structures because of posiblc loop links- Relational data
base developed in a course of experiments did require to provide a
relatively more computer resourses than data bases with use of
hierarhical or network data models developed on IBM-compatible
main frame of FX type.,

It seems; that most effective data model for development of an
integrated data base for both LPSAS and PSES is a such that combi-
nes the features of relational,, hierarhical and network data mo-
dels.. Based on information available up to now such features arc?
provided by the DBMS ADABA8 only which has been developed by the
Software Aß (Darmstadt,. Germany),, They are available on main fra-
mes and some m i n i computers but not on PC"13. with the same level of
data modelling and data manipulation features.,

Research works in a field of data modelling almost completed up
to now,, permit to say that probably the most general approach to
the data modelling may be developed in a framework of terizor met-
hodology.. Tenxor data model permits to describe in a standard and
very formal way all m a i n features of relational., hie r a r h i c a 1 and
network data models» The basis for such aooroach is a newlv deve-
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loped tenzor algebra, which includes the following main features.
A set of subject «re« properties (data element values) is mapped
onto set of symbols with defined operation of "multiplication".
Rezults of multiplication arc» "words" of finite length which i s
defined by .',,/ a number of pairly different symbols. As « un i t for
multiplication there is an "empty" word of zero length» Inverse
word of length 1 is the word itself so the rezuJt of its Multipli-
cation is equal to the "empty" word» Multiplication procedure is
assotiative and is not commutative. A "phrase" is a sum of diffe-
rent words provided by reals as coefficients» A set of phrases
developes an Abelian group on summation and multiplication with
zero dividers and defines an algebra of data models. A subject
are« is considered »s a multiplicative tenzor of subject area
properties» This tenzor may be treated almost as usual tenzor.. In
terms of tenzor data approach each knot of a logical model of NPP
is described as a specific tenzor and the model as a whole is
considered as a sum of tenzors.. The main conclusion of such appro-
ach being under development until now. is a necessity to use such
DBMS which are capable to deal with multidimensional data structu-
res in a framework of each data base record and in order to achie-
ve the most effective data treatment for both LPSAS and PSES. Ano-
ther conclusion drawn from this research is a statement about ne-
eds to pay additional attention for the development of DBMS for
PC's having capabilities to deal with more complex data structures
with multiple dependencies of attributes«

It seems to be reasonable to conclude that the problem of deve-
lopment of reliable and effective computer tools for an expert
systems assigned to support decision making process of operating
NPP's_ is far from a correct and complete resolution.
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DEVELOPMENT OF EXPERT SYSTEMS BASED ON PSA
MODELS FOR THE CERNAVODA NUCLEAR POWER PLANT

G. GEORGESCU
Institute for Nuclear Research,
Pitesti, Romania

Abstract

The paper presents the status and further development of the
PSA models based software and expert systems, for design,
regulation and operation of the 5 units N.P.P., CANDU type under
construction in Cernavoda.

One of the most important aims of the PSA activity for NPP
Cernavoda is to develop a "living PSA" tool which will be used
for on - line risk-based plant management and also for design and
regulation. This computerized system will be developed taking
into account the necessities of the activities connected and the
world experience in this field.

In ROMANIA, a 5 units Nuclear Power Plant, CANDU type, is
under construction in Cernavoda. The operation of the first unit
will starts in 1994. Starting from 1989, in the Institute for
Nuclear Research a PSA level 1 was performed using the licensing
documentation. In 1990 an IPERS mission organized by IAEA took
place in ROMANIA, to review this PSA model. Now the INC PSA team
is working to implement the IPERS recommendations and to
transform the PSA model into a tool for design, regulation and
further operation of the plant.

One of the most important goals of the PSA activity in
Romania is to develop a "living PSA" computerized system.

Because of the high complexity of the PSA level 1 model
developed, a specific code package for PSA models development was
produced (PSAB code package). This code was successfully tested
against PSAPACK and THPSA codes, and validated. Now, using this
successfully experience, a more flexible and friendly, PSA
applications oriented, is under development. Finally, this code
will be a powerful tool, "living PSA" type, which will
incorporate some of the most important PSA applications, based on
two approaches :

1. Based on minimal cut-sets generation and manipulation.
2. Based on path-sets generation and manipulation.
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The most important computer code pieces that is in our
intention to be developed are:

a. risk knowledge systematization;
-accident sequence description and contributions;
-system, component, human error, test/maintenance
and common cause failure description and
contributions ;
-the risk knowledge needs to be understandable by
the non-specialists;

b. Risk knowledge presentation as a training tool;
-basic concepts presentation;
-dominant accident sequence presentation;
-dominant system, component, human error
contributor presentation;

c. Design evaluation;
-presentation of the design deficiencies (single
active components, single human action or
reconfiguration errors, single passive component
failure which are not detectable under normal
testing, other contributions ranked according to
their importances);
-success paths generation, in given conditions
(identify design deficiency checking for no-paths
having all components tested or monitorated).

d. Risk-based quality control;
-systematic approach on performing sensitivities
studies on failure rates;

e. Risk-based accident management;
-identify and rank the success paths for the
initiating event;
-ranking the paths according to operator
requirements and success likelihood;
-select the success paths to define accident
procedures;

f. Risk-based operation applications;
-risk based configuration management;
-risk-focused data collection;
-precursor evaluation;
-risk-based maintenance prioritization;
-risk-based aging evaluation;

g. Risk-based regulatory analysis;
-includes all previous application with focus on
regulatory consideration;
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h. Risk-based evaluation tool;
-Software capabilities should include:

-user friendly interface;
-separate evaluation modules for
Event/Trees, Fault/Trees, Basic Event
Data ;
-evaluation/ranking of contributions;
-comprehensive change case capability;
-success paths determination for accident
management and inspection;
-re-evaluation of minimal cut-sets for
given defined configuration;
-Event/Tree, Fault/Tree modification;
-report generation;

The development of the above described software follows the
PSA and connected activities, necessities.

The first version, which is now under implementation, named
"Risk-based system configuration monitoring system" intends to be
used for PSA uncertainties reduction, PSA results presentation,
design evaluation and for normally and emergency procedure
development.

This version is the prototype of the full scope "living
PSA", the methods and algorithms being now tested. The code is
written in C++ language, under strict QA control. A special
attention is paid to the user interface development, due to the
difficulties in presentation of the results.
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POSSIBLE ROLES OF NEURAL NETWORKS IN DEVELOPING
EXPERT SYSTEMS FOR THE NUCLEAR INDUSTRY

Z. BOGER
Negev Nuclear Research Centre,
Beersheba, Israel

Abstract

There is an evident need for a reliable expert systems (ES) in the nuclear
industry, especially in the nuclear reactor safety area. However, the derivation of
useful expert rules in complex systems is a difficult and a very time consumimg
process. The ability of artificial neural networks (NN) to learn and generalize
from "examples" may be utilized in several ways to help in this task. When
applied to large scale problems, teaching NN by the conventional error
back-propagation techniques may be too slow and not always successful, as the
ini t ia l random network connection weights often lead to local error mimima.

A recently developed proprietary algorithm analyses the training data and provides
good guess for the init ial connection weights, as well as to the required number of
hidden neurodes. The resulting network training time is improved by a factor of
20 to 50, which allows the training of large scale networks with several hundred
inputs on a 386 33MHz machine in about an hour. Once the NN is taught, further
analysis of the hidden layer neurode behaviour allows automatic identification of
non-relèvent inputs, and the resulting reduced re-trained NN is more robust and
has better generalization abili ty.

Thus, reliable NN-based models of complex systems may be readily constructed, if
sufficient examples are available for training. Once the model is verified by test
data not used in the training, fuzzy logic analysis of the NN may derive
behavioral knowledge as qualitative casual relationships and more complex IF ...
THEN ... rules. This automatically extracted knowledge may be added to
previously known rules in an existing ES.

Several application examples of the descibed techniques in systems that are similar
to those encountered in the nuclear industry are presented :

- Automatic derivation of casual relationships in complex industrial
plants and experimental data;

- Real-time sensor validation and "virtual" instrument creation;
- Knowledge acquisition from multi-stage processes.

The limitations of the NN-based models are discussed, especially the one relating
to the (fortunate) non-availability of real examples for teaching of major fault
situations in nuclear reactors. The development of powerful simulators of nuclear
power stations may help to overcome this limitation. The measurements and
alarms patterns of a simulated fault may be learned by the NN and used for
alarm management and generation of expert rules for quick fault detection.
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I n t r o d u c t i o n

The development and application of expert system (ES) in the nuclear industry,
especially in the nuclear power reactor safety systems, has been an area of much
a c t i v i t y and effort in the last decade. In the two previous IAEA technical
committee meetings (1,2) several such systems were described , but while reading
the resulting recommendations one gets the impression that much remains to be
done, both in the detailed knowledge acquisition and in the validation and
verification areas. Therefore it is not surprising that researchers in several
countries have tried using other AI tools to acheive progress in knowledge
acquisition and representation. Statistical based methods, fuzzy logic, pattern
recognition, qualitative and first-principle modeling, expert systems for rule
induction, are recently reported (3 - 10).

A new addition to the AI tool-set is the neural network (NN) technique. An INIS
literature search on AI, ES or knowledge based systems in nuclear power reactors,
made during the 1988 IAEA meeting (11), did not find any NN-related
reference. In a 1989 book on the ES applications within the nuclear industry (12),
the neural network term does not even appear in the index. Although Yiftah gave
a paper on the potential applications of NN in the nuclear industry in the 1988
Vienna tecnical committee meeting (13), and included a recommendation in the
f inal committee report alerting the IAEA to this technique, there was no mention
of NN in the 1990 Moscow technical committee meeting report.

However, as the application of NN to knowledge acquisition in other engineering
diciplines became more prevelent, one starts to see nuclear power plant related NN
papers in the technical literature and meeting proceeding since 1989. A 1991
review paper by Uhrig (14) on the potential applications of NN in the operation
of nuclear power plants lists 36 USA references, mostly from his group in the
University of Tennessee and Oak Ridge National Laboratory, but also from the
University of Illinois and Texas A&M University. The areas in which NN were
tested include diagnostics using training simulator data, hybrid systems for
transient identification, identification of time-dependent transients, identification
of nonlinear dynamics, neural didgnostican, steam generator transients, detection
of the change of mode in nuclear power plants, neural contrpl during PWR
start-up, sensor validation, plant-wide monitoring with autoassociative neural
networks, monitoring of feedwater venturi flowmeters, monitoring of check
valves, monitoring of thermodynamic preformance, monitoring noise data, design
of nuclear fuel cycle reload, review of licensee event report data base, analysis of
vibrations, detection of bearing failures. To this impressive list one should add Lee
and co-workers papers on wide-range operation control and load forcasting
(15-16), Parlos and co-workers work on nuclear reactor modeling (17), recent
papers by Uhrig and co-workers on using NN as part of an expert system,
in-core fuel management, in-core flow rate estimation and nuclear reactor
control (18-21). Non-USA work in related areas may be found in the literature,
such as Roh and co-workers paper in Korea on power prediction (22), Ohga and
Seki work in Japan on abnormal event identification (23), Israeli papers by
Tramer and co-workers on HTGR malfunctions and transient analysis (24),
Ingman and Merlis on coolant channel blockage modeling (25), Yiftah on ES and
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NN applications (26), Boger on fault detection (27), Eliash and co-workers on
detection of spatial distribution of gamma emitters (28). Undoubtly, there are
more titles to be found in an exhustive literature search.

Most of the work in neural network applications to the nuclear power plant
operation is reported by researchers in academic and national research institutes,
which means that the NN techniques are considered to be in the experimental
stage, not mature enough to be applied in commercial power reactor stations. In
the following sections the possible reasons for this situation will be discussed.

B r i e f D e s c r i p t i o n o f N e u r a l N e t w o r k
L e a r n i n g

Neura l network ideas were developed in the fifties, went into "decline" in the
sixties, and only in the middle eighties their true potential became evident. A
book which is credited with the renewed interest is Rumelhart and McClelland's
Parallel Distributed Processing (29), includes also a diskette with NN software. A
more recent book is Hecht-Nielsen's Neurocomputing (30), in which the history,
mathematics and applications of various forms of NN are thoroughly discussed.
The rigorous name of NN is "artificial neural network", showing the similarity of
concepts to the neural networks of our brains cells whose axons and dendrites are
connected with each other through synapses. In the computer, by software or
special hardware, processing nodes (neurodes) are linked to each other by variable
strength connections. The sum of all inputs to a neurode, if larger then a bias,
activates the neurode. The neurode output, multiplied by the connection weights is
transfered to all neurodes receiving inputs from this neurode. Although many
neural architectures are possible, the most common one is the fürward network
with one input layer, two processing layers, one of which is called the "hidden
layer", the other one is the output layer. The sigmoidal - shaped activation
equation usually used by a processing node is

y = r^1 _z ; x = b H

where yp are the outputs of the previous layer neurodes, u are the connection
weights leading to a neurode with b bias, y is the neurode output. The most
commom learning algorithm is the supervised error back-propagation algorithm, in
which a data-set of system inputs and outputs is presented to a neural net having
initial connection weights. The difference between the network output and the
known output is the network error, and the connection weights are modified so to
decrease the sum of the squared error (fig. 1). The process is repeated, until the
NN is considered to be "taught", as tested by an previously unseen data set which
gives an acceptable small error.

Although the error back-propagation learning method is effective, the learning
process is slow even on fast computers, especially when the NN contains many
inputs and outputs. The reasons are that random numbers are chosen as initial
connection weights, and there is no exact rule to specify how many hidden
neurodes are needed (the number of input and output neurodes are fixed by the
problem definition). Thus, the NN may easily converge to a local minimum in a
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n-dimensional space, and even if not, this has to be verified by starting over
with new random initial weights and maybe a diferent number of hidden neurodes.
It was because of this slow learning that NN applications are limited to small to
medium-sized systems. However, an algorithm developed by Guterman (31)
appears to solve both problems, by a Principal Component Analysis of the training
data-set that estimates how many hidden nodes should be used, and further
statistical analysis gives a good first guess for the values of the initial connection
weights. A learning speed improvement by a factor of 20 to 50 over conventional
learning is achieved by this algorithm, as it almost always converges to a global
minimum in relatively small number of data-set presentations during the learning
process.

LEARNING:

Input Output

Training
Data Set

*Change
Connection
Weigths

Targets Compute Error

Figure 1 : Data flow in error back-propagation training of neural network.

To conclude this brief review of NN learning, another improvement should be
described. The generality of learning, i.e., the ability of the NN to predict
correctly system outputs from new inputs, depends on the ratio of learning cases
to the number of connections in the NN, otherwise "over-fitting" will occure.
Thus, a large NN requires a large number of training cases, which are not always
available, to achieve reliable learning. Even If this requirment is met, the
resulting NN may contain a considerable number of small connection weights,
which obscure the important relations that may be learned from the NN. Several
methods of eliminating the weak connections without sacrificing NN accuracy are
reported, but these methods require re-training after each connection elimination,
and thus are not practical for large NN. An algorithm that analyses the statistical
relative importance of each input to the NN was developed by Boger and
co-workers (32), enabling the teaching of a reduced size NN from the significant
inputs only, with better accuracy and reliability.

Once a NN is trained, especially a reduced NN, the rules describing the system
behaviour may be found by several methods of NN analysis. One way is to sum
all the connection "path-ways" from a particular input to a particular output, as
suggested by Baba and co-workers (33), to get at least qualitative rules. In their
study of municipal water purification by coagulation, 80% - 90% agreement was
obtained between operator knowledge and NN-derived rules. More recently,
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Enbutsu and co-workers combined fuzzy logic techniques with neural network
learning, and succeeded Ln getting more detailed expert rules (34). Another
promising method of automatic rule extraction is the analysis of the outputs of the
"hidden" nodes of the NN, as suggested by Bochereau and Bourgine (35) and
demonstrated by learning and explaining the rules for successful bidding in the
game of Bridge.

A p p l i c a t i o n o f N e u r a l N e t w o r k s t o
N u c l e a r P o w e r P l a n t O p e r a t i o n

The starting point of NN utilization in nuclear power plants is modeling, either
of process variable, such as neutron flux or coolant flow, or control action. Once
a NN learns to reliably model the process variables, all kinds of applications are
possible. The util i ty of such model is related to the number of inputs and outputs
of the model, which give increased reliability. However, the current NN models
described in the literature have a small number of inputs, probably because of the
learning problems of large NN. Thus, the ability to include many inputs and
outputs with no restrictions is very important. In this section several applications
of NN in large industrial plants will be described, as an example of the
possibilities of NN for nuclear power plant modeling. Boger and co-workers (32)
modelled the behaviour of the metropolitan Tel-Aviv, Israel, wastewater treatment
plant (Shafdan) by teaching a NN from a data-base that contained weekly
averages of 106 variables from the first two years of operation. After a variable
was modelled by a NN, which typically took less than 20 minutes on a 33 MHz
386 PC machine, reduced NN were taught with the significant inputs only. Of the
86 different inputs (influent data, control actions and internal plant and
laboratory measurments) used in the teaching of an effluent component behaviour,
only 15 to 20 significant inputs were usually identified by the new algorithm and
used for the reduced NN creation. Fig. 2 shows the modeling of the normalized
ammonia (NH^-N) concentration in the plant effluent during 105 weeks.
Alternate data-set rows were used for learning and testing the model reliability.
Not only the reduced model results .seem closer to the actual results, the statistical
criteria of model validation were better and the ratio of the test/training model
rms errors was reduced significantly.

An important subject of fault diagnosis is on-line instrument validity check, in
which the output of such an instrument in normal and abnormal plant operation is
learned by a NN based on inputs from other available on-line measurments. If
the predicted and actual instrument readings differ significantly, either the
instrument is faulty or the process variable is behaving abnormally, which could
also mean that the process model is no longer valid. In a simulation study based
on the Shafdan plant data by Boger and Guterman (36), combining the process
fault classification with the on-line instrument monitoring, 90% - 100% correct
classification of faulty instruments was achieved in most cases (Table 1). This
idea may be extended to design of a "virtual" instrument, replacing a lengthy
laboratory analysis or a complex on-line instrument. Preliminary results by Boger
and co-workers shows that this concept is practical in petrochemical processing
and in wastewater plant operation.
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full 86 input NN model resul«
+ 15 input ret uccd NNnKK el icaulu

Figure 2 : Normalized NH^-N concentration in the Shafdan plant effluent, two
years data. (Boger and co-workers, réf. 32).

Table 1 : Correct classification percentage of the Shafdan plant effluent sensor
faults. The sensor bias is given in standard deviation units. (Boger
and Guterman, réf. 36).

Sensor
fault

Turbidity

N02+N03

Nlli

Bias
(sd)

0.1
-0.1
0.2

-0.2
0.1

-0.1
0.2

-0.2
0.1

-0.1
0.2

-0.2

full 19 sensor network
Normal High High High
state Turbi- NO* NH4

dity

100 100 100 100
100 100 100 100
99 94 99 99
97 91 97 95
94 100 85 100
95 100 87 100
84 100 67 100
92 100 78 100
89 100 100 81
94 100 100 92
83 100 100 73
91 100 100 82

reduced 6 sensor network
Normal High High High
state Turbi- NO* NH4

dity

100 99 100 100
99 98 100 100
96 96 100 97
96 90 100 96
92 100 80 99
98 100 87 99
79 100 60 95
94 100 75 97
83 87 100 81
97 86 100 94
71 87 99 56
93 86 100 86
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Automatic alarm management is an important part of the man-machine interface
in nuclear plants. The operator should see on the computer display only the
sinificant alarms, and intelligent system should reglate to lower priority the
redundent and irrelevent alarm information. Neural networks may learn the root
causes from alarm patterns, and thus display only the necessary information to
the operator. An small scale example of such system was described by Chan for
power breaker substation (37). The availability of the improved learning
algorithms may enable the building of NN from examples of alarm patterns and
known equipment faults in nuclear power reactors, both from real data and
simulators. If successful, the trained NN would analyse immediatly any situation,
finding the basic equipment fault. The potential of the application of these NN
techniques to fault detection and event analysis will be examined in the near
future in a coal-fired power station in Israel.

U t i l i z a t i o n o f N e u r a l N e t w o r k s f o r R u l e
E x t r a c t i o n f r o m D a t a

In order to demonstrate the newly developed NN algorithms for rule extraction
from available data, several examples were explored at the NRCN. The resistance
of vitrified waste-forms to leaching by water in underground repositories is of
great importance for enviromental safety analysis. The effect of the waste-form
composition on the leaching coefficient was investigated by statistical methods and
a resulting linear model analysed by Piepel and co-workers (38). A set of 16
glass compositions were used as inputs to the model, with the average leaching
coefficients as the output. The model was tested by it's ability to predict the
leaching coefficients of a set of 8 glasses with diferent compositions. The same
data were used to build a NN model, the input values were scaled by substracting
the their mean and dividing by their calculated standard deviation. The output
values were adapted to the 0 - 1 output range of the sigmoid function by dividing
by the scaled values range. This scaling method, with slight modifications if
needed, was used in all the examples given in this paper. The NN generalization
was tested by the 8 different glass compositions. The relative prediction error was
calculated for both models, the linear and the NN, and the results are presented
in fig. 3. As can be seen, the rms of the relative error is somewhat better in the
NN model. The casual index was calculated from the NN, and the results are
shown in fig. 4, in which the linear model coefficients are also plotted. It can be
seen that in the NN model the addition of Al and Si elements greatly increase the
leaching resistance, the alkali metals, Mn, Th and "Other" elements greatly
decrease the leaching resistance, and the B, alkaline earth group, P and U
elements do not significantly affect it. These relations are expected from material
science knowledge. The relations found in the linear model are mostly similar, but
the Si effect is close to non - significant, which is not correct. Thus, the NN is
seen to be better suited to the non-linear relationships in the waste-form, as
evident from it's smaller modeling error compared with the linear model, and the
quality of the acquired knowledge. Similar analysis of the NN model of the
NH4-N in the Shafdan plant effluent found relations derived from casual index
calculations that were confirmed by the process engineers that designed the plant
and guided it's operation.
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Solvent

Y
Raffinate

Zr = 0.0033
Hf = 0.002
Los* = 5V.

Feed
Zr = 0.123
H» = 0.0025 Extract

Zr = 0.056
Hf = 1.02 E-6

Purification Factor = 181.2

6 Extraction Stages 5 Scrub Stages

Scrub

Figure 5 : Flow-sheet for a Zr/Hf purification process.
(Boger and Ben-Haim, réf. 39).

If sufficient training examples are not available from experimental or operating
history, digital simulation may be helpful. To explore this source, a simulation
study was made of the "benchmark" multi-stage counter-current Zr/Hf solvent
extraction separation process (39). The Advanced Continuous Simulation Language
(ACSL) was used to solve a model consisting of a set of 33 non-linear
differential equations with 33 algebric equations. The inputs to this model were
the composition and flow rates of three liquid streams (fig. 5). 2700 different
combinations were generated, chosen randomally from a gaussian with a mean
values from a published flow-sheet of this process (40), with a standard deviation
equal to a third of the mean value. Thus, an approximation of the "world" in
which this process may be operated was generated by the simulation. The target
parameters were the purification factor between Hf/Zr concentration ratio in the
feed and the same ratio in the extract stream, and the loss fraction of the Zr in
the effluent stream. A NN was trained by 80% of the data, and tested by the
remaining 20%, after discarding target outliers values, defined by being outside
three standard deviation limits. The resulting NN was analysed by thr casual index
method, and the resulting relationships are shown in figs. 6 - 7. It is found that
increase of the aqueous feed and scrub flow rates increase the Zr loss fraction,
while increase of the solvent flow rate or the solvent concentration decrease the
Zr loss fraction. Decrease of the inextractible nitrate ion concentration in the
feed and the scrub streams increase the Zr loss fraction. Almost the same effects
are seen in the Zr purification factor casual index, with the difference that the
feed flow rate and nitate concentration does not effect the Zr purification factor
(which indeed takes place in the scrub section only). These correct relationships
are predicted by the solvent extraction theory. What is not obvious is the relative
insensi t ivi ty of the Zr loss fraction and Zr purification factor to the other
flowsheet parameters. Thus an operator may utilize this knowledge for a better
process control or as an input to an ES for fault diagnosis.
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L i m i t a t i o n s
A p p r o a c h

o f t h e N e u r a l N e t w o r k

There are several factors that may limit the utilization of NN in any industrial
situation, particularly in the nuclear power industry. The traditional limits on
learning speed and network size have been reduced by the hardware improvement
and more efficients algorithms. However, some of the limits remains, especially
those resulting from insuficient data-base for learning. The more common
problem, of not heaving enough data points to avoid over-fitting, is absent in
industrial situations, thanks to the ability of the computer - based control systems
to gather and store vast amounts of plant historical data. Two cases may occure:
an important input which is not measured, which is frequently the cause of the
inability of a NN with small learn error to have a comparable error with the test
data set, and scaricity of learning points in a certain region which may cause the
NN to extrapolate to erronous results, without warning. Non-reliable situations
are analyzed by Kramer and Leonard (41), and some of the found causes are:
shifts in parent distributions of classes subsequent to training, because of changes
in the equipment charectaristics, operating conditions or feed material qualities;
out-of-service sensors that demand inputting dummy data values instead; new
kinds of faults or situations that did not occure in the past.

As shown in the previous section, digital simulation, especially on the advanced
nuclear power plant simulators may solve some of the problems. The question then
arises : How many training examples are needed, especially if the number of
connections in a NN is large? There are several heuristics to determine the
minimum ratio of examples to connections, and if the ratio is less than one, the
danger of overfitting is present. In practice, however, the situation is not so bad.

Br IMS spectra

I

30 ppb
- 190 ppb
.. 460 ppb

50 150 200 250

Time units (3 msec)

300 350

Figure 8 : IMS spectra of Bra in air. (Karpas, unpublished work).
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Many of the inputs are inter-correlated, or irrelevent to the output, and network
reduction algorithms may give reliable NN even with small number of examples
for training. In a development of NN for analysing complex spectra of a new Ion
Mobility Spectrometer built at the NRCN, 9 different ppb concentrations of
bromine in air were measured (fig. 8), and the resulting spectra of 330 channels
were used for teaching. After 5 network teaching and reduction cycles, only 10
channels were retained, with 4 hidden neurodes (49 connections) and the
prediction of the one bromine concentration that was not used in the teaching
gave an error of only 2.7 precent (Table 2).

Table 2 : Prediction error of BTZ concentration by a reduced NN.
Sample #5 was not used for training the NN.

Sample
#

1
2
3
4

«5
6
7
8
9

Brg concentration
in air (ppb)

Actual Predicted
30 32
70 70
82 82

115 115
190 195
360 360
415 415
435 435
460 458

Rel. error
%

7.3
0
0
0
2.7
0
0
0

-0.5

These limitations must be kept in mind when designing a real - time NN systems.
It means that internal checks must be provided, either by constructing modular
NN's with outputs that can be checked against measured values, or by having an
external program serving as a watchdog by comparing the input values against the
range of input values in the training data set, to give some warning if a
significant input is outside the learning data range. Regular re-training schedule
must be established as a check of the NN validity, with the added benefit that
subtle changes may be detected for plant optimizing or predtictive maintenance
programs.

C o n c l u s i o n s

The application of ES to nuclear power plant plants operation may feasible when
the expert rules are available, or simple, and was shown to help the operators in
certain situations. Fuzzy logic generated rules may be preferable for actual plant
situations, and statistical techniques are being applied in ES development. The NN
approach of learning from past operational experience has great potential in many
diverse areas such as steady - state and dynamic modeling, fault diagnosis,
process monitoring, expert rule extraction. New efficient algorithms provide easy
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access for the utilization of NN in complex systems, and the growing activity in
NN application in industrial plants is bound to lead to similar applications in the
nuclear power plants. Although the examples given in this paper of NN
applications in non-nuclear operating plants are promising, care must be taken to
avoid exessive reliance on the NN results without internal or external validity
checking.

l
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DEVELOPMENT OF THE EXPERT SYSTEM
AT THE TOKAI REPROCESSING PLANT

H. IWABUCHI, T. KOSHIBAE, N. MIURA
Tokai Reprocessing Plant,
Power Reactor and Nuclear Fuel

Development Corporation,
Tokai-mura, Ibaraki-ken,
Japan

Abstract

The instruction system and the process simulator are under development at the
Tokai Reprocessing Plant to support operation of the major reprocessing process. The
instruction system, which has been developed since 1985, is the computer aided system
that automatically diagonoses the status of the extraction process and gives proper
guidances to the operator when anomalous events are occured. The process simulator,
which has been developed since 1988, covers major reprocessing process such as
shearing and dissolution of spent nuclear fuel, clarification and adjustment of dissolver
solution and extraction cycles of co-decontamination, separation and purification of Pu
and U.

1. INTRODUCTION
At present the instruction system is developed focussing on the separation cycle

of the extraction process because this cycle is the typical extraction process and it is
easy to extend the system concept to the other extraction cycles. Current study revealed
that the cause of an anomaly can be easily identified by useing process instrumentation
and CCT(Cause Consequence Tree) method when the cause is an simple event such as
process equipment failures. On the other hand, the "Table Treatment" is an effective
method to identify the cause of an anomaly which appears as changes of the
concentratrion profile in the extraction banks. The dynamic change of plutonium
concentration profile can be detected on real time basis with the neutron monitors
installed at specific points in the extraction banks. In order to study the capability of
these methods, the fait tree analysis was performed for the CCT methods, and the data
base of dynamic process response on anomaly is being developed for the Table
Treatment method. Further studies are planned for advanced diagnostic technique of
the Table Treatment method to apply the concept of the fazy control to identify the
indication of neutron monitors.

A kind of process simulator will be needed to verify the function of the instruction
system when the system is established and planned to expand to whole extraction
process. Although the process simulator has been developed primarily aiming at
education and training for the process operators, it will be also used effectively to
verify the instruction system. The conceptual design of the process simulator has been
completed and the detailed design is started.
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2. THE INSTRUCTION SYSTEM
2.1 Purpose of the system

The instruction system is the computer aided system that automatically diagnoses
the status of the extraction process of the Tokai Reprocessing Plant (TRP) and gives
proper guidances to the operator when anomalous events are occured. The purpose of
the system is as follows:

(1) Prevention of misjudgement and misoperation by operator.
(2) Detection of the abnormal status of the process and offer of the guidance for

corrective operation to operator.
(3) Standardization and unification of operation.
(4) Reduction of operators burden.

2.2 Function of the system
General characteristics of the reprocessing process can be considered as follows:
(1) The response of the process is slow.
(2) The behavior of the process is complex because it is a result of many chemical

reactions.
(3) Some of important parameters such as Pu, U and nitric acid concentrations can

not be observed at real time base by conventional instrument system.
The partition cycle of the TRP was chosen as the model process of the expert

system because of its important role to separate the U and Pu and of its complicated
process response to various causes. Fig. 1 shows the outline of the partition process.
Mixer-settlers are used for all extraction banks.
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Fig 2 Knowledge base for operation of the chemical process at TRP
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Fig 3 Functions expected to the expert system
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Fig.2 shows the conventional system of operation of the chemical process based on
the knowledge of the operator at the TRP. The experience of operator is important
knowledge for operation as well as the operation manual. An operator makes the
diagnosis on the process with his extensive knowledge. Main subject of development of
the expert system is to computerize the knowledge base of operator. Three important
roles are expected to the expert system as shown in Fig.3. These are as follows.

(1) Monitoring during normal operation and plant shut down.
(2) Diagnosis of anomaly or disturbance.
(3) Operational guidance for corrective operation.
The second role of the diagnosis is most difficult because detection of the anomaly,

decision of the cause of the anomaly and prediction of the influence must be done by
the computer as they are done by the veteran operators. The computer has to have
knowledge and some kind of intelligence as the veteran operators do.

2.3 Construction of the diagnosis logic
Fig.4 shows the arrangement of construction of the diagnosis logic. In order to

establish the knowledge base (Table) of the extractor ' s dynamic response on various
disturbances in the operational parameters, we used the extraction s imulat ion code
MIXSET.

Anomaly that occurs in the extraction process can be divided into two categories,
one can be detected by an ordinary instrument system (Category 1) and the other can
not be detected by them (Category 2). The former contains change of the flowrate,
liquid level, temperature, pressure etc. The anomaly in Category 1 can be detected
quickly with a certain entry-node to be set on the logged process data. As a result of
detailed examinations on every considerable anomaly, it was convinced that the cause
of these disturbances can be identified well by Cause Consequence Tree (CCT). CCT that
covers entire process was established with Fault Tree analysis on every not small event.
Fig.5 shows the example of the CCT logic.

Category 2 contains change of concentration in the feed solution or reagents feed
to the extractors. The mal-functioning of the instrument is also treated as this category
because it can not be detected when it does not raise any anomaly-like indication.
Because the occurrence of this category can not be detected, the status change of the
extraction must be detected as quickly as possible. If the consequential change in the
extraction status (profile change) is recognized by a computer at its early stage and the
different pattern of the status change can be attributed to a particular cause, the cause
identification is also possible. By examination of the response of the extractors at the
mal-opération, we found that the in-line monitors gives quite distinguishable
appearance with various causes. Fig.6 gives an example of the calculated profile in case
of mal-opération. Suitable trigger levels for different neutron monitors were given
based on the actual data of the TRP. We produced the reference table for the automatic
diagnosis and the cause identification of the anomaly by the results of these
examination. Fig.7 shows an example of the reference table. This example is the case of
increasing of the feed rate of active solution. Horizontal axis is position of neutron
monitors, vatical axis is time. The neutron monitors that exceeds the trigger level at the
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Fig.4 Sequence of construction of the diagnosis logic
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certain time are marked. Actually detected pattern during the plant operation will be
compared with this standard pattern, and if they coincide each other, the cause of the
actual event is diagnosed as the standard's one. This method is called "Table-Treatment"
and this can also be used for the post-event diagnosis for the Category 1.

Consequently, the second extraction cycle was found to be diagnosed well by the
combination of the CCT and the Table-Treatment.

3. THE PROCESS SIMULATOR
3.1 Purpose of the simulator

The process simulator that covers to major part of the reprocessing process is
under development. The simulation technology is necessary to estimate the operation
technique and to continue stable operation in the TRP.

This system can simulate dynamic behavior of the process and can be used to
analyse a response to a disturbance. The concrete purpose of the development of the
system are as follows,

(1) Education and training for the operators.
(2) Support of the process management.
The process simulator will be effectively used also to verify the instruction system.

3.2 Function of the process simulator
The process simulator covers the major part of the reprocessing process such as

shearing and dissolution of spent nuclear fuel, clarification and adjustment of dissolver
solution and extraction cycles of co-decontamination, partitioning and purification of
Pu and U. These process are shown in fig.8. Table.1 shows the chemical elements
treated in the simulator. This simulator can be executed through, all of the process or a
selected process.

Easy operation of the simulator is required because the plant operators who are
not familiar with computer will use it. Fig.9 shows the example of the input view of the
process of the concentration of Pu solution. When the position of O is selected by
"mouse", the input table appear on the screen. When the data entry is finished, the
display change from O to •. Fig. 10 shows an example of the output screen. When the
equipment or vessel are selected by the mouse, the process behavior and mass balance
can be obtained. The trend graph can be indicated as more detailed information. In
order to support the process management, there is a function of verification of
operational schedule.

3.3 Construction of the simulation model
Construction of the simulation model of all the equipments is not effective because

the objective process of the simulator is very extensive. Simulation program for unit
operation that has already developed is effectively used. The MIXSET code for the
extraction calculation and the ABNOX code for the acid absorption calculation are used.
The simulation model on the other process include chemical reaction were developed.
Actual time necessary for the operation of a equipment and the characteristic of each
equipment are incorporated into the simulation program to makes the system more
practical .
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Table. 1 Chemical elements treated in the process simulator
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Fig.8 The reprocessing process covered by the process simulator

170



H22

0.1NHN03

5N HNO3
O

traget of

HNO3

Pu

dilution

mol/l

mol/l

HN03

Fig.9 Input view of the concentration process of Pu

H22

0.1NHN03

5N HN03

HN03

Fig.10 Output view of the concentration process of Pu

171



4. CONCLUSION
As for thé instruction system, the basic logic flow for the diagnosis-making was

established and data base of main anomalous events were developed. The expansion of
the data base and the application of fuzzy theory to diagnosis method are being
considered. When more advanced logic for the diagnosis is established, we will develop
the computer program of the system. And the system will be verified by the process
s imula to r .

Concerning the process simulator, the operation condition of the TRP was
investigated and the simulation model of the objective process was constructed. The
detailed design of the input/output view is started. The programming and the test run
will be enforced in two years.
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CERBERE/HADES: FUEL RELOAD AUTOMATIC
CALCULATION SYSTEM

V. CHAIX
Fragéma-Framatome Division Combustible,
Lyon, France

Abstract

When a pressurized water reactor is shut down at the end of a cycle (once per year in
France) refuelling takes place. This operation involves unloading of some assemblies, usually
the most-spent, and their replacement by the same number of fresh fuel assemblies. Thus,
the core is arranged in a new loading pattern with optimum distribution of the differently
burnt assemblies, so that the most uniform possible power distribution is achieved. To
guarantee plant safety for the next cycle by verifying a number of neutronic criteria related
to the safety of the plant and to ensure the latter operates according to the technical
specifications, FRAGEMA supplies a safety document to its customer EDF. This document
summarizes the results of the studies arising from this new loading scheme.

1. SCOPE : RELOAD STUDIES

The results of the studies arising from a new loading scheme are yielded by core neutronics
computer programs which simulate core behaviour under varying conditions. The models are

used to study accidents and specific operating modes. The design engineer has to generate the
data files for these programs, carry out job batching (a CDC 960 and a CRAY Y-MP) and

analyse the results of these calculations. He must also perform intermediate operations so that
new parameters for an input file can be obtained. The complex interlocking of these jobs and
the time spent analysing the listing make these studies lengthy and tedious.

Concurrently with job batching and processing, the design engineer compiles a study
package, containing the intermediate results and a detailed description of the tasks
performed. When all the calculations have been run, he can generate the plot code inputs.
Then he can generate the safety document, including the results of his study and the plots
of the figures. The time spent on these studies is highly variable, depending on the
experience of the engineers and the special features of the study. Finally, a checker spends
a long time verifying the calculations.
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2. TASKS PERFORMED BY THE SYSTEM

The aim of the system is to fully automate study execution. To do this, it performs the
following tasks :

- Automatic generation of input files for the different neutronics computer codes,
- management of job batching on an optimized basis,
- automatic data selection by means of output reduction codes,
- rally automatic connection to the computer network containing the codes,
- plotting of figures and drafting of the specific safety document for submittal to the

customer,
- creation of a data base containing all the intermediate values specific to the study.

3. THE DIFFERENT TYPES OF KNOWLEDGE

An expert system commonly contains the knowledge of a person in a given area. One of the
features of HADES is that it contains three types of knowledge coded in the rules. These
are grouped into modules in the system for easier maintenance.

3.1 Computing method and code knowledge

The most important part of the system is contained in the "converter" module, in which the
computing methods and neutronics code knowledge is coded. The simplest rules of this part
are those which convert a data unit from a calculation into an input for another file. The
most complex are capable of generating waves of variable-length input data from data
batches originating in several jobs. The design methods may change with time, either
through improved calculation/measurement comparisons or through fuel management
diversification. By representing this knowledge in rule form, the bases can easily be
incremented. Unlike some systems which re-create all the inputs for a computer code, the
rules make it possible to determine inputs called "variables", which are then placed in
"skeleton" files already containing the fixed inputs. With this method, it is possible to
parameter any input or input pack when required and to retain clear legibility of the
skeleton files.
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3.2 Control knowledge

One of the difficulties of these studies was to manage job batching and data reduction as
efficiently as possible : for a file to be batched on the computer, a number of conditions
must be met :

- The data catalogues needed for the job must be available in the computer (one job
accesses from one to three catalogues),

- the databanks accessed by the code must be available in these catalogues (one job reads
from one to fifty databanks),

- all the file inputs must be known (calculated, in other words) and placed in this file.

Of course this job, when executed on the computer, will itself generate one or several
catalogues, a number of databanks and a listing from which some results will have to be
taken. These conditions will recur for the around one hundred jobs in the study. It is
difficult to find a simple-sequence tree structure since some jobs may generate data for a
dozen other files, which in turn need data from multiple jobs. Also, some jobs can be
executed rapidly (the results are obtained a quarter of an hour afterwards), as where others
will only yield their results twenty-four hours later.

The answer was to place in the base so-called "symbolic descriptors". There are three types
of descriptor per file :

- One whose value is the list of the accessed catalogues,
- one which represents the list of databanks read by the job,
- one which is the list of 'Variables" to be input into the file.

These lists are processed recursively, the last also enabling file generation when it has
determined the value of each item. The rules of this control module make it possible to
validate the action to be taken according to the job situation. The basic rules of this module
can be simply expressed as follows :

For each of the files,
If all the catalogues of its descriptor 1 exist,

all the databanks of its descriptor 2 are written,
all the "variables" of its descriptor 3 are determined and the latter are placed in the file.

Then the conditions allowing file execution are validated.
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If the conditions allowing file execution are validated,
the file execution is started and
the job result is obtained.

Then the study is performed.

The basic advantage of this representation is that it rules out explicit linking of the
sequences between two files. The result is very high operational simplicity, absence of a
coded tree structure in the base and straightforward maintenance. The notion of failure in
the determination of an expression value and the back-chaining of the expert system
development tool do the rest. The failure is of course reassessed at specific intervals, since
it has been possible to increment the memory with the results of another job.

3.3 Action knowledge

To promote higher system performance, a number of rules have been installed in the base,
in order to carry out different computer actions. The HADES system drives an emulation
software program (TELNET) and a file transfer program (FTP) which perform the following
operations :

- Connection to the computer network,
- starting of job execution,
- retrieval of the reduced outputs,
- hard copy print-out of some intermediate documents.

The system keeps a record of the operations performed and reviews those which may have
failed. This module is based on the exchange of commands sent to the host computer and
messages sent by the latter.

4. DATA REDUCTION

In the foregoing, we saw that the control system tried to find out if certain catalogues are
available, if certain databanks were written and attempted to determine the variables to be
input into the relevant file. We also saw that the so-called "method" rules were used to
determine these variables from values yielded by other jobs. These data are generated after
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the neutronics code execution on the computer by data reduction programs called
HACKERS. These programs, one per code, process the corresponding neutronics code
output to extract the required data. These are requested at the end of the input file. If it is
known that a given job must generate a catalogue, at the end of the file there will be an
input to the HACKER code which will be "PDN,1", for example. Once the job is over, the
HACKER program will return a small file with the message "pdn (sûreté, gr405) = existe".

This is the knowledge base format. This file will be loaded by the system and the data it
contains will increment the HADES dynamic memory. When the system is running, there
is continuous alternation of the system base events :

- Depending on the data contained in its memory, the system can perform certain jobs,
- when job results return, they increment the memory content.

As these data reduction codes extract data where they are actually generated, this process
guarantees very high reliability : if, for any reason, the data reduction code cannot find the
data unit, the latter cannot be integrated into the system memory and cause an untimely
action. It should also be noted that the data reduction code will send back an error message,
which will be analyzed by the expert system.

5. DEVELOPMENT TECHNICAL DATA

5.1 Hardware and Software

The system is run on SUN 3 and 4 workstations, with the UNIX operating system. The
system and its connected files occupy a disk space of 20 Megabytes. The computers are a
CDC 960 and a CRAY Y-MP. The software programs needed to run it on the workstation
are :

- Kl : expert system development software. SUN-FRAMENTEC version
- FTP/TELNET : Communication software
- for maintenance : C and FORTRAN compiler, MAKE utility programs and SCCS (Code

source management).
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The system comprises 26 C programs (external Kl functions and multiwindow user
environment), 11 output reduction codes (HACKERS), 30 knowledge bases and 26 skeleton
files used by the bases. The set of knowledge bases represents about 7000 rules and facts
of order one.

5.2 Environment

In parallel with the knowledge bases, a multiwindow environment with dials has been
developed. This relieves the user of the need to know the specific language of the expert
system development tool used.

A dozen dials are available for selecting the calculation phase, the operation and control
options, starting or stopping, or editing of a file. The user can also safeguard the memory,
edit it, change it or reload it, with the latter keeping the same format as the data reduction
code outputs. This operation is not routine, but gets around any specific problems which
may arise. Note that the system has a large degree of autonomy and can run without a user.
It is the sole judge of the actions it may undertake.

It possesses full capability for connecting up to the computer network and running
calculations. It is capable of analyzing many of the operating errors and calls on the user
only for solving unusual problems. The environment's main role is to control and drive the
system.

5.3 Maintenance

Close attention was paid to the maintenance unit. An expert system has the great advantage
of being readily modifiable for incrementing its base.

Nevertheless, for a big system, the factors related to the application operating warranty are
vital if unwanted effects are to be avoided. The unit installed uses a source code control
system (SCCS) which keeps a record of all the changes made to the modules.

A UNIX procedure ensures proper work by driving SCCS, the "Make" compilation and
automatic updating tool, the editing programs and the test cases. The test cases are studies
in which the calculations are not really started, operating with pre-defined reduced output
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files. A series of test cases can operate the system in configurations which are wide-ranging
and representative of the possible studies. All the documents and files are generated and
compared with the previous reference.

The changes made to the system are activated by a method manager, who centralizes all the
proposals and upgrades and generates a documented modification package. This package
is then transmitted to the knowledge base administrator, who analyzes its feasibility and
generates a maintenance sheet. The modifications are then incorporated by one of the two
people in charge of the package. Note that the entire set of maintenance sheets (about 250
to date) and all the technical documentation is also run on the workstation so that a record
of the changes can be kept.

6. CONCLUSION

With the HADES expert system, reload studies are taking significantly less time.

Running since February 1987, it has been extended many times, both in its scope and in its
internal computer techniques (network, tests, on-line help,...). To date, it has been used to
conduct about 150 reload studies.

The standardization of the methods has led to high reliability of job execution. It has been
possible to safeguard all the knowledge of the teams in charge of these calculations in a
program which remains readily understandable, even for someone unacquainted with expert
systems. Its introduction into an industrial environment has passed off smoothly.

The results yielded by this system have surpassed the original expectations of the designers,
due to the close correlation between the knowledge representation structures supplied by
the development tool and the typical pattern of problems arising from computer code drive
by an automated system.
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EXPERT SYSTEM FOR OPERATOR SUPPORT

V. ZBYTOVSKY, I. VÂSA, V. FISER, J. SIKORA,
J. TSCHIESCHE, V. MICKAL, R. KUBIN
Nuclear Research Institute,
Rez, Czechoslovakia

Abstract

The paper describes the general approach, present state and
future prospects of the Expert System for Operator Support
(ESOS) developed in the Nuclear Research Institute at Rez
near Prague (NRI). This system should be used in the
WER-440 type Nuclear power plant Dukovany and it is the
result of a long-period activités by the NRI in development
of software and selection of hardware, both suitable for
artifical intelligence man-machine interaction.
The characteristic features of ESOS are as follows:
1) Main y functions of ESOS (process monitoring, diagnostic,
advising) are realized by modern ideas of several mutually
co-operating expert systems.
2) ESOS is a real-time system conected on-line to the NPP's
process.
3) ESOS is pronounced modular system, that enables us to
connect additional modules with other functions, or remove or
modify some of the original ones.
4) Graphic communication, which simplifies the communication
with the user (NPP's operator).
The ESOS structure can be divided in to the following levels:
The first level is the data level, with a purpose to receive
data from the process, to verify them (preliminary) and save
them in the data base, that is available from the higher
levels.
In the second level the expert module RECON, using its
knowledge bases, scans process data in the data base for
initiating events (abnormalities) . These events iniciate
processing by the next level.
In the third level (expert module DIAG) is the diagnostic
level. DIAG verifies the abnormality and determines, whether
it is a false alarm or not, specifies the abnormality or the
failure more exactly, eventually determines and localizies
the causes .
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In the fourth level the module ADVISE generates advises about
actions neccessary to eliminate or to compense the failure,
or to mitigate its consequences.
The fifth level is responsible for co-ordination of
activities of all modules and for graphic communication with
the operator, using process diagrams, with on-line displayed
parameters, and for displaying of resulting messages of all
modules.
The principal features of the all expert systems (RECON,
DIAG, ADVISE) and their communication are described in more
detail. The experience with creating and tesing knowledge
bases for diagnostics of steam-generator valves and escapes
of cool water (less than 60 t/h) is also described.

1. Introduction

This article aims at making the interested reader familiar
with the results of a project of expert system for NPPs
operator support (ESOS) developed for the WER 440/1000 NPPs.
The system should assist a NPP operator in difficult or
stressing situations, which should lead to a decrease of
number of faulty interventions and, in this way, to an
improvement of NPP safety.

During a control of a technological process a number of situ-
ations appears when the operator must intervene owing to
a failure of function of a component (sensor, control device
etc.). The analysis of the situation from which the
corresponding intervention will follow can be easy but, in
some cases, can be very complicated (e.g. if a failure of
more components undiscovered so far appears). In the case
when the failure leads to a change of a number of
technological parameters it is difficult to determine the
substantial and insubstantial changes and to perform a fast
and accurate intervention.

It is known that a faulty decision of personnel and following
faulty procedure have frequently serious implications (see,
e.g., the TMI accident). The risk of faulty interventions can
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be prevented by implementation of operator aiding computer
systems which should provide the following services:

- to verify if the information about the technological
process (data of sensors) is true;

- if an undesirable state of the technological process
follows from the information, to identify it and inform the
operator;

- to analyse of causes of the state and inform the operator
about the conclusions;

- to advice the operator in which way to act, that is, in which
way to restore the undesirable state, to eliminate its
transport through the technological process or to prevent
the more serious consequences.

The nature of these functions (recognition, diagnostics,
generation of procedures), the need to utilize empirical
knowledge, and work with uncertainty necessary owing to
possible unavailability of some information (failure of
a sensor) suggest the suitability of utilization of elements
of artificial inteligence - expert systems.

A utilization of such system in unit control room requires
that the system

- works with up-to-date information (on-line supply of
process data),

- reacts in time on events (real time processing of
information),

- informs in time the operator (real-time work and predictive
ability),

- does not occupy the operator (on-line data),
- prevents information overload of the operator (arranges the
information according to their importance and supplies only
the most important ones).

2. Structure and strategy of function of the TEEX system

Strategy of function of the TEEX system follows from the
requirements articulated in Section 1 and this corresponds to
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FIG. 1. Connection of expert modules.
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the division of the system into four levels. Function of the
individual levels will be explained with a help of the dia-
gram of flow of data in Fig. 1.

1st level (data level); Whole system is connected to a bus
carrying data from the technological process. The data are
supplied periodically in form of packets (with minimum
interval of 4 sec). The packet includes values of all
monitored parameters at the given instant of measurement and
is received by the module DATA which performs its pre-proces-
sing. During the pre-processing, a control if no damage of
the data occured during transport is performed, trends are
calculated and the values of trends and flags of credibility
are stored in the file "Database". Besides the processing
and storage of the measured values, values which are not
measured are calculated by means of computer codes and the
results are also stored into the base. The other modules
work only with this base.

2nd level: Immediately after finishing of work of the DATA
module the expert system RECON is actuated. This module rec-
ognizes by means of corresponding knowledge base the
undesired states of the technological process, the so-called
initiating events and arranges them into a front according to
decreasing priority set in the base. This system must be
very fast since it is assumed that a check of thousands of
parameters during a period shorter than the periond of data
input takes place.

3rd level; If after end of RECON there is at least one event
in the front, the expert system DIAG ascertaining the causes
of the undesired state is actuated. The DIAG takes the first
(the most serious) event from the front, finds the correspon-
ding knowledge base and performs diagnostics. The result is
a list of possible causes of events (hypotheses) and each
hypothesis has its adjoined probability. This list is again
arranged according to decreasing probability of the hypothe-
sis.
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If new data are supplied earlier than the DIAG finishes its
work, its function is interrupted and the operations of the
1st and the 2nd levels, which can supplement new events into
the front, are performed. If no event with higher priority is
supplied into the front, the interrupted event is finished;
in other case the interrupted event is cancelled, and the
first event in the front is processed.

When the list of hypotheses is assembled, the list is
submitted to the operator together with the probabilities.
The operator selects by means of cursor that hypothesis which
he accepts. If the knowledge bases are well debugged the
operator should take always the first hypothesis from the
list. If his conclusion does not correspond with the
conclusion of DIAG, the operator can ask DIAG for explanation
and, in this way, to find if the different result is caused
by imperfect knowledge base or by his imperfection.

4th level: After selection of a hypothesis the operator can
ask the system for an advice what to do in the given situ-
ation. Advices are generated by the expert system ADVISE
which uses a corresponding knowledge base, data from the
database and conclusions of modules RECON and DIAG. This
results in a sequence of activities which are to be performed
in the given situation in order to remove the causes or mini-
mize the consequences of the undesired state of the
technological process. Function of the module ADVISE is
interrupted analogously to the module DIAG, that is, the work
continues until an even with higher priority appears; in that
case the work is interrupted and a switch to the diagnostics
of the new event is performed.

3. Expert system RECON

RECON is a diagnostic expert system oriented on on-line data
processing in real time. High velocity, achieved owing to use
of monotonous inference without processing of uncertainty,
and topologically arranged knowledge bases is the main advan-
tage of this system.
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The input data of the RECON is represented by the data from
the data base. The module DATA can store, in dependence on
configuration of the system, up to ten entries on each para-
meter. The applications realised so far showed that it is
sufficient to have available the updated value of a parameter
(floating point number, or discrete value), short-term trend,
long-term trend and flag of credibility of the updated value.

The knowledge base (R-base) contains rules of the type:
<Rule name>IF<Condition>THEN<Event>

where <Rule name> is a statement with truth value equal to
the truth value of the <Condition> and the character "$" as
the first character, e.g. "$MIXBEG". The <Condition> is a
logical expression and the <Event> is a set (even empty set)
of operations which are to be performed if the condition is
complied with.

The rules in the base must be arranged in a topological
arrangement, that is, all direct predecessors of a rule
precede this rule. Such knowledge base is acyclic and
inference is linear, that is, analogous to the linear
program. It means that the inference engine takes rules one
by one, for each rule the condition is calculated, its
logical value is stored in working memory, and the activities
defined in the event are performed. Owing to the topological
arrangement, the values of all predecessors are already cal-
culated at the moment of calculation of the condition.

The condition is a logical expression composed of:
- "Logical operands";
- "Logical functions" :NOT, AND, OR;
- "Brackets" :(, ).

The "Logical operand" is:
- "Rule name", that is, a statement,
- "Relation", that is a comparsion of two arithmetic
expressions by means of one of the relational operators =,
<>/ <r <=/ >, >=•
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The arithmetic expressions are formed from "Arithmetic
operands" which is either an identifier of a value from the
data base or an identifier of internal* variable from the
working memory, or an identifier of a function. The first
character of the identifier of a value determines if it is a
value ("H"), a trend ("T") or a flag of credibility ("P");
the second character is a digit defining the age (1-updated,
2-just preceding, 3-immediately before the just preceding,
etc.)- The proper identifier of an parameter begins with the
third character.

"Arithmetic operands" are connected by means of arithmetic
functions +, -, / and brackets into expressions.

An operation in an event can be:
- inclusion of an initiating event into the front,
- inclusion of a report into the front of reports on the
screen,

- graphic command,
- assignment of a value to an internal variable,
- call of a function.

Considering that RECON monitors the parameters on-line in
real time, special logical operations serving for time
displacement of changes of values of the condition are avail-
able. These are operations plus-timing, minus-timing, and
HOLD-timing. Their function is described by time courses in
Figs. 2a) to 2c).

The expert system RECON achieves high velocity also owing to
work with compiled knowledge bases.

In Fig. 3 the R-knowledge base is demonstrated,. The base
contains a part of knowledge used in an application
identifying occurrence of small leakages from primary
circuits of the Czechoslovak WER 440 type (PWR) NPPs.
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a)plus-timing:

<Logical_expression>: + <Extension_time>,

true

<Logical_expression> false
true

<Condition> false

<—Time—>

b)minus-timing :
<Logical_expression>: - <Delay time>

true

<Logical_expression> false
true

<Condition> false

.<-Time->

c) HOLD-timing:
<Logical_expressionl> : HOLD <Logical_expression2>

true

<Logical_expressionl> false

true

<Logical_expression2> false

true

<Condition> false
FIG. 2. Types of rule-timing.
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**

**

DATA
KO_Lc
TF10_L
TF30_L
DOP_POC
ZNALOSTI

LEAK
R-base for leak diagnostic

19.6.1991

=A5470
=A6157
=A7144
=C0004

** L TF10 **
** L TF30 **

**KNOWLEDGE**

** TREND KO_Lc **;
120.0 ))

** LEVEL IN TF10 **;

** TREND L IN TF10 **;
90.0 ))

$4A # NO DECREASE OF KO_Lc #
if(T!KO_Lc >= -0.011 )

then
$19A # TF10_L IS NORMAL #

if(( H1TF10_L >= 0.0 ) AND ( H1TF10_L <= 120.0 ))
then

$19TA # Tl TF10_L NONE #
if( H1TF10_L >= -0.1 )

then
$20B # TF30_L NORMAL #

if(( H1TF30_L >= 40.0 ) AND ( H1TF30_L <=
then {}

$20A # TF30_L IS LOW #
if(( H1TF30_L >= 0.0 ) AND ( H1TF30_L <= 40.0 ))

then { ** LEVEL IN TF30 **;}
$BZ60A # LEAK < 60 T/H #

if((TlKO_Lc<=-0.338) AND (H1DOP_POC<=30.0) AND (H1DOP_POC>0.0))
then {LEAK60A,LEAK60A:20;

OBl:Posible large leak:20;}
$TF10N # TF10 ALL RIGHT #

if(NOT $4A AND $19A AND $19TA )
then { OBl:System TF10 all right :15; ** STATUS OF TF10 **;}

$TF30N # TF10 V ALL RIGHT #
if(NOT $4A AND $20B AND $20TA )

then { OBI:System TF30 all right:15; ** STATUS OF TF30 **;}

FIG. 3. Example of R-knowledge base.

4. Expert system DIAG

DIAG is a probabilistic expert system utilizing Shachter's
inference [3] to mathematically entirely correct processing
of an uncertainty.

The system works with knowledge represented by a form of
influence diagrams (ID) which are finite, acyclic oriented
graphs where each node i has its region of values n^, which
is a countable set, and a corresponding conditional distribu-
tion. The conditional distribution expresses the distribution
of probability among the values from the region of the given
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a) Example of the D-base
TEST BASE

RECON LEAK
DATA
KO_P= A5465
KO_Lc= A5470
DOP_POC= C0004
ZNALOSTI
$1 <comp> T1KO_P : -0.

( huge, large,
[ 0.02 0.03 0.

$2 <comp> TlKO_Lc : -0
( huge , large ,
[ 0.02 0.03 0.

$3 <comp> H1DOP_POC :
( none, small,
[ 0.7 0.15 0.1

$4 <recon> LEAK.$MZ

$10

006, -0.004, -0.002, -0.00001
medium, small, nore )
1 0.15 0.7 ]
.6, -0.4, -0.2, -0.05
medium, small, none )
1 0.15 0.7 ]
0.5, 12.0, 35.0, 50.0
medium, large, huge )
0.03 0.02 ]

$6

$7

$8

$9

[ 0.1 0.9
LEAK.$MK
[0.1 0.9
KOJLC_MZ
huge, large
2 4
0.04
0.06
0.1
0.2
0.6
DOP
none
2 4
0.8
0.1
0.05
0.03
0.02

}
0.7 0
0.2 0
0.05 0
0.03 0
0.02 0
POC_MK
, small)
0.8 0
0.1 0
0.05 0
0.03 0
0.02 0

status of L
6 7
0.05
0.2
0.95

}
0.05 0
0.1 0
0.4 0

]

]
, medium.
.02 0
.03 0
.05 0
.2 0
.7 0

.2

.5

.2

.08

.02

, medium,
.8 0
.1 0
.05 0
.03 0
.02 0
and
.05 0
.1 0
.2 0

.2

.5

.2

.08

.02
F =>

.01

.05

.05

small
0.02 0
0.03 0
0.05 0
0.1 0
0.8 0
large
0.8 0
0.1 0
0.05 0
0.03 0
0.02 0

, none)
.02
.2
.5
.2
.08

0.02
0.03
0.05
0.1
0.8

0
0
0
0
0

.02

.08

.2

.5

.2

0
0
0
0
0

.02

.03

.05

.1

.8

0.02
0.03
0.05
0.1
0.8 ]

, huge )
.08
.2
.5
.2
.02

0.7
0.2
0.05
0.03
0.02

0
0
0
0
0

.02

.08

.2

.5

.2

0
0
0
0
0

.6

.2

.1

.06

.04

0.02
0.03
0.05
0.2
0.7 1

no leak
0.01 0
0.01 0
0.05

.05

.5
0.05
0.3

0
0
.01
.1

0
0
.01
.1

0.01
0.01

0.95 0.95 0.95 0.99 0.99 0.95 0.95 0.99 0.99 0.99
0.8 0.9 0.9 0.95 0.99 0.5 0.7 0.9 0.9 0.99
0.05 0.6 0.8 0.95 0.95 ]
status of L and F => small leak
6 7 }
0.1
0.5
0.4

0.9
0.5
0.6

0.1
0.4
0.9

0.9
0.6
0.1

0.1
0.2
0.4

0.9
0.8
0.6

0.05
0.1
0.1

0.95
0.9
0.9

0.05
0.05
0.1

0.95
0.95
0.9

0.1
0.8

0.9
0.2

]

0.1
0.8

0.9
0.2

0
0

0
0

.05

.3

.95

.7

0
0

0
0

.05

.2

.95

.8

0.05
0.05

0.95
0.95

$11

$12

$13

$14

$15

$16

$17

status of L and F => medium leak
6 7 )
0.2 0.2 0.2 0.1 0.1 0.5 0.4
0.9 0.9 0.6 0.2 0.1 0.4 0.6
0.1 0.2 0.9 0.5 0.2

0.1
0.4

0.1
0.1

0.8 0.8 0.8 0.9 0.9 0.5 0.6 O.i 0.9 0.9
0
0
.1
.9

0.1
0.8

status of
{ 6
[ 0
0
0

0
0
0

7 :
.6
.5
.05

.4

.5

.95

1
0.5
0.5
0.1

0.5
0.5
0.9

0.4
0.1
L and
0.5
0.8
0.3
0.5
0.2
0.7

0.8
0.5
F =>

0.2
0.5
0.8

0.8
0.5
0.2

0.9
0.8

0
]large

0.2
0.3
0.5
0.8
0.7
0.5

0
0

0
0]

.6 0.4 0.5 0.6 0.9

leak
.8
.2

.2

.8

0.9
0.2

0.1
0.8

0.
0.

0.
0.

5
6

5
4

0
0

0
0

.4

.8

.6

.2

0.3
0.4

0.7
0.6

status of L and F => huge leak
6 7 }
0.8 0.9 0.9 0.95 0.95 0.4 0.5 0.8 0.9 0.95
0.1 0.2 0.5 0.8 0.95 0.1 0.1 0.2 0.5 0.95
0.01 0.05 0.1 0.5 0.9

0.2
0.9
0.99

0.1 0
0.8 0
0.95 0

.1 0.

.5 0.

.9 0.

05
2
5

0.05
0.05
0.1 ]

0.6
0.9

0.
0.
5
9

0.2
0.8

0
0
.1
.5

0.
0.
05
05

NO LEAK
1 8 }
0.7
0.3
inik
1 9 )
0.7
0.3
LEAK
1 10
0.8
0.2
LEAK
1 11
0.85
0.15
LEAK
1 12
0.95
0.05

0.1 0
0.9 0

<8
•
0.1 0
0.9 0

8-35
}
0.1 0
0.9 0
35-50
}
0.1 0
0.9 0

>50
}
0.1 0
0.9 0

.75 0.

.25 0.
t/h

.75 0.

.25 0.t/h

.85 0.

.15 0.
t/h

.9 0.

.1 0.
t/h

.99 0.

.01 0.

1
9

1
9

1
9

1
9

1
9

0.8
0.2

0.8
0.2

0.9
0.1

0.9
0.1

0.95
0.05

0.1
0.9

0.1
0.9

0.1
0.9

0.1
0.9

0.1
0.9

0.
0.

0.
0.

0.
0.

0.
0,

0.
0.

85
15

85
15

85
15

85
15

9
1

0.1
0.9

0.1
0.9

0.1
0.9

0.1
0.9

0.1
0.9

0
0

0
0

0
0

0
0

0
0

.9

.1

.9

.1

.8

.2

.8

.2

.85

.15

0.
0.

0.
0.

0.
0.

0.
0.

0.
0.

3
7 ]

2
8 ]

1
9 ]

05
95 ]

01
99 ]

b) <Compare> node with relation
$1 <cowp> T1KO_P <= -0.006

[ 0.02 0.98 ]

FIG. 4. Example of D-knowledge base.



node for each combination of values of direct predecessors of
the node.

The knowledge base is inputed as a list of all nodes. Each
node is described by its number, its name, which in the case
of the input nodes has its own syntax, otherwise it is
a string of characters, its type, a set of values, a set of
direct predecessors, and a conditional distribution. An
example of the D-knowledge base is presented in Fig. 4.

In the graph, a general inference problem P(H| E-^. . . .En) where
H, E2_....En are arbitrary nodes ID is solved. The solution
results in corresponding conditional distribution from which
the probabilities of values of hypothesis corresponding to
the given combination of values of evidences are selected.
The input data for DIAG is therefore the set of hypotheses,
the set of evidences and combination of values of evidences.

The initiating event which is processed by the DIAG contains
the name of the corresponding knowledge.base and the name of
the corresponding order for processing of the event. The
order contains a set of hypotheses and a set of evidences;
the DIAG determines the values of evidences by means of the
so-called input nodes.

The input nodes are of either compare or recon type. The
compare-type nodes compare the value from the data base with
a set limit and the input node is then double-valued; or with
a set of limits and the node has one value more then is the
number of limits. The recon-type nodes have the same value as
the corresponding statement in the working memory of the mo-
dule RECON.

5. Application of the system TEEX

In foreign analyses of causes why similar systems are not
utilized by the operational personnel of NPPs the absence of
future users in design and development of the system which
leads often to a discrepancy between the needs of the user
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and functions and services of the system is presented as the
primary reason from which also a mistrust of the system and
its ignorance follow. The system TEEX has been therefore
develpped right from the beginning in close co-operation with
the NPP Dukovany as its future user.

In the first stage systems for monitoring of nominal regime
and outage utilizing classical programming procedures were
developed [1,2]. Besides the monitoring of parameters the
systèmes also check violation of the set limits and in the
case of an outage they generate the course of actions which
are to be performed by the operator in the given instant. The
develop- ment resulted in two useful and unit-control-room
tested programs, but mainly in a clear, user-oriented concept
of communication of the operator-support system with the
opera- tor. The concept was fully utilized in the system
TEEX.

Applicability of the system TEEX in NPPs was verified on two
problems: diagnostics of the state of steam generator
fittings and identification of small coolant losses (up to
60 t/hr) with determination of the place of their occurrence.
The module RECON was tested on the first problem and on the
basis of experience obtained the module was improved by in-
corporation of the plus-timing and HOLD-timing,internal vari-
ables and a possibility of automatic switching of the picture
to the steam generator with the failed fitting. Beside this
its syntax was improved in order to improve understandability
of explanations produced by the system. The second problem
helped in upgrading the module DIAG and in connection of its
input nodes with the RECON module working memory which en-
abled distribution of work between both modules in such way
that the module DIAG does not perform in a complex way those
functions which the module RECON performs simply and fast.
All modifications of the systems RECON and DIAG have the
character of small modifications which did not change them in
a principal way but nevertheles enlarged pronouncedly their
possibilities and simplified their real use.
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All presented applications were performed on PC 286-386 under
the operating system DOS because no other hardware was
available during the period of development of the system.
This equipment limits in some way the whole system:
multitasking is not possible, working memory is small and
processing speed is low. These limitations affected the use
of the module DIAG the work of which was not interrupted at
the time of input of data but it was necessary to wait till
the end of its work. The module RECON was however tested
on-line in both applications since its speed (250 rules in
0.02 sec) was sufficient even on this equipment.

Besides the presented improvements of the individual systems
we obtained not only some experience, but also much inspira-
tion for future work during application of the system. We
therefore consider the applications as great benefit not only
for implementation of the system on NPPs but also for con-
tinuation of its development, mainly of the module ADVISE,
which is now being developed.

6. Conclusion

The results obtained in the field of development of ESOS
TEEX, that is the formation of the first three levels and
mainly their practical application and also comparison with
similar work in abroad convince us that both the individual
modules and the whole system TEEX are well-founded and
applicable.

The elaboration of a partial problem on the basis of
formulation of the problem by the user who should participate
also in formation of the knowledge base turned out very use-
ful. In this way it is possible to verify not only the
completeness of the system and its functions but also to
obtain basis for future improvements of the system. The share
of future users in development of the system then helps in
getting over the mistrust from their side and creates a good
basis for its future utilization.
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Development of a unified working memory for all three expert
modules enabling each module to utilize the results of all
the other modules, and development of a unified model of the
technology (power plant) enabling "understanding" of the
power plant by the system will be the next step in the deve-
lopment of the TEEX. This will be the first step in introduc-
tion of the modules based on artificial intelligence not only
as expert systems with bases based on practical procedures of
diagnostics with predefined results (diagnoses), but also as
a system, which can generate the diagnoses which were not
given in advance but which were derived from knowledge of
structure of the technology (a model of the technology) and
knowledge of its behaviour.
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A PC BASED PROGRAM FOR THE SUPPORT OF
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Abstract

A computer program DrALF for the postprocessing of RELAP5
results is described. Results may be presented in two
different ways, as a set of graphs and as a number of small
graphical windows with time history graphs positioned over
the stationary background picture. The picture presents the
simulation process in two or three dimensions. Calculated
results with RELAPS code have to be transferred from the
mainframe to the personal computer as an ASCII file and then
converted into more compact format. The background picture
has to be prepared with the AutoCAD general purpose drafting
software. DrAlf is being successfully used for the analysis
of results of the RELAP5 code, used in the nuclear industry
for the accident and transient simulation.

INTRODUCTION

A number of computer codes for a thermal-hydraulic simulation
of transients and accidents are available in nuclear industry
(i.e. RELAPS, TRAC). The analysis of results obtained by
these codes is often quite tedious job. Major and minor edit
printouts of computer codes like RELAPS (Ranson and Wagner
1985) can give only a limited insight into the course of the
transient. Plots of the time history of selected variables
are necessary. Therefore all installations of RELAPS and
similar codes have some off-line plotting capabilities, that
may produce hard copy plots.
In addition to such plotting capability a personal computer
program DrALF for the interactive analysis of results has
been developed at our Institute. DrALF enables plotting of
simulation results immediately after the analysis on the
screen of the personal computer workstation. User
friendliness was one of main objectives during the design and
development of the software.
DESCRIPTION OF DrALF

DrALF can be run on an IBM-PC/XT/AT or 80836 personal
computer with hard disk and a mouse. It may be run on a
monochromatic display, but it is much more effective with an
EGA monitor. The graphic card must have resolution 640x350
points or higher. DrALF provides two basic ways of datapresentation to the user:

a) Time history graphs (XY plots)
b) Time history or snapshot displays on a stationary

background figure.
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Figure 1. Data flow structure for DrALF

Before the DrALF session thé ASCII file with tabulated
results, so called strip file, has to be prepared on the
mainframe where the simulation code was run. Since it is an
ordinary ASCII file, it can be easily transported between
different computer systems. In addition to the strip
file(s), the user may prepare one or more drawings, that are
going to be used as a stationary background picture during
each session. This drawings are prepared by a general purpose
drafting software for IBM-PC, AUTOCAD, and must be saved in a
so called DXF format. Figure 1 presents DrALF data flow
structure.
After the user starts the session, several menu options are
offered to him:
a) Graf
b) Picture

c) Pit
d) Dxf
e) Quit

Option for display and analysis of data as
graphs.
Option for display and analysis of data as
graphs and as numerical values on the
stationary background picture.
- Option for convertion of input data file
into more compact form.
- Option for convertion of input
pictures file into another format.
Option for termination DrALF program.

Data Pile Conversion ( Pit )
When the system is used for the first time, the initial data
conversion option has to be selected. It converts data from
strip file(s) into more compact format, that is later more
efficiently used during the session. After strip file was
converted with this option, it may be erased, releasing disk
space.
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Preparation of Background File ( Dxf )
With this option the user prepares the background drawing in
a Picture presentation mode. After selecting this option,
the drawing is converted from DXF vector format into more
convenient raster format.
DRALF first draws the picture stored in a DXF format on the
screen, then scans the screen point by point and stores
information in a file in a raster form. This format is very
efficient for the fast redisplay of the picture.

Graphs on Background picture ( Picture )
This option is used for preparation and display of results on
the stationary background picture. A background picture can
be selected and positions of graphs and numeric displays on
the screen allocated. On figure 2 the screen with the
background picture during the preparation of the final
display is presented. The menu with all available options at
the bottom of the screen may be seen. Number of graph windows
is limited only with the size of the screen. Position of
each is selected by the mouse. In addition to graphs,
numerical values can be displayed. Figure 3 presents graphs
and numerical values on the background picture.
The time interval in which graphs are displayed may be
selected. The current time is displayed in the upper right
corner of the screen and is also marked in each graph window
with a red line. Numerical values are displayed at the
current time and are changed when the time is changed. The
red line in graph windows are also moved in a new position
with the change of the current time. Current time can be
decreased with the left mouse button and increased with the
right mouse button.
After such a display is prepared, it may be stored and used
later during the session. At any time a screen display may
be printed at the dot-matrix or laserjet printer.
This kind of display is very useful for the analysis of
several results on a single picture. Graphs are drawn on the
background picture where the location of particular variables
is clearly evident. Results may be observed either in the
whole simulated time period or only inside a selected time
interval.
This kind of graph presentation gives satisfactory
information about a general trend of variables. Because of a
small individual window size this kind of presentation is not
suitable for detailed analysis of the individual result. In
such a case it is useful to represent data also in numerical
form. The numerical value of the variable at the selected
time is displayed in a small window positioned at the
selected place on the screen. Together with the graph
display it can give sufficient data for the analyst.
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Once the Picture screen is prepared, it may be easily used
later with different data. In that way it is easy to compare
results of two different calculations. The file with the
another set of results has to be transferred from the
mainframe and may be shown at the same background picture.
This is the best way to clearly present results of simulation
and it is also very simple assign variables to picture.
Figure 3 presents environment at configuration picture.

Analysis of Graphs ( Graphs )
This is the second option for data analysis. After up to
three names of converted strip files are selected, the list
of available variables on each file is displayed. With the
mouse up to ten different variables may be selected for
display. Each selected variable is assigned a different
color.
Once variables are selected, they are displayed as X-Y
graphs. At the beginning all variables are scaled to their
maximum values. Values of the first variable are shown along
the Y axis. Figure 4 presents an example of a display of
variables scaled to their maximum value. Each variable is
marked with a different sign. In the upper right corner of
the display window the active variable is marked.
Several display options may be selected. All curves may be
scaled to the maximum value of a selected variable or to
their maximum values, display may be zoomed or panned in
time, current cursor position may be displayed in upper
corners etc.
The display may be printed to the dot-matrix or laserjet
printer. Before printing the window containing curve
descriptions has to be positioned to the suitable place on
the picture.
Flexibility of display options makes them very useful for
parametric studies. When results of two different runs have
to be compared, for example, the curves of same variables
from different strip files are plotted in a selected window,
so that the maximum resolution or detail of the curve may be
obtained.
This display is different from the display in option Picture.
While Picture display may give an overall feeling of the
transient development, this Graph display gives opportunity
for the detailed analysis of selected variables.

CONCLUSION

DrALF is user-friendly program for the graphical presentation
of numerical values. The user can very easily select and
present numerical values on the graphical display. Program
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DrALF was developed for presention of RELAPS results, but may
also be easily adapted for the presentation of any other
numerical data stored in appointed format. Program DrALF is
very useful when the user wants to analyze one or more curves
and when he wants to present course of simulation step by
step. Once the computer capacities will enable on-line
simulations in a real time, DrALF could be easily implemented
as a basis for a plant analyzer user interface. Since it is
implemented on a general purpose hardware, it is very easy to
use it even in an environment with only limited computer
resources.
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Abstract

British Nuclear Fuels pic (BNFL) is the most experienced nuclear fuel company in the world, having
supplied nuclear fuel cycle services in the UK and overseas for over 40 years. It is one of only two
companies in the world that is able to offer nuclear fuel manufacture, enrichment, reprocessing and
waste management services.

In addition to its work for the UK nuclear power programme, BNFL has developed a substantial
export business with nuclear power plant operators in Western Europe, Japan and North America
which now accounts for 18% of the annual turnover.

BNFL's plants are situated in North West England and Southern Scotland. Nuclear fuel and fuel
products are manufactured at Springfields near Preston; uranium enrichment by the centrifuge
process is carried out at Capenhurst near Chester, and reprocessing and waste management services
arebased at Sellafield West Cumbria. The Company's headquarters and engineering design facilities
are at Risley near Warrington. BNFL also owns and operates two nuclear powerstations - at Calder
Hall on the Sellafield site and at Chapelcross near Dumfries in Southern Scotland.

BNFL became involved in the development of the application of Expert Systems technology for the
monitoring of process plants, during 1983. This work has culminated in the installation of
operational systems at Sellafield, Springfields and Capenhurst, and hasput BNFL in a strong position
to further exploit the technology in future.

This paper describes the development work which has been undertaken to date and the role of the
installed systems.

BACKGROUND

"Expert" or "Knowledge-based" systems are designed to represent and apply factual knowledge of
specific areas of expertise to solve problems. The potential power of such systems which can
replicate expensive or rare human knowledge has been long recognised and is clearly illustrated by
the early work done in the fields of medical diagnosis (1) and mineral exploration (2).

The increased availability of powerful computing equipment during the late 1970's and early 1980's
led to a great increase in the level of interest in Expert Systems both in industry and the academic
community, and consequently a large number of software and hardware products became available
which were tailored to this market.
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By the mid 1980's the field was well established particularly in respect of standalone advisory
systems, as is illustrated by the large number of publications ofthat time, of which Hayes-Roth (3)
and Alty (4) are good examples.

It was also recognised that the technology offered considerable potential in the field of process
monitoring and control, particularly the provision of advisory systems which would provide real time
information to operations personnel. The main benefits of such applications were seen to be the
ability to encode and preserve the experience of the best operators and engineers and to provide a
continuous clear statement of plant status. Moore (5) provides a good overview of the work in the
field up to 1985, which was concentrated in the USA and Japan and was typified by the production
of demonstration systems utilising specialised hardware and software.

BNFL's DEVELOPMENT PROGRAMME

Programme Initiation

By 1983 it was apparent that Expert Systems technology was reaching a level of maturity whereby
it could be seriously regarded by industrial companies such as BNFL for use in the attainment of a
large range of business objectives. A working party was established within BNFL, with
representatives of a broad cross section of the company's activities, with the intention of conducting
a survey of the areas in which BNFL could apply the technology, and to identify whether BNFL
should invest money in the development of the technology.

This working party concluded that there were many areas where the company could use the
technology, many were of the standalone advisory type, in this area it was felt that BNFL had no
special requirements which would not be addressed by other parties. Therefore there was no
requirement to invest money in the development of these standalone systems beyond the production
of demonstrators utilising proprietary software tools.

A small team was established in the computing department at Risley to develop these demonstrators,
one of these is TRANSAID (6), a system to give advise on the options available to transport
radioactive material, which is a particularly notable example of the application of this technology.

It was however concluded that BNFL could benefit greatly from the application of Expert Systems
based process plant monitoring systems. In particular this decision was made in the light of BNFL's
major capital investment programme leading to the commissioning of a number of large process
plants during the early 1990's. Many of these new plants will utilise processes which are both more
complex and dynamically faster than those currently employed. Furthermore it was felt that BNFL
would have very particular requirements regarding the quality of the systems installed and the
relationship of the role of the system to the operations personnel, which would not necessarily be
addressed outside BNFL in time for the technology to be usable in the early 1990's.

It was therefore decided that a development programme would be established with the aim of
producing operational systems by the end of 1990, the cost of such a programme being more than
offset from the anticipated savings from reduced plant downtime and generally enhanced operation
which such systems would bring.
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Initial Pilot System

An initial project was undertaken to introduce the technology to BNFL and to indicate where the
development work would have to be focused. This project involved the production of an offline
advisory system relating to the operation of part of the Reprocessing Plant at Sellafield; using one
of the more advanced Expert Systems products available at that time.

This package was a so called "shell", ie a general purpose software package which can be loaded
with rules relating to a particular domain and process input data against these rules to generate a
detailed analysis backed up with full explanation facilities. In all but the most trivial of applications
it is necessary to select a shell which processes the rules in a way which will work for the problem,
and once the shell is selected it is normally necessary to engage a "knowledge engineer" to elicit the
rules from the domain experts and then program these into the shell. Since this programming process
requires a detailed understanding of the way in which the shell works which the domain expert is
unlikely to possess.

In the case of this initial project, an employee of the company which had produced and marketed
the shell acted as a knowledge engineer and implemented a set of rules on the basis of discussions
with experienced operations managers from the plant.

A research assistant from Manchester Business School was engaged to study the reaction of the
various BNFL personnel to the system, since it was felt that the success of the introduction of the
technology would be strongly dependant upon the perception of all users to this type of system.

The following major conclusions were derived from the project.

* The concept of providing clear real time advise to control room personnel was attractive and
could be enhanced by exploiting aspects of expert systems technology.

* To be effective, such systems should receive data from conventional logging systems and
handle this data in real time.

* The design of the user interface should be carefully designed to be consistent with the role
of the user and that of the system within that role.

* The use of external knowledge engineers was detrimental to the users confidence in the
system, and would be difficult to quality assure. Therefore it would be necessary to develop
editing facilities and methodologies to allow the knowledge base development process to be
carried out in house, by personnel closely involved with the operation of the plant; utilising
formalised methods such as the IEE Guidelines for the documentation of industrial
software (7).

* At least in the short to medium term the technology could only be used in a purely advisory
capacity, within BNFL, and therefore the user interface would need to be carefully designed
to fit in with this role. In addition it was apparent that there were limitations in the use of
a purely rule based approach to model a process plant, since many aspects could be better
defined in terms of the individual plant items. Therefore it was decided that all future work
should utilise a frame based approach, where each plant item and instrument would be
represented by an individual frame of data containing relevant fixed information, (such as
the volume of a tank), dynamic information (such as the current tank level) and the results
of the processing of rules (such as an assessment of whether the tank is overfull).
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The resulting framebase would be used by the rules as a source of information, and also accessed to
form timeplots, mimics etc on the user interface. Rules would be processed once a trigger condition
had been fulfilled, this trigger condition could be based on a range of events such as a change in a
particular frame reading, an instruction from another rule or the passing of a period of time.
Individual rules would be treated as individual processes in which all input and output variables
would be defined using a fixed convention. The rule syntax would be developed to express not only
if-then-else procedures but also mathematical and other functions.

The framebase would be arranged in a hierarchical manner to allow generic rules to be utilised so
as to minimise the number of rules.

Editors would be developed to allow practising plant engineers to produce and maintain the
framebase and the rules in a rigorous manner.

The PROMASS Project

A review of the systems available on the market at the time (summer 1985) indicated that none could
be used as a basis for a development programme to implement systems fulfilling these requirements,
and therefore it was decided that BNFL should engage a software contractor to collaborate in the
development of a suitable system. A small Bradford based company, now called UNIPRO, was
selected for the following reasons;

*They had previously produced a suite of programs for personnel selection, called PARYS.
This system utilised both Expert Systems technology and conventional techniques, which
demonstrated a considerable ability to produce integrated solutions tailored to tasks.

* They had strong links to Bradford University, and thus current academic thought.

* They showed a willingness to collaborate fully with BNFL.

* The geographic proximity of the two companies was consistent with a collaborative project.

The aim of the initial phase of the project was to develop a pilot system which exhibited the features
shown in the ideal architecture.

The pilot system was called PROMASS (PROcess Management Advisory and Supervisory System)
and was based upon the operation of a full scale pilot plant at Sellafield.

The pilot plant had a simple data logging system which scanned 120 signals every minute and
transferred this data onto discs for future analysis. This data logger had no real time capabilities,
therefore the normal operation of the plant involved manual observations of individual dials
gauges etc.

The PROMASS system was perceived as a system which would receive the same signals as the data
logger and would present this data as well as diagnostic messages to the shift leader in charge of the
pilot plant. Owing to the investigative nature of the plant these dedicated shift leaders were
experienced computer literate graduates.
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The user interface for the system was very much designed with the role of the users in mind together
with the fact that they were otherwise presented with very little real time plant information. Therefore
the user interface contained many features which included not only diagnostic messages but also
extensive interactive timeplot, mimic and information facilities of the type found on modern SCADA
systems. The user interface was particularly novel in the way that the framebased approach was used
to the full to allow the user to access relevant plant information from particular messages. This degree
of accessibility was considered to be essential to achieve the systems role as an interactive advisor.
The system was implemented on a SUN 3/75 workstation, utilising the LISP language to allow the
rapid production of a rudimentary framebased expert system, and C to implement all the associated
data handling operations. The user interface was implemented using the SUNVIEW windowing
environment.

The system was installed away from the plant and operated using the discs of plant data collected
from the datalogger. The rulebase was developed by UNIPRO working closely with one of the shift
leaders. The rule base focused on particular problems which the shift leader experienced on a regular
basis. In particular he initiated rules which were focused on the monitoring of rotameters to spot those
which appeared to be jammed, since this commonly led to problems on the plant. These rules were
particularly easy to implement given the facility to install generic rules.

A few weeks after the delivery of the system to Sellafield, in late 1986, the shiftleader who had
devised the rulebase, was operating the plant when the float, of a rotameter based flow controller,
jammed with the float above the set point. This led to maloperation which was undetectable by the
shiftleader or his operations team until it was well established, as a consequence the plant was
shutdown for a few days for reworking operations.

The disc of data collected during this maloperation was "played back" to PROMASS, this exercise
demonstrated that if the system had been installed on the plant, the problem would have been spotted
and the operations team alerted whilst the situation was still recoverable.

The system was fully evaluated, again with assistance from Manchester Business School. It was also
demonstrated throughout BNFL, the convincing nature of examples such as the rotameter diagnosis,
led to considerable interest being shown in all operating divisions which led directly to the
applications to operational plants.

It was also noticed that the PROMASS system operating off-line using archived plant data was an
excellent tool for a wide range of technical support and investigation purposes.

Therefore the Promass pilot system proved to be a highly successful means of proving the concept
which had been developed, and in particular highlighted the benefits of close user involvement in
the production of knowledge bases.

Following on from the Success of the pilot system, the PROMASS software was extensively
reviewed, and the LISP elements rewritten in C.Editors were produced to allow BNFL technical
support personnel, to produce and modify knowledge bases in a rigorous manner without the need
for external involvement.

This enhanced system was used to produce a system to monitor, another full scale pilot plant at
Sellafield. This system was finished during 1987, the knowledge base was produced entirely within
BNFL.
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PROMASS APPLICATIONS

In Fuel Division at Springfields a system has been running since late 1989, on the Integrated
Dry Route process for the conversion of Uranium Hexafluoride to Uranium Dioxide, which an
important stage in the production of fuel for Advanced Gas Cooled and Pressurised Water Reactor.
The main objective of this application is the implementation of rules to continuously monitor the
process to identify the onset of transgressions which could lead to changes in product quality and to
provide the Division with detailed knowledge of Expert Systems technology so that it can be utilised
to full effect on the New Oxide Fuel Complex which is to be built at Springfields.

The system receives around 130 signals each minute, from a conventional data logging system.
The data is sent simultaneously to a SUN 4/110 installed on the plant control panel, and to another
SUN 4/110 located away from the plant, which can be used to archive the data, observe the plant status
in real time, playback archives data, and to develop further rules for future implementation on the
plant based unit.

BNFL has been operating the Integrated Dry Route Plant since 1969, and therefore the behaviour
of the plant is very well known to its operators. As a consequence of this the rule development process
is centred around a series of collaborative meetings involving all the plant's operators.

In the Enrichment Division at Capenhurst a system is being used to monitor the performance of novel
equipment for enrichment which is currently being assessed on a pilot plant.

Again this system utilises a SUN 4/110 workstation and currently receives around 20 signals on a
10 second scan rate. Some of the rules perform a detailed statistical analysis of the equipment.

This application is a good complement to that at Springfields, since it is involved with a process at
a different stage of its development, so the roles of the system and the user are notably different being
involved in the development of the fundamental understanding of the process rather than the
operation of a well known process.

The largest application, to date, is to the Vitrification Plant at Sellafield. The Vitrification Plant,
which converts the highly active liquid waste arising from reprocessing into a stable glass product
for long term storage, was commissioned during 1990.

The project to install the PROMASS system has been funded and managed by the Vitrification
Operations Group. The expenditure was justified on the basis of the expected savings due to the
reduced downtime, resulting from the early identification of problems which could ultimately lead
to automatic shutdown, and the interpretation of the reasons behind automatic shutdowns once they
occur.

The PROMASS System collects data from around 2500 instruments, via a link to a conventional plant
data acquisition system. The rules utilised by the system are being developed and implemented by
members of the Vitrification Operations Group. The system hasbeen sized to allow up to 10000 rules
to be implemented.

The Vitrification PROMASS system is implemented on a network of SUN machines, utilising
UNDC, C and X Windows Software, there are three colour high resolution Interfaces in the control
room for operations personnel to communicate with the system. Figures 1 and 2 show the system
in operation in the control room.
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Figure 1. The vitrification PROMASS application at Sellafield.

m

Figure 2. The vitrification PROMASS system in use.
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The PROMASS system archives the input data, which can then be used on either of two offline units
for further analysis.

A detailed evaluation of the system is being undertaken, which will be presented in future papers.

The PROMASS system is jointly marketed by BNFL and UNIPRO, as a general purpose process
monitoring system. Considerable interest is being shown in the system from a range of industries,
it has particular advantages including;

* The existence of three operational applications to a range of plant in BNFL.

* The system has been designed with the intention that it will be used by practising plant
engineers to implement rulebases in a structured manner.

* A continuing development programme based in the UK.

* The system is entirely implemented in C, and has been written with strict adherence to
Quality Assurance standards.

OTHER WORK

In addition to the PROMASS project BNFL has been active in a number of collaborative club projects
in the field notably the RESCU (8) and COGSYS (9&10) Clubs and has therefore developed a
deta iled awareness of the current state of the technology. A maj or BNFL funded development proj ect
is underway at Salford University both to support the current applications and to develop other
advanced process monitoring and control techniques.

CONCLUSION

Through the development of PROMASS and its application to plants throughout BNFL, the
company is in a strong position to maximise the benefit from the application of Expert Systems and
other advanced techniques to process monitoring and control.
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