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FOREWORD

Since the early 1980s many organizations involved in the operation of nuclear facilities
have been developing advanced operator support systems, in an attempt to harness the
potential that modern computing techniques offer in the provision of timely high level
information to the operators of nuclear plants so that they can maintain better levels of
surveillance and thus improve the safety of the operations.

These developments have often focused on particular techniques such as expert
systems. This sophisticated computer technology is not yet, however, an established feature
of nuclear installations and increased efforts are under way to utilize all the advantages that
it can bring to the advancement of nuclear safety.

Computerized operator support systems, which have already evolved from a relatively
simple status quo presentation into veritable decision aids with capacities for diagnosis and
trend analysis, are being developed even further by applying a large knowledge basis to solve
practical problems. In other words, expert systems are becoming an established element in the
modernization of control rooms of nuclear power plants. For the immediate future, however,
expert systems should be designed as systems providing operational advice, as distinct from
systems providing direct plant control functions.

The variety of tasks that can be carried out by an expert system enables a broad
application spectrum in nuclear facilities. Generally, expert systems can be utilized for plant
data management, training, condition/safety status monitoring, alarm analysis and diagnosis,
accident management, emergency planning and other areas.
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1. STATUS OF KNOWLEDGE BASED SYSTEMS DEVELOPMENT

1.1. INTRODUCTION

The integration of knowledge based systems (KBS) with processes is a new challenge
for artificial intelligence (AI) developments. Integration requires improved robustness of the
KBS, using methodologies which cater for building well structured, modular applications, and
for verification and validation.

The following key points related to KBS development have been discussed during the
Specialists Meeting:

state of the art in knowledge representation and reasoning;
methods for building KBS;
tools and computers used for building and implementing KBS;
requirements for verification and validation;
communication between KBS and the process, and between the KBS and the
operators.

1.2. KNOWLEDGE REPRESENTATION AND REASONING

Object oriented (OO) techniques for knowledge representation are widely used because
of the following advantages:

encapsulation, which permits a generic representation of static knowledge (physical
systems or components) and makes it possible to reuse the knowledge base for various
similar applications;
hierarchical structure of the knowledge base (KB) mirrors the plant structure;
verification by the expert and automatic verification are both easier;
efficiency to construct and maintain KBs.

Most expert systems in the nuclear industry involve rule based system management
of symbolic information. Rules can represent knowledge using predicate logic or first order
logic. The mechanisms for reasoning are based on deduction and induction. Some problems
require specific representations as non-standard logic (assumption based, temporal logic, fuzzy
logic, etc.).

Some applications require a distributed treatment of the functions. Such distributed
systems need some mechanism for sharing information, for example blackboards.

Model based reasoning is a new trend for developing KBS for process analysis
(diagnosis, prognosis, alarm filtering, etc.). According to the required accuracy and the
phenomena's complexity, a model based system will require less or more sophisticated
modelling of the process. The process components' behaviour and phenomena propagation
may be represented by logical rules, qualitative physics rules or a mathematical model.

AI developments have provided generic reasoning tools. They are largely validated
and can be used in applications such as:

planning techniques for automatic generation of procedures,



assumption-based truth maintenance system (ATMS), which is a generic strategy for
managing assumptions and reasoning in a diagnostic process.

New generic tools are now under development and are based on learning techniques.
These tools make possible the development of expert systems which automatically deduce
rules based on a given set of examples ("case based reasoning").

1.3. DEVELOPMENT METHODS

Operator involvement is seen as crucial for the successful development of expert
systems in the nuclear industry. This involvement should start at the very outset of the
project, from design, through development and implementation. The traditional approach for
creating expert systems for some domain has been to use knowledge engineers to interview
experts to extract their knowledge and experiences. The knowledge engineers then convert
the knowledge into the formalisms used by the expert system. The success of this approach
depends on the knowledge engineer attaining a good understanding of the experts' knowledge.
The knowledge elicitation process is a problem in building expert systems for any domain,
let alone for the nuclear industry. Some companies in the nuclear industry are adopting the
approach of providing the experts with the tools and training to create knowledge bases. All
the knowledge base development is then done wholly in-house. The major advantage of this
approach is the improved degree of ownership of the expert system.

New methodologies for developing expert systems are becoming available, for instance
the KADS methodology. Such methodologies would allow some areas of expert knowledge
to be represented in a formal, mathematical manner, to help the experts visualise and modify
the knowledge representation. However, knowledge engineers still play a major role in
representing the knowledge in the KADS formalisms.

It is evident that many companies are realising the benefits of modular, team based
development of knowledge bases. In such an approach, the full functionality is subdivided
into modules. For example, a real time expert system to control the operation of a pilot plant
has been developed by BNFL. The knowledge base has quite a wide range of functions,
including sensor validation, statistical process control, and alarm handling. Each of these
functions is represented by a separate module of the knowledge base, communicating via a
global workspace called a blackboard.

The modules need not however be expert system knowledge bases themselves. The
distributed artificial intelligence approach and the DIGEST system demonstrate that the
modules may be fuzzy systems, neural networks or conventional computer codes. All the
modules provide one function in the overall goal of supporting the activities of the nuclear
plant activities.

This modular approach facilitates team based development, i.e., individual teams,
comprising experts from the domain and experts in the technologies, work together to fulfil
the requirements for their own module. This team based approach allows the rapid
development of the full expert system, and the relevant experts are not required for the whole
development period.

There are several advantages of adopting a modular approach, including:

the ability to carry out rapid prototyping,



smaller modules can be more easily tested,
verification and validation of well structured systems is easier.

1.4. TOOLS AND COMPUTERS

In the past, two main AI languages, LISP and PROLOG with their many variants,
have been used to develop expert systems. The trend is now also to develop with
conventional languages, such as C and Pascal. Object oriented languages such as C++ and
Smalltalk are being used more often.

Many shells are available on the market for both on-line and off-line applications. The
development use of these commercial shells is reaching a maturity where they can be used
to solve demanding problems in the nuclear industry. However, there are some companies
who still develop their own tools for building applications; commercial shells offer generic
functionality that may not meet the full requirements of the company. The advantages of
using a shell include:

facilities for prototyping all the application from the knowledge structure to the user
interface,
real time possibilities for some shells especially dedicated to process control.

Disadvantages include portability, durability, limitations for development of large
applications, difficulties to edit or modify the shell, and communication with other
applications which are not previously introduced in the shell.

Databases can be used to manage information used in KBS. These DBMS can be
traditional (relational) or object oriented. Object oriented database management systems are
recent tools that permit the development and maintenance of large, complex databases holding
many forms of data, including text, graphics, pictures, sounds. Facilities are available to
navigate quickly and easily through the database.

Expert systems are being developed on different hardware platforms, depending on the
application, cost and availability. Personal computers are cheap and readily available. The
performance of PCs is rapidly improving. Portable computers are being used to run expert
systems on site, remote from the central control room. Disadvantages of PCs as platforms
for KB systems include the limitations of performance for large applications, and the
problems of software portability.

Workstations have many advantages over PCs for the development of larger KBS,
including fast processors, large memories, established software (UNIX operating system, X
windows) and easy communication on networks (ETHERNET). Software for workstations
is more flexible and has graphic tools and interface shells that are more powerful than on
PCs. The disadvantages of workstations include: cost, more difficult to use than PCs.

Few expert systems are installed on mainframes, but communication between KBS on
workstations and applications running on mainframe may be necessary for some applications.

1.5. VERIFICATION AND VALIDATION

This is the major problem for integrating KBS in control or monitoring processes. The
operators must make the final decisions. Computerised systems, including KBS, support the



operators by providing accurate and timely advice and information. Even if structured
knowledge representation and generic reasoning tools make possible the verification of
completeness and consistency of the KB, today it would be difficult to perform an extensive
verification of such software.

The relevant licensing authorities should be kept fully informed throughout the project
to develop the KBS, as this will assist in the licensing and approval for the implementation.

1.6. COMMUNICATION AND INTERFACE

KB systems which will be integrated in decision making, have to communicate with
the process (data acquisition), other computerised tools (software and hardware required for
data treatment) and operators. The use of standard operating systems like UNIX, DOS,
standard communication networks (Ethernet), and standard programming languages, are
required to achieve this objective. Lack of standardisation is a problem for development and
implementation. Interface development is a very important feature in developing expert
systems, and is also a problem for acceptance by the user. Care must be taken to specify the
respective tasks of the operators and the computerised system, and to test the communication
between the operators and the computerised system, and ergonomics of the interface. There
are now graphical tools which support the implementation of all needed concepts for Human
Computer Interface. They are mainly based upon X-WINDOWS and MOTIF for UNIX
based computers, for PC the standard is now WINDOWS-3.

2. APPLICATIONS OF KNOWLEDGE BASED SYSTEMS
IN THE NUCLEAR INDUSTRY

2.1. INTRODUCTION

'Nuclear industry' is a term that includes nuclear power plants, fuel fabrication
facilities, enrichment facilities, reprocessing facilities, waste disposal and decommissioning
activities.

In recent years, KBS applications have to a greater or lesser degree played an
increasingly important role in all these endeavours.

It is mainly the impact the KBS has on control systems and process activities over and
above the nature of the processes that cause the regulatory authorities to impose varying
degrees of validation and verification procedures to be followed. However, the difficulties
associated with qualification procedures tend to restrict applications. NPP and reprocessing
operations, because of their nature, pose a higher risk. Therefore, licensing authorities impose
higher requirements on software and hardware components.

KBS shells limit the range of knowledge which can be modelled in a KBS. Integration
of KBS software with other technologies increases its capabilities, acceptance by users and
impact on working practices.

10



2.2. JUSTIFICATIONS FOR APPLICATION

In general, the reasons given for the use of KBS are to:

improve safety
give operator advice
give early warning about plant conditions
ease operator tasks
relieve staff shortages
ease operator workload in particular fields to free staff for other tasks
relieve operators from tedious tasks
train staff, also in simulators
give advice on regulatory requirements
help in planning complex activities, e.g. maintenance planning.

2.3. SAFETY RELEVANCE

Before setting out to develop a KBS, it is recommended that its safety impact is
identified. The higher the degree of safety relevance, the more stringent are the restrictions
associated with implementing KBS. This is because of the regulatory requirements that are
being imposed by licensing authorities for critical operations. So far, this has tended to restrict
implementations of KBS.

Examples of limiting factors are:

closeness to controlling functions, i.e. KBS are not allowed to influence the controlling
function directly;
potential for injury to workers and public.

These factors are usually greater in NPPs, reprocessing and enrichment operations than
in other areas of the nuclear industry.

Therefore, KBS are in general easier to implement in fuel fabrication facilities and in
waste disposal and decommissioning activities, because it is easier to demonstrate compliance
with the requirements of the licensing authority. Off-line activities such as design, scheduling
and planning are more accepted by the licensing authorities.

2.4. ACCEPTANCE FACTORS

A crucial component of the implementation of an KBS is its acceptance by the various
levels of management and the operating staff. The benefits and need for the KBS in the
operations must be clearly demonstrable to all connected with the enterprise. However, it
should be recognised that additional benefits often result during usage which were not thought
of during the design stage.

Management must see the improvement in plant safety, operator performance and cost
effectiveness. Operators must see the improvement in their work and benefits arising from the
KBS.
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The man-machine interface is very important for acceptance by operators. To achieve
this, as wide a range of appropriate tools technology as necessary should be used, e.g.
graphics, pictures, etc., not just text.

The main influences on KBS acceptance are:

the KBS must be easy to use, e.g. graphical interface (icons, menus and windows);
advice and information should be unambiguous and clearly presented;
the KBS must be able to provide explanations of its advice;
if text is used, the terminology used should be that of the operators.

2.5. AREAS OF APPLICATION

There is a wide range of KBS applications covering operational applications, training
and research tasks, e.g.

extracting significant data from large data bursts;
monitoring, diagnosing and prognosing plant conditions;
monitoring plant subsystem behaviour;
monitoring plant component behaviour;
advising on unforeseen maintenance problems;
improve training conditions on plant simulators;
interpretation of complex procedures or regulations;
operator support for plant control;
advice in classification procedures;
explanations of procedures.

2.6. FUNCTION OF KBS

It is the operator's role in nuclear facilities to take any crucial decisions which arise.
KBS have not replaced the role of the human being in these operations. Their function is
more one of supporting the operator to make crucial decisions. KBS do not have a controlling
function, rather they act as a guide offering advice and suggesting appropriate actions which
should be taken by operators. Nevertheless, the final decisions are always taken by operators.

2.7. LIMITATIONS OF APPLICATION

KBS are usually introduced in control rooms as add-on systems to the existing control
functions and act as advisory systems in a support capacity. Normally KBS have not been
subject to the stringent qualification and validation procedures required for formal approval.
Consequently, although operators are permitted to consult the KBS as a support tool during
normal operation, in the case of unusual operating conditions, the consultation of this same
KBS may have serious personal consequences because it has not received formal licensing
approval. However, if the same advice were in a documentary form, the same consequences
would not result. This is really a contradiction. It is precisely under unusual operating
condition that the operator requires the best available support that can be given. This situation
requires attention by regulatory authorities.

Development of KBS qualification procedures is therefore an urgent problem.
The inability to effectively qualify and validate KBS is a barrier to their further development
and implementation in the nuclear industries.

12



3. FUTURE TRENDS IN ARTIFICIAL INTELLIGENCE

3.1. THE NEED FOR NEW METHODS OF KNOWLEDGE ACQUISITION

Expert system techniques are the most widely used form of artificial intelligence (AI)
application in nuclear power plants. However, their successful application depends on good
knowledge acquisition methods, and the usual method is knowledge elicitation from domain
experts.

The practical and theoretical problems in the detailed knowledge elicitation are well
known, so renewed interest has been shown in the use of automatic knowledge acquisition
methods, such as inductive learning, case based reasoning, artificial neural networks, and
model based knowledge acquisition. These techniques are researched and applied in many
application areas and some of them are going to be used in the future in NPP applications.
Many commercial products include fuzzy logic (FL) controllers, and the FL technique is also
finding its way to NPP systems.

3.2. THE UTILIZATION OF NEURAL NETWORKS IN NUCLEAR POWER PLANTS

Of all alternative AI methods, neural networks (NN) have drawn the attention of many
groups in the NPP monitoring area, and close to one hundred published reports are available
from the last three years. The majority of these reports are from the USA, but work is
reported also from the UK, France, Germany, Belgium, Japan, the Republic of Korea and
Israel.

The applications of the NN are in many areas of a NPP operation, but signal validation
and fault diagnosis are the most common. Other important area of research are operating
mode identification and dynamic prediction.

As with the other automatic learning methods, the success of the application depends
on the availability of good data from which the learning is done. The best source is, of
course, the operating history of the system for which the application is developed. Operational
data on NPPs are available from the computerized systems for data gathering in NPPs, but
fortunately most of it covers the normal operating modes. For accident and fault data one has
to use simulator produced data, hoping that the simulation is a close approximation to real
plant behaviour. Some groups have utilized data from experimental reactors or
thermo-hydraulic rigs devoted to accident behaviour research.

3.3. THE INTEGRATION OF THE NEW AI METHODS WITH EXPERT SYSTEMS

Even when data are available for automatic learning, there is still a need for experts
to facilitate the useful application. The preprocessing of data is one of these areas, when
experts determine what data are needed, what statistical or other data transformations should
be done, whether computed variables should be provided, what normalization techniques
should be employed.

In the case of NN, there is a choice of net architecture, neuron type and training
methods, although most reports used the three layer (one hidden layer) forward net, with error
back propagation or conjugate gradient training of sigmoid response neurons.

13



3.4. ISSUES IN THE ACCEPTANCE OF NEW AI TECHNIQUES

As with the expert system and other AI methods, or software programs in general, the
validation and verification (V&V) issue is most important, especially in safety related systems
(and most NPP systems have safety aspects). Although NN have the benefit of small delivered
code, easy to check for "bugs", compared with the delivered code of KBS, there is a much
more cautious approach to the new AI techniques, as the explanation mode is missing. Thus
there is a need to reinforce the results of the new AI methods with more conventional
approaches, such as KBS.

There are already reported results of such combined methods, combination of KBS and
NN for diagnostics, and combination of FL with NN to enhance the understanding of the NN
results.

Thus, the integration of many available techniques, from deep knowledge based
modeling, through knowledge based systems, to the newer heuristic and history based
techniques of NN and FL should be explored to get the best features of each in building a
reliable system to be employed successfully in nuclear power plant operation.

There is no consensus yet as to which is the best way of implementing these new AI
techniques, but probably the first use in NPPs will be the hardware controllers using NN
algorithms, which are thought to have good adaptive characteristics in non-linear situations.
As these controllers can be tested easily, and digital controllers are already accepted, their use
may open the way for more general applications in NPPs.

14
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EXPERT SYSTEM APPLICATION AND
NEURAL NETWORK DEVELOPMENT FOR
NUCLEAR SAFETY IMPROVEMENT

F. DE VIRON, M. DE VLAMINCK
Tractebel,
Brussels, Belgium

Abstract

The paper presents the experience gained during the development
of two applications of artificial intelligence in the nuclear safety
field.
The first one describes the OPERATOR ADVISOR (OPA) expert
system developed at Tractebel to assist plant operators for optimal
recovery following an accident.
OPA uses an object-oriented expert system to have access to an
appropriate knowledge base, for either knowledge acquisition or
retrieving information for the operators.

The main advantages of such a system are :
• on-line access to a flexible and easy adaptable knowledge base;
• post accident monitoring of all operator actions;
• listing of all needed actions with the corresponding priority;
• availability of the relevant background information.

This system has been connected to the Doel 1 training simulator
for testing. The outcome of these tests will be presented.
The first version of OPA has been developed and field tested on a
SYMBOLICS platform. The current version is running on UNIX
station, written in LISP, CLOS and CUM. The paper discusses the
reasons and the advantages of these choices.

The second application deals with a research work in the field of
artificial neural networks. The objective of the system is to
perform an early warning of plant disturbances. The different
trails that were investigated indicated that it is possible, at least for
a number of chosen plant states, to develop in a network trained
by back-propagation, an internal representation of how core
neutron flux relates to other plant parameters.
Real plant (Doel 4) data were used in this work.

The paper highlights the following aspects:
• the approach and methodology selected and the rationale

behind these choices: the experimentation scenario and
underlying hypotheses, some details concerning the data pre-
processing, the network architecture and the training phase;

• the most significant results obtained at the present stage, with
Neural Works running on a SUN Spare Station;

• the expected improvements and perspectives of evolution in
this area: why the artificial neural networks technology looks
promising.
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1. Introduction

While Artificial Intelligence techniques were still considered as a
laboratory activity in the eighties, they are now increasingly seen
as a practical management tool in many countries.

Expert systems or Knowledge based systems have now matured
enough to offer some interesting applications in the nuclear
industry as can be observed by the growing number of
publications in this area. More recently Artificial Neural Network
developments have appeared quite promising for some specific
tasks.

2. The Operator Advisor knowledge based system

2.1. The NPP operator's role

While KBS techniques are being developed for various purposes
such as power production enhancement, or in order to increase
productivity, the Operator Advisor (OPA) development at
Tractebel is aimed at reducing the safety challenges to the plant.

The need to bring expert systems in the field of operation of
complex nuclear power plants results from the following main
observations :

The stringent safety measures taken in operating nuclear plants do
not allow a full automatisation of all operations, such that the
plant operator plays an important role to maintain the plant in a
safe state or mitigate the consequences of any plant transients or
accidents.

The results of PRA studies clearly indicate that the operator is the
weakest link in all the safety measures that are conceived to
prevent the degradation of an abnormal event into a severe
accident.

During the initial phase of an accident, when the protection and
safety systems are conceived to operate automatically, the operator
is nevertheless exposed to a large number of alarms and has to
monitor a large number of gauges in order to identify the plant
malfunction, since he has to take over after the initial automatic
phase.

Currently, the actions to be taken are available to the operator in
the condensed form of written sequential procedures which reflect
the outcome of a large number of analyses, experiments and
simulator sessions, all of which the operator cannot grasp at the
moment he follows the procedures.

The motive for developing OPA is to make this expertise available
to the operator and to prioritise the actions needed for optimal
recovery.

18



2.2. The Operator Advisor approach

The background underlying the post-accidental operation reveals
much more than a sequential process. Indeed, it requires a
dynamic task planning in a real time changing environment to
perform tasks of a different nature : sequential or parallel,
activated by success or failure of these tasks, executed under
dynamic conditions or inhibited in other situations.

Within that scope, an operator support expert system called OPA
(=OPerator Advisor) has been developed by Tractebel.

Two basic interfaces are available : a knowledge acquisition unit
for the expert, and a run time unit for the end user (the operator
or the shift technical advisor).

The operator advisor approach has resulted in an appropriate
knowledge representation scheme and an efficient inference
mechanism that permit OPA to act as a truly dynamic task
scheduler rather than a conventional computerised procedure
display.

This is illustrated in Figure 1 where the following run time
interface features can be recognised :

• A compact, action-oriented prioritized punch list.

• A history of past events that are relevant to the applied
procedure.

• Detailed information and explanation upon request.

It is foreseen that the system will operate in an event-driven way
without keyboard dialogue required, to supply the following
functionalities to the operators :

• Status assessment : accident diagnosis and status tree
monitoring, to supply information for both the event oriented
as well as the state oriented accident procedures.

• Automatic response management.

• Dynamic response management to supply :

- Context dependent advice on actions to be taken.

- Event-driven concerns and cautions.

- Continuous check of validity of diagnosis.

- Evaluation of operator actions.

- Display of background information upon request.

The capability to monitor the operator's actions is one of the
features that differentiates OPA from existing computerised

19
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FIG. 1. OP A run time unit.

procedure displays. The expert system not only suggests the actions
the operator should perform in an event-driven way, but can also
monitor a selected number of actions that should be avoided in
the actual situation.

2.3 Data processing aspects
Why choosing an object oriented approach

The monitoring function is implemented inside OPA via the
concept of "goals". Several independent goals represent the
procedure steps : they can succeed or fail according to given
criteria, they may require operator actions and they may activate
other goals depending on their success or failure. This kind of
mechanism is particularly well suited to object oriented
techniques, in particular class hierarchy, methods and generic
functions.

The object oriented approach allows a very modular
implementation and development of extensible programs. These
characteristics, e.g. modularity and extensibility, have been
extensively used for the development of the successive
prototypes.
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The port from Symbolics to Unix platform

The first prototype was developed and tested on Symbolics
platform. For the second prototype, a Unix platform was selected
for portability reasons

The software choices, i.e. Common Lisp with Common Lisp
Object System (CLOS) and Common Lisp Interface Manager
(CLIM), are also justified by portability and by the existence of
porting tools from Symbolics to the above mentionned softwares.
From the user-interface viewpoint, the choice of CLIM allows us
to design a very flexible interface with colour, buttons, dynamic
menus, context dependent mouse sensitivity etc.

2.4. Test results on training simulator

In order to demonstrate the feasibility of the approach, Tractebel
selected the steam generator tube rupture (SGTR) accident scenario
of a 2 loop PWR plant, since such an accident is not only very
probable and already happened in Doel 2, but it also requires a
number of operator interventions.

The first task is to enter the related knowledge into the OPA
knowledge base via the graphical knowledge acquisition interface,
which provides the system expert with an effective tool to describe
the evolution of the accident treatment in a natural way. This is
illustrated in Figure 2 where one of the multiple subtrees of the
procedure can be recognised i.e. the actions required upon
identification of the ruptured steam generator. This figure also
shows the various attributes that define the safety injection reset
function as supplied by the knowledge acquisition interface.

The next stage consists of the testing and updating of the
knowledge base by running the expert system in tandem with an
interactive SGTR accident simulation program, which supplies
the process data to the expert system. By simulating a large
variation of SGTR scenarios, one can check and improve the
knowledge base so as to be able to cope with multiple equipment
malfunctions or erroneous operator interventions.

In a third step, at the end of 1990, the expert system was connected
to the Doel 1 Training Simulator which was driven into a number
of SGTR scenarios. The outcome of the tests was mainly :

• The ability of the system to correctly diagnose the events and
advise the operators on the appropriate actions to take.

• A deeper insight in the information management support that
should be available to the operators in the control room during
emergency situations.

• A comparison of the merits of the expert system versus a more
traditional computerised procedure tracking system (wich has
been developed with that aim).
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FIG. 2. OP A knowledge acquisition unit.

The next steps which started at the beginning of this year are the
following :

• to make the system run on conventional workstations;

• to improve the man-machine interface;

• to broaden the knowledge-base;

• to study the behaviour of the system in real industrial
environment (response time, knowledge-base management, ...);

• to study the connection of the system with the computerized
supervision system of the plant.

3. Neural networks for early warning

3.1. Objectives

The heuristic character of neural networks is perceived as a novel
approach that allows one to use information about second and
higher order interactions between components and sub-systems
not as yet exploited in reactor control systems other than through
the medium of the operator's intuition.
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This study was started mid-90 in the scope of a CEC study contract,
on "Improvements in the use of plant parameters and state
information for safety enhancement using neural networks",
together with two other European companies, namely IBP
Pietzsch GmbH (Etlingen, Germany) and SOFT International B.V.
(Delft, Holland).

The objective of this study is to assess the potential of Artificial
Neural Networks (ANN) to perform early warning of plant
disturbances.

3.2. Why the ANN technology looks promising

As a complement to the knowledge-based approach, we find
particularly attractive the ability of neural networks to solve
problems requiring pattern recognition as part of their solutions.
As Y-H Pao [3] puts it, pattern recognition is important not only in
"perceptual" tasks (such as image or curve classification), but also
in more "abstract" tasks (such as diagnosis or data interpretation)
which, up to now, seemed best approached by symbolic AI
techniques (rules and objects).

The main features of neural networks relevant to nuclear plant
monitoring have been summarized by R.E. Uhrig [4] as follows :

• ANNs may "model", without any mathematical description,
relationships between parameters of a complex process. They
are able to classify some input patterns or to predict values of
parameters.

• They are able to respond in real-time to the changing system
state descriptions provided by continuous sensor input. For
complex systems involving many sensors and many possible
fault types, such as nuclear plants, real-time response is a
challenge to both human operators and expert systems.

• Finally, ANNs have the ability to recognize patterns, even
when the information making-up these patterns is noisy or
incomplete. They are very fault-tolerant.

Three major types of applications have been identified :

Type 1 : plant monitoring : prediction of the value of one
parameter on the basis of the values of other plant
parameters;

Type 2 : plant state classification : identification of the
operating state;

Type 3 : signal validation : detection of invalid signals.

The use of neural nets for early warning is an objective shared by
a number of applications of type 1 and type 2.
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3.3. Approach

To solve the difficult problem of collecting data on abnormal
conditions and of identifying significant plant states, it was
decided to study, in a first step, the ability of the network to predict
the values of signals that are most representative of the plant
operating mode. The prediction is based on the values of other
signals recorded at the same time. The network that we actually
developed is of type 1 where the predicted parameter is the
neutron flux. The hypotheses are the following :

1. a drift of the plant into some abnormal state will be reflected by
the network failure to predict the flux as accurately as it usually
does;

2. the network detection of an abnormal situation (i.e the
network propensity to make unusual mistakes) will occur
before the abnormal situation is detected by traditional means
(alarms, ...).

It was also decided to use the real data of one of the PWR Belgian
nuclear power units, i.e. Doel 4. We therefore collected plant data
at four different times. This gave us four data sets to work with.
These data sets correspond to different power levels (period 1 = 97
%, before plant shut down; period 2 = 0-87 %, immediately after
start-up; period 3 = 100 %; period 4 = 50%).

Furthermore, we selected 30 parameters representative of the
plant operating mode from 120 analog signals stored at a
frequency of one every 2 minutes.

3.4. Results

The tests have been performed with the NeuralWorks package on
a SUN Spare 1.

The data were first pre-processed as required by the network input
format. We encountered some problems during this data
processing, i.e. elimination of invalid or inconsistent data,
normalization, ... . A compromise had to be found in the
normalization in such a way that neither the noise is amplified,
nor the transients were smoothened out.

We have performed experiments with different sets of data for
training and testing with back-propagation networks. The results
of the testing phases are given in figures 3 and 4. These figures
show how the desired output for the output parameters compares
with the actual output.

Figure 3 shows results obtained with a network being trained over
four different periods on the odd entries and tested on the even.
Figure 4 shows the result of another experiment, where
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completely different periods for training and testing have been
chosen. The training set consists of data from periods 1, 2 and 3,
after some pre-processing (e.g. elimination of data during start-
up). The test set consists of data from period 4, also pre-processed.

The results obtained in this project indicate that it is possible, at
least for some chosen plant states, to develop, in a network
trained by back-propagation, an internal representation of how the
neutron flux relates to other plant parameters.

This experiment was quite useful to acquire a more practical feel
for the method, to better understand the problems and to see
more clearly the trails we could follow during the subsequent
phases of the study :

• Try to accumulate data related with incidents

We must dispose of a sufficient number of real data related
to pre-incidental operation periods.

• Tests on the quality of the prediction when the number of
inputs is smaller

• Try different network architectures and learning algorithms

It may also be worthwhile to look into other types of network
training algorithms. In particular, it does seem interesting to
explore the use of unsupervised learning in a network whose task
is to partition the data into clusters, i.e. identify new classes.
Reinforcement learning (dynamic creation of new classes) is also
intended to be investigated. What makes both these methods
attractive is the difficulty of an a priori specification of how the
"normal" plant operating states can be subdivided into a number
of significant sub-states. An automatic means of doing the
identification of such sub-states would be most welcome.

Conclusion
Both developments described in this paper are aimed at providing
assistance to the NPP operators in off-normal conditions.

The capability to monitor the operator actions and to advise him
in an event-driven way are the specific features that distinguish
OP A from other computerized operator support systems.

On the other hand, what has been done so far in ANN field can be
seen as mostly exploratory. The results obtained do not yet
confirm the general hypothesis that neural nets may significantly
contribute to the early detection of incidents. We believe however
that further experimentation, along the trails described above,
may yield more exciting results. We will pursue this effort.

26



Aknowledgements

The Operator Advisor Project has been partly funded by the
Belgian Institute for Research in Industry and Agriculture
(IRSIA/IWONL).

The ANN research program has been partly funded by the CEC
(Study Contract ETNU-0020-B).
The authors wish to aknowledge the assistance that has been
provided by the Doel Power Plant, as far as the data collection was
concerned.

References

[1] M. DE VLAMINCK, L. MAMPAEY, "Operator Advisor : an
expert system to help deal with emergencies", Nuclear
Engineering International, november 1989.

[2] M. DE VLAMINCK, "Operator Support systems using
artificial intelligence : actual situation and future in
Belgium", OECD Specialist's meeting on instrumentation to
manage severe accidents, Köln, 16-18 March 1992.

[3] Yoh-Han PAO, "Adaptive Pattern Recognition and Neural
Networks", Addison-Wesley, 1989.

[4] R.E. UHRIG, "Enhancing Nuclear Power Plant Performance
through the use of Artificial Intelligence" - Second annual
report - June 15, 1990 -Department of Nuclear Engineering,
University of Tennessee, Knoxville.

Next page(s) left blank 27



FBOLES: AN EXPERT SYSTEM FOR FAULT
DIAGNOSES OF NUCLEAR POWER PLANTS*

Qin ZHANG, Jin GU, Xuegao AN,
Shuren XI, Dazhi XUE
Institute of Nuclear Energy Technology,
Tsinghua University,
Beijing, China

Abstract
The basic concept of a Frequency-Based On-Line Expert System (FBOLES) approach

for the on-line fault diagnoses of nuclear power plants has been previously presented in our
companion papers [1-3]. This paper reports the status of the software development and some
of our experiment results. The main steam and feedwater condensate system (MSFCS, namely
the secondary loop) of a nuclear power plant simulated by the Tsinghua simulator has been
selected as a target system at the present stage ofdevelopment. The knowledge bases for MSFCS
has been initially constructed. Total 62 signals from the simulator have been selected as the on-
line evidence for diagnosis. As a software package, FBOLES can perform either the on-line
diagnosis where the signals are input from the simulator directly or the off-line diagnosis where
the signals are input by users from the keyboard. Also, the information base including the
knowledge bases can be modified by users easily and can be complied by FBOLES into coded
format that is really used in diagnosis.

1. INTRODUCTION

It has been noted that the operators in the control room of a nuclear power plant
play an important role when abnormality occurs. If they can quickly and correctly judge the
real fault causes of the abnormality and take the correct actions in time to control it, its
consequence may be reduced greatly; otherwise, it may lead to an unnecessary shut down
or even a serous accident like-what happened in the Three Mile Island Accident. However,
facing the large amount of information including spurious sensor signals, the complexity of
plant, the shortage of time and other factors affecting human reliability, operators may feel
difficult to make their judgement in time, or may make mistakes in their judgement.

Expert system can be such a tool that deals with a large amount of information in
a very short time and has much higher reliability than human being has. Its knowledge bases
can be constructed in advance by domain experts through detailed discussions, so that it may
be more knowledgeable than a signal operator. Since expert system has so many advantages,
many efforts have been put on the development of its theory and software, although the task
is quite difficult.

We have also been involved in such research and the basic concept of our frequency-
based on-line expert system (FBOLES) approach for the on-line fault diagnoses of nuclear
power plants has been developed and presented in our companion papers [1-3]. A brief
description of the approach is given below:

Suppose E=C\e *s a ^ of evidence collected on line and H={h1,h2,...,hm}is the
M ik

exhaustive and exclusive plant states or hypotheses, where ke{...,-3,-2,-l,0,l,2,3,...}
indicates the state of the process parameter monitored by sensor i or the state of the
component i. It is noted that for a given set of evidence E, most members of H become

* Worte partially supported by the International Atomic Energy Agency under contract 6060/RB.
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impossible. Only a small part of H is consistent with E. Denote the consistent part of H as
H*. Thus E=H*. Besides the evidence E, one also knows the time interval in which an
abnormality occurs. Let (t,t-f dt) denote the event that an abnormality occurs between t and
t+dt. Since dt is small, we get

FH/z.lr)
A e H'

otherwise Pr{hi|En(t,t+dt)}=0, where F{.} is a frequency function.
This is a frequency-based approach. It reveals that not considering (t,t+dt), which

leads to the unavailability-based approach, may be inappropriate.
H* is associated with E and must be found on line after E is received. To find H*,

we have

(2)

(3)

a=l

where " + Mis the exclusive OR operator; Ia+Ja={l,...,n}; R; denotes that sensor i is
reliable; Xik denotes that what e-lk indicates is true; SFik denotes that sensor i is
malfunctioning (when k*0) or failed to function (when k=0); HQ,. indicates the
imperfectness of the mini knowledge base that is intended but actually failed to explain Xik
due to its imperfectness; Sik indicates that signal i should be ignored because either the
sensor is failed or the corresponding mini knowledge base is imperfect so that the signal
appears conflict with others.

For the further development of H*, we treat each element in a term of the modified
equation (4) as a top event of a mini fault or success tree that serves as a mini knowledge
base. These trees are constructed in advance and their minimal cut or path sets are found
and stored in computer as the knowledge bases. By using these mini knowledge bases,
equation (4) can be further expanded in terms of minimal cutsets. These minimal cutsets
are then the detailed H*. During all the expanding, the recognition that more than one
independent initiating event rarely occur simultaneously is effectively employed to reduce
the computation amount.

It is noted that in practice, it is very difficult to ensure the completeness of the
knowledge bases. Fortunately, our approach has the capability to handle this case by treating
the imperfect knowledge bases in the same way as to treat the spurious sensor signals. Since
the redundancy of the signals indicating faults, ignoring a few of signals will usually not
affect the final diagnostic results. Of course the signal ignored will be flagged and a degrade
factor (e.g., 0.01) is multiplied when calculating the associated probabilities. One may
analyze the ignored signals later to see the detailed reasons (sensor failures or imperfect
knowledge bases). Since the probabilities of knowledge bases being imperfect are usually
much larger than those of sensor failures, the degrade factors reflect mainly the degree of
the imperfectness of the knowledge bases.

In some cases, the imperfectness of more than one mini knowledge bases under
similar signals is due to a common cause. In these cases, only one degrade factor should be
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multiplied because of the dependence. For example, if the same steam flow rate signals
from three identical lines are requested be ignored because of their imperfectness of
knowledge bases, only one degrade factor, instead of three, should be multiplied when
calculating

2. FUNCTIONS OF FBOLES

FBOLES is capable of performing three major tasks: the on-line diagnosis, the off-
line diagnosis and the information base compilation (see figure 1). The main menu enables
users to select among them.

INFORMATION
BASE COMPILER

Figure 1 Three major tasks of FBOLES
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Figure 2 Illustration of the on-line diagnosis

2.1 The on-line diagnosis function

As illustrated in figure 2, the on-line signals (evidence) are sent periodically (say,
once per five minutes) from the plant (or simulator in the present stage) to the computer
where FBOLES is loaded. Since the computer does not send any information back to the
plant or simulator, the normal monitoring and control of the plant will never be interrupted.
Once there are data on the communication port of the computer, the current work of
FBOLES will be interrupted to receive the data. After the completion of receiving data, the
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Figure 3 The normal case

Signal Checker function is started to see if there is any new abnormal signal. If yes, the new
abnormal signals are marked. After this, FBOLES automatically returns to its previous work
including repeatedly checking if there is any new abnormal signal.

When there is no abnormal signals, a "Normal" message is displayed on the screen
and everything on the screen stay steady except the blinking of the signs of the monitoring
points (see figure 3). If abnormal signals appear or new abnormal signals are added in, the
Inference Engine is started to diagnose the root causes (basic events) that trigger all the
abnormal signals. As result, the most possible event is displayed graphically on the screen
by reversing the color of a specific rectangle on the screen (see figure 4), along with a
continuous bell alarm until a keyboard hit or the appearance of new abnormal signals. The
bottom line shows the name of the current shown event and its description. After users hit
any key on the keyboard, the bell will end. Then users may chose one of the six functions,
Event Selection, Bar Chart, Fault View, Signal View, Add Component States and Delete
Event, to get more information or modify the information of the diagnostic results.

The Event Selection function allows users to chose which of the most possible ten
events to be shown.

The Bar Chart function is a switch. When it is turned on, a bar chart will be
displayed on the screen in a position away from the rectangle of the shown event (see figure
5). In the chart, six bars are displayed. The first is always yellow and always represents the
probability of the most possible event. It is used as a reference. The following five bars
represent the probabilities of a group of events including the one currently shown. The bar
of the currently shown event will be red. The others will be white. Only the first ten events
are designed to be able to be displayed on screen graphically. They are grouped as
{l,2,3,4,5}and {6,7,8,9,10}.Each time, only the group including the currently shown event
are shown in the bar chart. The top line of the chart shows the identification number of the
currently shown event, the bottom line shows its probability.
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Figure 4 Abnormal signals received

Figure 5 Show bar chart

The Fault View function allows users to view the names and descriptions of the first
possible twenty five events (see figure 6).

The Signal View function allows users to view signals both in names and descriptions
(similar to what shown in figure 9).

The Add Component State function allows users to add the component state signals
into consideration. A component state signal is such a signal that simply indicates the state
of a component. For example, in the plant simulated by the Tsinghua Simulator, there is a

33



Figure 6 Show fault view

signal indicating whether a main feedwater pump is running or stopped. There are no
knowledge bases associated with these signals. They are not used in the Inference Engine.
When users press key "a" the first time, the events that are inconsistent with the component
state signals are removed from the event list. In the current stage, there are 28 component
state signals in consideration. When pressing "a" the second time, only the events that are
confirmed by the component state signals are kept in the event list. When pressing "a" the
third time, the component state signals are removed and the original event list is recovered.
Each time after pressing key "a",the probabilities of the remaining events are recalculated
so that they sum up to one.

The Delete Event function allows users to delete the events that have already been
confirmed not true. When pressing key "d",a list of events is shown on the screen. Users
may highlight the event to be deleted and then press "Enter" key to delete it. Before
executing the deletion, a warning message will be pasted on the screen and users can chose
whether to confirm the deletion or not (see figure 7).

Users may also chose Reset function to restore FBOLES by pressing key V.Before
doing this, a warning message will be pasted on the screen and users may chose whether to
confirm it or not. The Reset function means to clear all the abnormal signals and event list,
and restore the screen to the normal state. Then the signals received first time after "Reset"
will be treated as the normal signals and the later received signals will be compared with
them to see if there are any differences. If a later signal is different from the one received
the first time and the difference is large enough, this signal is treated as an abnormal signal.
In fact, FBOLES treats the signals received the first time as the normal signals. In the
current version, the normal range of a signal is ±5%. If the deviation is larger than 5% but
less than 50%, the signal will be treated as an abnormally Low or High signal; If the
deviation is larger than 50%, the signal will be treated as an abnormally Low Low or High
High signal. Different abnormal signal corresponds to different mini knowledge base.

If for a given set of signals, the Inference Engine generates a null set, i.e.,no event
can explain this set of signals, then at least one of the signals must be spurious or its
corresponding knowledge base is imperfect. In this case, a message will be pasted on the
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Figure 7 Delete events

bottom line. Users may chose to ignore one of the signals or not. If the selection is "yes",
the Inference Engine will ignore signals one by one. Since there may be correlations among
the imperfect knowledge bases, some signals may be ignored as if they were a single signal.
The correlated knowledge bases are specified by users in a DOS text file. After this step,
if the result is still a null set, a message will be pasted on the bottom line again indicating
that at least two signals should be ignored. Similarly, users may chose to do so or not. If the
selection is "yes",lhe signals will be ignored two by two. After this, the diagnostic results will
be displayed on the screen. If the result is still a null set, a message will be pasted on the
bottom line indicating that at least three signals should be ignored. In the current version,
FBOLES is not able to ignore more than two signals. However, we believe that it would be
very rare that more than two signals are spurious or more than two knowledge bases are
imperfect in one case.

By pressing key "e",Users can chose to exit the on-line diagnosis and return to the
Main Menu.

2.2 The off-line diagnosis function
As illustrated in figure 8, the off-line diagnosis is similar to the on-line diagnosis. The

only difference is that the signals are input from keyboard by users instead of from the plant
or simulator directly. Once the key Vis pressed, a list of all signals are displayed on the
screen (see figure 9). Users may highlight a signal and indicate its state by pressing "0",
"r,.--,"5".The description of the signal marked is shown in the bottom line. A legend
information window is also shown on the screen to help users to select. By pressing "Esc"
key, the signals selected are input and the Inference Engine starts to work.

2.3 The information base compiling fonction
In the current version, the coded information base of FBOLES is composed of eight

parts:
1. The coded knowledge bases composed of the minimal cut sets for explaining each

abnormal signal respectively. The order of the knowledge bases must be consistent
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Figure 8 Illustration of the off-line diagnosis

Figure 9 Signal Selection

2.

3.
4.
5.

with the order of signals sent from the plant or simulator. The order is specified by
a DOS text file. When executing the compilation, the information in this file will
conduct FBOLES to take the mini knowledge base files in a specified order into the
compilation leading to a coded knowledge base file that is finally used by FBOLES
in diagnosis. The mini knowledge bases may be constructed with the help of a
software named "TREE-EXPERT" developed by our institute (see reference [4]).
The basic event data, i.e.,the failure rates and undependabilities. They are used to
calculate the conditional probability of the root causes.
The basic event description that is used for description of root causes.
The correlations among the imperfect mini knowledge bases.
The signal description that allows FBOLES to display the state and description of
each signal to users.
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6. The information specifying the correspondence between the component state signals and
the basic events. Sometimes, more than one events are associated with one
component state signal. For example, a relief valve open signal may associate with
"the relief valve fails open" and "the relief valve fails to restore on demand."

7. The information specifying the relationship between the rectangles on the screen and the
basic events. With this information, FBOLES can show the diagnostic results
graphically on the screen.

8. The picture of the system for which the fault diagnosis is performed. This picture can
be drawn by using the software named "TREE-EXPERT" (see reference [4]). Also,
users can use TREE-EXPERT to define rectangles on the screen. These rectangles
are then associated with basic events as specified in item 7 above.

The information base is independent of the software itself. Users may prepare many
information bases corresponding to different plant operation modes or different subsystems.
Also, users may modify the information base by using the ordinary DOS text editors and
then recompile it so that the information base, in particular the knowledge bases, can be
updated easily. From the Main Menu, users can select to use which information base in
diagnosis according to the real plant operation mode.

3. SOME TEST RESULTS

We have initially developed the information base for the first stage fault diagnosis
of the main steam and feedwater condensate system (see figure 3) simulated by the
Tsinghua Nuclear Power Plant Simulator. This simulator was bought from the United States
in 1986 by the Chinese government, which was made for the Sheron Hariss nuclear power
plant unit one. With this system, we have initially tested FBOLES through the following
experiments:

1. Isolation valve VI1 in feedwater line A fails closed;
2. Tube rupture in steam generator C (2271 LPM);
3. Main steam isolation valve A fails closed;
4. Heater drain pump A fails off;
5. Condensate pump A fails off;
6. Main feedwater pump A fails off;
7. Two main feedwater pumps fail off due to common cause;
8. Low pressure heater bypass valve V21 fails open.

For simplicity, we have assumed:
1. the reactor is normally operating with 100% of power before upset;
2. the diagnosis is only for the failures occurring during or before the first stage of

upset (before reactor trip and start of standby systems);
3. knowledge bases are constructed for only the first stage diagnosis,

For example of the first experiment listed above, the abnormal signals received on-
line are listed below in the order of their appearance:

FT476-7L Feedwater flow rate of line A is abnormally low
PT2200H Suction pressure of feedwater pumps is abnormally high
FT486-7H Feedwater flow rate of line B is abnormally high
FT496-7H Feedwater flow rate of line C is abnormally high
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LT474-6L Level of steam generator A is abnormally low
PT2100H Discharging pressure of feedwater pumps is abnormally high
PT2320H Suction pressure of condensate pumps is abnormally high;

The diagnostic result contains three candidates:
1. Isolation valve VI1 in feedwater line A fails closed (probability=46.2%);
2. Feedwater isolation valve V26 in feedwater line A fails closed (probability=46.2%);
3. Feedwater control valve FCV498 in feedwater line A fails in low position

(probability=7.4%).

It is obvious that they are consequence identical. After adding the component state
signals, the first event is easily confirmed to be the true cause. The similar results were
obtained for other experiments.

4. FURTHER WORK TO BE DONE

1. At the present stage, our knowledge bases are only initially constructed. They need
further modifications.

2. As planned (see reference [3]), the non-initiating events associated with the initiating
events should be found after finding the latter. At the present stage, however, this
function has not been added into FBOLES. We have only tested this function by
hand calculation. It is expected that in the near future, this function will be added
into FBOLES.

3 Since FBOLES is still under development, the current experiment results are only
initial. All the experiments need to be repeated after the completion of development.

4. In the current version of FBOLES, the order of signal appearance is not considered.
We expect that by adding this information, the diagnosis may be more accurate.
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Abstract

The paper describes the present state and future prospects
of the Expert System for Operator Support (ESOS) developed in
Nuclear Research Institute at Rez near Prague (NRI).The special
emphasis is put on knowledge acquisition and knowledge base
representation means - ERB.

ERB is a package of programs, which enables the user to
create, edit and compile knowledge base of the Expert system
RECON , to create and edit testing data and to test knowledge
base (KB).

Knowledge base is displayed in the form of graph, where
nodes represent the rules and arcs represent the relations
"PREDECESSOR—>SUCCESSOR".The filling of KB is .integrated with
the design of their graphical representation. Owing to this, the
form of the KB representation makes the whole KB more
understandable.

Process of filling of KB corresponds with general
methodologies, where in the first step nodes with identifiers and
texts are defined, in the second step relations between them are
specified, in the third step the predecessor are defined and
finally, relations between nodes are concretized .

The paper contains description of the functions offered by
the ERB.

1. Introduction
The paper is aimed at presentation of a software developed for
production of knowledge bases (KB) used by an expert system
RECON, and of some lessons learned during the production of the
knowledge bases.
The RECON system is a basis of an expert system TEEX being
developed in the framework of the ESOS project (Expert System for
NPP Operator Support) for the WER 440 (1000) type NPPs. The
system will help the NPP operator in difficult or time-stressing
situations which should decrease the number of incorrect
interventions and, in this way, improve the NPP safety.
In the next chapter of this paper, a brief description of the
expert system RECON is presented. In Chapter 3, the way of
connecting the TEEX computer to the data is described. The
remaining chapters deal with the problems of production of KBs.
More detailed explanation of the procès of KB production and
a description of functions of a program for KB production will be
given during presentation of the software demonstration versionon a PC.

2. Expert System RECON
The expert system RECON was developed within the framework of
development of the Expert System for Operator Support TEEX.
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FIG. 1. Connection scheme of the expert modules.

A detailed description of the systems TEEX and RECON is presented
in Ref. l; here, only a scheme of the TEEX system structure and
a brief description of the latest version of the system RECON
will be given.
The RECON is a fast, diagnostic expert system oriented to
real-time operation. The system works with knowledge, represented
in the form of rules of the type:
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IF<Condition> - THEN<Event>.
The syntax of the rules is described in the diagrams presented
below. The truth value of logical objects, e.g. conditions of the
rules, can attain three values YES, NO, and UNKNOWN. The state
UNKNOWN was introduced in order to incorporate the possibility of
loss of input data.
The rules in the base are arranged topologically which excludes
the possibility of cycles. Inference engine performs all rules in
the base one by one in the topological order. To perform a rule
means, that the value of its condition is evaluated and if the
value is YES, the actions of the event are immediately performed
in the order in which they are recorded in the event. If the
value is NO or UNKNOWN, the event is skipped. Thanks to the
topological arrangement, at the moment of calculation of each
condition, the calculations of the conditions of rules to which
this condition reffers are already performed.

The Expert System RECON can handle the following data objects:
External data (ExtVars)

Internal data (IntVars)
Truth values of the rules -

input data which can be only read and
not modified. It is only float-type
data.
log, float and long int type data
which can be both read and modified,
log type data, equal to the truth
value of condition of the
corresponding rule at the moment of
its calculation.

The syntax of a rule can be described by the following diagrams:
<Rule>::=<Identifier>

<Rule text>
<Condition>
<Event>.

<Identifier>::= a string, by means of which it is possible to
reffer to the truth value of a given rule from
another rule.

<Rule text>::= a text, describing semantic meaning of a given
rule; the text is significant mainly for
understandability during work with the base
(production, modification, explanation).

<Condition>: :=<Logical expression:»-.
<Logical expression>::= consists of <Logical objects>, <Logical

operations> and <Parantheses> which are
combined according to the common rules of
algebra.

<Logical object>: :=<Logical constant;», <Validity ExtVar>,
<IntVar>, <Validity IntVar>, <Reference>,
<Logical function>, <Relational expressions

<Logical constant>::= "YES", "NO", "UNKNOWN".
<Validity ExtVar>::= <Ident ExtVar>".P".
<IntVar>::=<Ident IntVar>.
<Validity IntVar>::=<Ident IntVar>".P".
<Reference>::="$"<Rule identifiers
<Logical functions:= Function, declared as "log".
<Relational expressions : = <Logical expressionxRelational

operationxLogical expression>,
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<Arithmetic expressionxRelational
operationxArithmetic expression>.
The left and the right expressions
must be of the same type.

Relational operations :=">", ">=", »<», »<=", "=«, "<>».
<Arithmetic relation>::= an expression composed either of the

float-type objects and <Arithmetic
operation>, or long-integer-type objects
and <Arithmetic operation>. The float-
and long-integer-type objects cannot be
mixed in one relation.

<Arithmetic operation>: := "+", "-", "*", "/".
<Logical operations : = "NOT", "AND", "OR".
<Paranthes is>: := "(", ")".
<Identifier>::= A series of letters, digits, and "_" not

beginning by a digit. Its length is determined by
the editor and compiler versions and amounts
mostly to 8 to 10 characters. The identifier and
its type are determined according to the place of
its declaration. An identifier can be declared in
the list of IntVars and ExtVars, or in the file
USERLIB.H (function), or in the rule identifier
field.

<Event>::= [<Function>, <Assignment>]... .
<Assignment>::=<IntVar>":="<Arithmetic expression>.
Owing to the fact that the RECON follows the parameters on-line
and in real time, special operations performing skewing of the
changes of condition value are available. These are:
plus-timing, minus-timing, and HOLD-timing operations. Their
function is described by the time courses in Figs. 2a) to 2c).
Use of functions is an important feature of the RECON. The
functions can be used both in a condition as a source of data,
and in an event as an algorithm triggered by a condition. Only
the functions from the USERLIB.C file can be used in the RECON.
Experienced user, however, can incorporate in the file the
functions which needs for his application, e.g. functions for
output, input, modelling, and computations.

3. An example of connection to the data
The source of data for the expert system on the NPP Dukovany is
represented by the NPP Information and Computational System
(computer SM 2M) which collects approximately 5000 measured data
of the real process. The computer is connected with a so-called
Data Concentrator (computer ADT 4700) which, among others,
collects all data provided by the Information and Computing
System. The Data Concentrator is directly linked with the
Operator Support System (OSS) personal computer by means of
HP-IB. On the basis of a request from the OSS computer side the
Data Concentrator sends all data provided by the Information and
Computational System. This fact enables selection of the data
transfer period by software means on the OSS computer side. The
Information and Computational System measures the real process
data with period of 4 s and also the data transfer between the
Information and Computational System and the Data Concentrator is
performed with period of 4 s. Besides the value of each quantity,
the Information and Computational System provides also
a two-valued so-called credibility indicator. Moreover, each
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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

c) HOLD-timing:
<Logical_expressionl>

true

<Logical_expressionl> false

true

<Logical_expression2> false -

<-Time—

HOLD <Logical_expression2>

<Condition>

true

false

FIG. 2. Types of rule timing.

transferred data set includes the value of time of measurement
and, in order to improve the data transfer reliability, a control
summ which is evaluated.
4. ERB - Graphic editor of the knowledge bases
ERB is a computer program, enabling production, editing and
compiling of the R-knowledge bases, production of test data sets
and testing of the R-bases on the data.
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The necessity to develop the KB graphic editor followed from
experience, obtained during development of the KB by means of
a text editor, and from the first model of the expert system for
explanation of the conclusions of diagnostics. It was obvious
that it is necessary to develop a means enabling presentation of
KB in a better-arranged form and making orientation in and
understanding the KB easier not only to the author himself, but
also to the other users. This feature of the KB editor then also
makes communication between the creator of the KB and the experts
participating in KB creation and debugging easier.
A knowledge base is displayed in the form of a graph where a node
represents a rule and an edge represents a connection
predecessor->successor. The node has the form of a rectangle in
which, over the top edge, the rule identifier is written and,
inside the rectangle, there is a text.The edge has the form of an
abscissa leading from the predecessor top edge centre to the
successor bottom edge. Owing to this the end nodes (hypotheses)
are situated at the top, and the inlet nodes are situated at the
bottom. The location of nodes and identifier and rule text is
determined by that person, who produces the base. In this way
production of the base is naturally linked with the design of its
graphic representation which not only ensures correspondence of
the form (representation) and the content, but also makes the
content understandable.
Production of a base is adapted to common methodology of
knowledge base where the terms (hypotheses, intermediate
hypotheses, etc.) = nodes with rule text and identifier, their
couplings = edges, then the terms are made more detailed =
predecessors, and, eventually, the couplings among the terms are
concretized = conditions and events of rules. Below, concrete
description of actions which are enabled by the ERB is presented.
One screen can accommodate 60 nodes as a maximum. It is therefore
possible to declare on the screen arbitrary list node as
a so-called supernode through which it is possible to pass to new
screen where the node can be made more detailed. Maximum number
of screens and the number of rules, nodes, edges and texts depend
on the size of the operational memory. In the basic version, 200
screens are available.
There is always only one working node on the screen. This node is
highlighted according to the version. For the working node it is
possible to switch over to editing of the rule. The change of the
working node is performed either by the Tab key or by a click of
the mouse. Further, only the description of the individual
functions of the ERB is presented and it is up to the user to try
the functions in practice since this is more beneficial than long
explanations.

5. Description of the ERB functions
1) Formation and modification of the KB:
INS - Inserts a Node, an Edge, a Predecessor, a Successor

After pressing the Ins key, to press one of the keys U, H,
P, N in order to change for the element insertion mode.
The UPN-arrow selects the position, Enter inserts the
element. ;H- to the working node by means of the mouse or
by Tab key selects the successor, Enter or repeated click
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of the mouse inserts an edge. Esc key returns from the
insertion mode into the basic mode.

DEL - Deletes a node, an Edge, a Structure, that is, the screen.
U - change for the node deletion mode. Tab key or mouse

selects a node, Enter deletes the node.
H - change for the edge deletion mode. Tab key selects

a node, Enter deletes the node.
These two modes can be quitted by the Esc key.
S - change of a structure for a node. The node can be then

deleted by the process mentioned above.
Alt-fM- Moves the working node.
Alt+E- Edits the working node rule. Change for editing the rule.

Tab key moves among the items, F2 saves the rule and checks
the syntax. Esc - quits the rule editing.

Alt+S- If the working node is a list, new screen is formed.

2) Movement in the knowledge base:
Tab, Shift+Tab - changes for the following (preceding) node. The

same is achieved by a mouse click on the node.
Enter - changes for the screen corresponding to the working node.
PgUp - Changes for the screen from which you changed for the

working screen.

3) Work with the base :
F2 - Saves the base.
F3 - Reads the base.
Alt+N - Produces an empty base and deletes the working one.

F4 - Edits the list ExtVars. New ExtVars is declared by means
of the Ins key. The declaration has the form <Ident
ExtVar>"="<Adress>. Arrows - selection of declaration,
Del - deletion of the declaration.

F5 - Edits the list IntVars. New IntVar is declared by means
of the Ins key.
The declaration has the form

<Ident IntVar>":"<Type>.
<Type>::="float", "longint", "log".

Arrows - selection of the declaration,
Del - deletion of the declaration.

Alt+G - Generates the base in the text form.

4) Base debugging:
Alt+K - Compiles the base and produces a code for interpreter and

text in "C" language.
F6 - Displays the errors detected during compilling or a check

of the edited rule.
Alt+D - Starts the data editor EDIR in which the test data set

can be produced.
Alt+T - Starts the testing computer code which, with the D key

pushed, reads new batch from the data set, performs the
inferention and displays its results by the colour of the
nodes and edges on the screen.
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H Y P O T H E S E S

LOGICAL
EXPRESSIONS

\

USERLIB.C

RELATIONAL EXPRESSIONS / DATA

FIG. 3. Scheme of the knowledge base structure.

6. Description of the knowledge base
General structure of the knowledge base is shown in Fig. 3. The
meaning of objects "RELATIONAL EXPRESSIONS", "LOGICAL
EXPRESSIONS", "USERLIB.C", and "INTERNAL DATA" is presented in
Chapter 2. The object "INTERNAL STATES" includes the KB rules the
validity of which is affected by timing, and the object "INTERNAL
DATA". It is necessary to devote special attention to the use of
the object "INTERNAL STATES" in order to prevent faulty
conclusions. The object "HYPOTHESES" represents a set of rules
which, provided that the conditions of the rule are satisfied,
present the conclusions of diagnostics to the KB user.
A comparison of presentation of the KB in the text and graphic
mode is possible by means of comparison of Fig. 4 and Fig. 5
showing the same parts
presentation.

by means of comparison of Fig.
of the KB in different

Fig.
modes of

Another examples of KB and lessons obtained during the work with
the graphic editor ERB will be given during presentation of the
demonstration version of the program.

7. Conclusion
The developmental version of the editor ERB is used in
preparation of basic information on production of a KB by means
of which the expert system should check the state of a NPP unit
after an emergency shutdown. The graphic editor proved competent
and it shows that the graphic editor contributes also to proper
focusing the discussion.
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1: $PGlLs_10
IF{PGl_Ls <= -14.0)
THEN HLASENI("Ls NV V PG1 <= -140 MM",10,#);
2: $PGlLs_20
IF(PGl_Ls >= 7.5)
THEN HLASENI("Ls NV V PG1 >= 75 MM",10,#);
3: $PG1LS_30
IF(PG1_LS >= 10.0)
THEN HLASENI("Ls NV V PG1 >= 100 MM",10,#);
4: $PG2Ls_10
IF(PG2_Ls <= -14.0)
THEN
5: $PG2Ls_20
IF(PG2_Ls >= 7.5)
THEN
6: $PG2Ls_30
IF(PG2_Ls >= 10.0)
THEN
7: $PG3Ls_10
IF(PG3_Ls <= -14.0)
THEN
8: $PG3Ls_20
IF(PG3_Ls >= 7.5)
THEN
9: $PG3Ls_30
IF(PG3_Ls >= 10.0)
THEN
10: $PG4Ls_10
IF(PG4_Ls <= -14.0)
THEN
11: $PG4LS_20
IF(PG4_Ls >= 7.5)
THEN
12: $PG4Ls_30
IF(PG4_Ls >= 10.0)
THEN
16 : $PG6Ls_10
IF(PG6_Ls <= -14.0)
THEN
17: $PG6Ls_20
IF(PG6_Ls >= 7.5)
THEN
18: $PG6Ls_30
IF(PG6_Ls >= 10.0)
THEN
0 : $PG_NV_0
IF($PGlLs_10 OR $PGlLs_20 OR $PGlLs_30 OR
$PG2Ls_10 OR $PG2Ls_20 OR $PG2Ls_30 OR
$PG3Ls_10 OR $PG3Ls_20 OR $PG3Ls_30 OR
$PG4Ls_10 OR $PG4Ls_20 OR $PG4Ls_30 OR
$PG5Ls_10 OR $PG5Ls_20 OR $PG5Ls_30 OR
$PG6Ls_10 OR $PG6Ls_20 OR $PG6Ls_30)
THEN HLASENI("KONTROLA NV V PG",10,#);

FIG. 4. Example of presentation of part of KB in the text mode.
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FIG. 5. Example of presentation of part of KB in the graphic mode.
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Abstract

The development of new techniques, especially in the field of Artificial
Intelligence, makes it possible to design more powerful computerised
systems supporting tasks related to the design and operation of nuclear
power plants. The potential contribution and perspectives for the integration
of such systems depend upon whether the improvement of existing plants,
the design of next generation reactors or future projects are concerned.
This paper will present four systems which show the state of the art in the
field of knowledge-based systems. The first one is related to the automatic
generation of accidental procedures dealing with the toss of electrical power'
supply. The second one aims at assisting the power plant utility in following
the technical specifications during maintenance operations. Finally, the last
two are designed to help an emergency team to evaluate and to forecast the
evaluation of an accidental situation in a nuclear reactor plant.
Perspectives for one-line operator assistance are then discussed, as well as
the main technical topics which will make possible the design of such
systems. We conclude with the difficulties which are encountered upon the
integration of these tools : their validation and the task sharing between man
and machine.

INTRODUCTION

Within the framework of French electro-nuclear program, the mission of the Atomic Energy
Commission (CEA) is to develop researches, basic and short term studies in order to support
FR AM ATOM E and Electricité de France for the design and the operation of Nuclear Power Plants.
Particularly, CEA carry on one's long term development about future rectors.
The development of new techniques, especially in the domain of Artificial Intelligence, makes possible
the design of new computerised systems, supporting tasks related to design or operation, or which
may help the designer, operator or expert to perform these tasks. According to the object of these
developments whether for: actual reactors or future ones, the potential gains and integration
possibilities will naturally be different.

In this communication, we will present first, some realisations which present the state of the art in
knowledge-based systems and some developments showing the potentialities of these new
techniques. Then, related technical problems which will have to be solved in the near future, will be
discussed. At last we will emphasise specific features of these applications in relation to the safety of
Nuclear Power Plants.

KNOWLEDGE-BASED SYSTEMS FOR DESIGN AND OPERATION OF NUCLEAR REACTORS
Artificial Intelligence is a large domain composed of various research topics, techniques and tools at
the conjunction of various scientific fields (cognitive sciences) including studies about brain functioning
(neuro-biology, psychology...), communication sciences (linguistics), and applied sciences such as
computer sciences. They are closed essentially in the fact that they are concerned about the
representation and manipulation of symbolic knowledge.
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In the computer field, Artificial Intelligence concerns techniques about the representation, symbolic
processing and the communication of knowledge. First, these various techniques will be briefly
described, then their applications for Nuclear reactors will be presented.

Knowledge Representation
The aim of many works performed in Artificial Intelligence has been to develop method for structuring
knowledge : semantic networks, frames... Initially built as support for memory functioning studies or
language learning, these methods were integrated in computer tools such as Object Oriented
Languages.
In parallel, the knowledge representation according to logical deduction rules has been developed.
At the present time, these two approaches : Object Oriented languages and logic rules are two
complementary techniques for knowledge representation.

Problem Solvers
In a same manner, the human metaphor was used to develop new approaches for solving complex
problems. After the first unfruitful attempt to build a general problem solver, it becomes clear that the
efficiency of human reasoning can be explained only by the use of knowledge in the domain about the
problem. This knowledge, also called heuristics, allow the exploration limitation's of the research
domain. Nevertheless, they introduce some uncertainties about the solutions validity and
completeness. That approach has led to the development of Expert Systems based upon a large field
of knowledge about a limited domain and upon logical deduction mechanisms (inference engine).
When one are interested to technical systems description, the actual tendency is to take into account
deep knowledge which describes systems composition and operation, and to use more powerful, yet
more specific reasoning mechanisms than logical deduction. For instance : Interpretation methods
including hypothesis generation and refutation mechanisms or planning techniques dedicated to the
generation of ordered sequences of actions, satisfying objectives and constraints, has been developed
in this framework.

Communication
Communication between Operators or Experts and A.I. tools will be greatly improved in the near
future by recent research about Natural Language. Principally, studies concerning Distributed Artificial
Intelligence and Problem Solvers, ask for developing communication mechanisms between two
intelligent entities; each one needs to have a model of knowledge, beliefs and intentions of the other.
This will be an important research domain for the improvement of man-machine interfaces, when such
computerised systems will be designed with more and more high level capacities.

Potential Applications
In the field of Nuclear Reactors, the potentialities for using these methods concern all the plants entire
life cycle, from design to operation and dismantlement. The following technical topics or operator
tasks ccan be shared, or even fully realised, with a computerised system :

- Design aid : A.I. computerised tools can be developed for design knowledge management, aid
to technical choice, supervision of numerical computer codes (pre and post-processing,
computational procedure definition and management...), analysis of computationor experimental
results;
- Safety analysis aid : verification and validation of design rules and criteria, aid for reliability
analysis or risk studies;
- Off-line operation aid : operational procedures elaboration, maintenance aid, incident analysis
and operator training.
- On-line operation aid : aid for reactor control, and aid to crisis teams during accidental
situations.
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Among all these topics, computerised control aid will be the more ambitious application because it has
the most requirements : knowledge complexity, on-line integration, operator interaction, reasoning
validation and robustness Nevertheless, a great part of the required techniques may be developed for
other applications which will be described in the next session.

EXAMPLES OF DEVELOPED KNOWLEDGE BASED SYSTEMS

The following presented K.B. systems are applications which are now operational and implemented
on-site. Only the third one (consignment aid) is a mock-up in order to make a feasibility
demonstration.

Electrical supply : automatic elaboration of incidental procedures
French Gas-Graphite Nuclear power plants are characterised by a great redundancy of electrical
systems, large and complex connections between them, particularly for reactor control. A failure on
an electrical component can often be repaired by switching appropriate links. Due to the complexity, it
is difficult, even for experts, to set up the best procedure in case of multiple failures. The aim of the
SAGACE Knowledge Based System is to aid experts to elaborate electrical supply incident and
accidental procedures.
SAGACE mahes possible :

- to investigate consequences of a set of failures (simulation)
- to elaborate planning actions in order to recover principal safety functions (planning)

An Oriented Object representation is used to describe the electrical installation. This technique which
is based upon class arborescence, instances, inheritance mechanisms between classes and local
methods is particularly well adapted to represent complex systems. It presents good properties for
easily managing knowledge base consistency and evolution. The dynamic behaviour of the system
and its components is describes by using first order logic rules.
The electrical plant is made of about 800 objects (electrical supply, switchboards, active components
of electrical circuits...), about twenty first order logic rules are sufficient to describe the behaviour
manual or automatic operations and securities. A simplified functional representation (logical tree) of
all circuits involved in security functions (C02 loops and cooling systems) is made in order to link
availability of systems and functions to the working state of their components.
The simulation phase is performed in order to evaluate the manoeuvrability level of all components and
the availability of systems and safety functions. The simulation mechanism is made in two recursive
steps : local treatment of a component status and propagation of its consequences. Immediate or
short-term unavailability of systems can be detected according to the status of power supply (use of
batteries). Automatisms are taken into account for the simulation phase.
During the planning phase, SAGACE generates a complete set of well ordered actions which may
make available a component, a system or a function. The various action plans are ordered according
to the number of actions to be done and those which will be performed in the control room. The KB
system also gives information on all consequences of each action plan on the plant. Then, it is
possible to validate one of these action plans and the plant status is modified. Security rules are
integrated to the planning phase as pre-conditions for some actions. For instance, one avoids to
parallel batteries.
Optional action plans are proposed for the following cases :

- necessity to switch on supplies for manoeuvrability or order transmission;
- necessity to switch on a battery on a switchboard only supplied by a rectifying device.

Specific planning mechanisms have been developed for this application and some particularities of the
problem are used in order to be more efficient then generic one'. It is then possible to treat several
hundreds of components in a very short CP time.
SAGACE also has functions which permits the user to understand reasoning which is performed. It is
possible at any time to question the system on the plant status, including all virtual status associated
to the planning generation.
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Even if this KBS is designed for an off-line use, it can be easily extended without any modification, for
an on-line aid tool for operators. In this case, it shall be linked to a diagnostic system concerning
electrical failures. A on-line use will make it possible to cover in an exhaustive way, any possible
accidental situation, which can be done by classical procedures.

Aid to Material Consignation
Nuclear power plants have to operate in domains which are defined in the design and safety analysis
phase. Technical operation specifications are a set of rules which define physical domains and safety
systems availability to be respected in each one on the various operation states of the plant, from the
plant start-up, yo normal operating and to refuelling.
During an annual shut down of a plant for refuelling, many maintenance operations are performed
concurrently. These operations need to consign components leading to the systems non-availability.
Multiplicity of interventions added to an important number of technical specifications lead to complex
management of such situations. For these reasons, a mock-up of a Computerised consignment-
deconsignment Aid system was developed for the CEA Nuclear Safety Institute (IPSN) in order to
demonstrate the feasibility of such an approach.
The two main functions of the system are :

- detection of incompatibilities between the various considered consignments for a given
reactor standard status;
- indication of de-consignment operations to be performed before changing the reactor
standard status.

The plant description (PWR 900 MW) is identical to the previous one. Technical Specifications are
described by logic rules. The KB system automatically deduces the necessary status of auxiliary
systems (electrical supply, control, components cooling...) which are not always described in technical
specifications. For a given standard reactor status, the KB system verifies whether the rules are
respected and, if not, it indicates the minimum of consignments necessary to satisfy technical
specifications.

Aid to Accidental Crisis Teams
In case of an accident on an EdF Nuclear Power Plant, a national crisis organisation is set up to
manage the crisis, which is composed of EdF an national and local authorities. In this organisation,
the Nuclear Safety Institute (IPSN) has to support the Industry Ministry to evaluate the situation and
forecast the evolution, mainly in terms of environment radioactive release risk, in order to advise
authorities of necessary protection measures. To this goal, a communication network links the
Nuclear Power Plant to the various crisis teams, in particular real time transmission of physical
parameters measurements.
In order to aid the IPSN crisis team to ensure its missions, two KB systems were developed, the first
one (ALADIN) permits the availability of safety systems to be evaluated, while the second one
(ALIBABA) is dedicated to the analysis radioactive leakage from containment.
The firs KB system is based upon a deep description of all systems which may be used in an
accidental situation [1]. A large part of the description is shared with the previous application. The
aim of the system is to maintain at all times the best synthesis possible for the reactor status. The
status is determined both from data transmission and, also, from other more global information given
by the user. A consistency analysis is performed in order to detect failures on given information. The
availability status is deduced from the available information by using behaviour rules for components.
In order to help the expert in the situation analysis, various reasoning explanation tools have been
developed.
The aim of ALIBABA system, is the detection and the identification of radioactive release from
containment during accidental situations [3]. The analysis is based on two kinds of information : the
isolation of systems going through the containment, and activity measurements in the plant buildings
and chimney. The knowledge base is made from a deep description (topological, structural and
functional) of out-containment circuits and building venting systems. The evaluation of containment is
deduced from two analyses :
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- a downward one is performed from the detection of isolation failures;
- an upward one is performed from activity measurements.
From an incomplete given set of information, the system determines the most satisfying interpretation
resulting of the transmitted data. The complexity of venting systems in auxiliary buildings yields such
system highly necessary for crisis teams.

ON-LINE OPERATION AID : A MAJOR OBJECTIVE

Nuclear reactors are characterised by a double, qualitative and quantitative, complexity. First, the
amount of equipment (components, captors, alarms, controls...) is very great. Secondly, the physical
behaviour of the process is complex, particularly in the case of an accidental situation. To master this
complexity requires an a priori deep study of all situations and their possible evolution. This leads to
operating documents which indicate how to identify situations and actions which have to be taken. A
first step is made by computerising these documents.
However, to realise more sophisticated computerised tools which make i possible to help or to replace
the operator for some process supervision tasks, one needs to satisfy the two following conditions :

- the on-line use of models permitting the physical simulation of the process : these models,
widely developed during the design and safety analysis phase, represent the knowledge of the
process;
- the development of methods to simulate the operator reasoning : i.e. interpretation (anomaly
detection by comparison with an expected behaviour and causes analysis) and determination of
actions (generation of ordered sequences of actions satisfying objectives and constraints,
according to the identified situation).

All these topics are now under development at CEA. The development of computational power now
makes possiblethe use of on-line simulators previously dedicated to design or safety analysis, even if
they need some specific adaptations (simplifications for some physical domains, optimisation and on-
line validation...). The interpretation of continuous, dynamic physical processes is studied in the
framework of the SEXTANT project [4,5]. It is based upon the coupling of quantitative and qualitative
models. The model based actions planning for continuous process operation is also a research topic
performed in collaboration with EdF.

THE NECESSARY DEVELOPMENT OF BASIS TECHNIQUES

To satisfy an objective of on-line operation aid for complex continuous processes, requires the
satisfaction of new constraints for Artificial Techniques and this leads to the development of existing
techniques.
These constraints can be classified according to some major topics; we will indicate for each one of
these points the various techniques which may be used.

KB system linked to a dynamic process
a KB system linked to a process first requires quality of information which will be given to the system
and which will be used for reasoning. In this frame, information deterioration comes from three
causes : incompleteness, uncertainty and imprecision. Instrumentation, as elaborate it could be,
doesn't permit to obtain all the information which can be required for different operating conditions. In
an other way, any information can never be considered as a certainty. At last, imprecision is an
inherent character of any measurement. All these reasons require for a reasoning adaptivity to data
quality. For instance, incompleteness and uncertainty lead to reason with révisable assumptions :
Assumption Based reasoning. Data imprecision may requires new way of reasoning based on fuzzy
logic for instance.
Link with a dynamic system means also information1 evolution and, consequently, current reasoning
which use them, have to be revised (non-monotonic reasoning). And finally it is important to be able
to perform reasoning taking into account notions which are related to time (anteriority, posteriority,
duration...), this can be done by developing Temporal Reasoning.
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KB system linked to a continuous process
The necessity to take into account physical phenomena which are the basis of continuous process
can be done by using numerical models or qualitative models as qualitative physics. Coupling
between logical reasoning and numerical simulation will be realised according to the two following
levels : software integration and reasoning about physical models. Wether reasonning about physical
parameters may be closed to temporal reasoning, physical modelling has to be considered as
incomplete, uncertain and non accurate knowledge. Studies are performed for modelling learning by
using Neural networks.

On-line KB systems
The on-line introduction of knowledge base systems requires a development of efficient systems. It
should be observed that computation time constraints for such a system are more closed on
operators' one than real time constraint for automatic control. The main problem is not the
computational speed but the reasoning robustness. This implies to adapt reasoning according to the
situation : in case of emergency, or diminution of resources, the answer quality may be degraded, but
a minimal answer has to be guaranteed. These adaptativity can be obtained by introducing self-
control capacities in reasoning.

KB system communication with operator
Improvement of man-machine interface requires dialogue at a higher level of concepts and by
adequation between computer and operator reasoning. It is necessary for the KB system to have
explanation capacities.

INTEGRATION OF KNOWLEDGE BASED SYSTEMS
The introduction of knowledge base systems in Nuclear Power Plants encounters two main difficulties
: validation of the systems and a definition of the tasks which are assigned to the operator and/or to
the computer. It doesn't exist such KB system working on operational plants. In France, only one
prototype for alarm filtering, which has been developed by EdF, is tested on a nuclear plant [7]. One
may think that the next generation of Nuclear power Plant will integrate easily off-line systems as
maintenance aid tools for instance. But, on-line integration of KB systems can only be considered for
future reactors projects.
Such a situation is closely linked to Nuclear Industry context where safety criteria leads to use well
qualified and experienced technologies. If, to-day, it is difficult to demonstrate the validity of numerical
computer codes, this is more uncertain for knowledge base systems. Even, if some of their
characteristics as : structured knowledge representation, generic reasoning tools or the existence of
various reasoning levels which may insure internal control, leads to a better quality for these systems.
It may be asked whether their qualification will not encounter difficulties closed to those which are
related to Human Factor treatment.
An other essential problem is the task sharing between man and computer. One should not try to
automatise all what it can be done and to keep operators only for management of complex situations.
Contrary, it seems to be necessary to define some task sharing criteria which have to respect the
operator supervision task and his workload, whatever circumstances are.
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ROMADIS - A ROTATING MACHINERY
DIAGNOSIS SYSTEM

Y. DING
Gesellschaft für Anlagen-und Reaktorsicherheit mbH,
Garching, Germany

Abstract

This paper describes the PC-based software package
ROMADIS developed for the rotating machinery diagnosis.
It contains advanced signal processing techniques for
extracting multi-features from the time records and uses
a modified decision tree technique for the knowledge
acquisition, the knowledge representation and the failure
diagnosis process. It is user-friendly programmed and the
diagnostic results are very easy to be verified.
Keywords; Decision Tree, Knowledge-Based Methods, Multi-
Features, Rotating Machinery Diagnosis.

1. Introduction
Rotating machinery plays a very important role in nuclear
power plants (NPPs) . Their better monitoring and
preventive maintenance can improve the plant safety and
reliability. In German NPPs the vibration monitoring of
key components just like the reactor primary circuits
including the main coolant pumps in pressurized water
reactors has been done regularly since a long time /Bas
84/. The data acquisition is carried out periodicaly
using offline or recently also online concepts. Although
in the online-system some special criteria for emergency
cases are implemented, the main part of the data analysis
is still done manually by vibration specialists in the
diagnostic center /Sun 88/. For a broad use of this
technique also for other "smaller" components just like
the feed water pumps or the residual heat removal pumps
it is necessary to use computer based systems for
supporting the man-power intensive periodical analysis
task.
For this purpose the user-friendly software package
ROMADIS was developed. It runs on a personal computer +
MS-Windows and can calculate various useful feature
values from measured time signals, trend and combine them
together for the failure diagnosis. The implemented
modified decision tree technique supports the knowledge
acquisition and the failure diagnosis very effectively.

2. Improved diagnosis reliability using multi-features
Theoretically it would be the best way of the machine
failure diagnosis to map each failure with a symptom
using one single criterion based on some simple
thresholds just like a green-yellow-red table. But
practical experience shows us that even if we can find
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Fig. 1 Useful feature values in a vibration signal

such a criterion it is normally not robust enough against
operating or measurement disturbances. For achieving more
reliable diagnosis results it is suggested to use multi-
features and combine them /Din 92/. Figure 1 shows some
useful feature values in a vibration signal.
According to these requirements the "conventional" part
of ROMADIS is developed. Its main features are:
- handling of machine specific data just like the
rotating speed, power, number of blades, bearing
geometries etc.;

- supports different time recording formats, e.g. ILS,
Asyst, Dago etc.;

- in the time domain:
a) digital filtering;
b) calculating the feature values (statistical and

problem oriented);
- in the frequency domain:
a) calculating the auto power spectral density functions,

the coherence and phase functions;
b) calculating the envelope spectra;

58



- trending of
a) operating parameters (e.g. pressure, flow rate);
b) feature values and
c) spectra or selected frequency bands (waterfall

diagram)
with user defined or statistical generated thresholds.

3. Decision tree based knowledge acquisition and failure
diagnosis

For the computer based failure diagnosis there are three
basic problems to be solved:
- we have a high dimensional feature space (typical 15 -
30 dimensions). It is very difficult to plot the
feature vector for better understanding;

- the thresholds for each feature are partly unknown;
- the different relationships between the feature values
are normally also not sufficient well-known.

Our approach is to use a modified decision tree technique
based on /Qui 86/ for the knowledge acquisition and
failure diagnosis process.
3.1. Definitions
We define:
- each object is described by n attributes;
- the value of each attribute can be divided in 1 of j
value ranges (e.g. "3 states": normal, high, low);

- there is a training set consisted of objects with known
class membership (e.g. 1 of k possible classes: good,
failure 1, failure 2, ... failure k-1);

We begin with the first attribute as the root of the
decision tree to be constructed and end at a leaf with a
known class membership. Fig. 2 shows a part of such a
tree constructed from an acceleration signal measured
during 14 monthly repititive tests at a residual heat
removal pump in a German NPP.
3.2. Optimizing the decision tree
Normally there are more than one decision tree from the
same data set possible. For a better understanding of the
relationships between the feature values and the
contribution of each feature value the decision tree has
to be optimized. It is assumed that the simplest decision
tree will describe the kernel of the physical problem
with less redundancy. In the system ID3 of Quinlan /Qui
86/ and other derivatives the information theoretical
approach is used for constructing the suboptimal decision
tree. It is proved that the constructing of a optimal
decision tree is a NP-complete problem /HAY 76/.
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Fig. 2 A part of a decision tree example

For our case of application we favourate the interactive
heuristical approach because of following reasons:
- the physical meanings of each feature are normally
known ;

- our main goal is to find the correct thresholds, to
understand the dependencies between the feature values
and to reduce the redundancy.

Therefore the optimization process is designed half
automatically. The user can change the tree structure,
e.g. the order of nodes, number of ranges per attribute
and the thresholds for each range interactively. Fig. 3
shows the optimized decision tree for the example in Fig.
2.
3.3. Diagnosis and Learning
The optimized decision tree forms our knowledge base. It
can be stored for the diagnosis of new (unseen) objects
(in our case: new measurements). Following steps are
necessary:
1) calculate the feature vector from the actual measured

data;
2) check the feature values node by node in the decision

tree;
3) IF a leaf is reached THEN the diagnosis is found ELSE

it is a new case;
4) Add the new case to the decision tree after the user

confirmation;
5) IF a contradiction accurs THEN modify the decision

tree or using the probability function;
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Fig. 3 The optimized decision tree

The steps 1-3 are obvious. Step 4 and 5 include certain
learning capabilities of this technique. Procedures for
the tree modification can be:
- change the thresholds for certain attributes;
- change the number of value ranges of certain
attributes ;

- find additional attributes for better object
description;

- IF all above attemps failed, take the diagnosis with
the higher probability.

4. conclusions
The software package ROMADIS is a very useful tool for
rotating machinery diagnosis. Here we would like to
point out the following aspects:
- ROMADIS runs on a PC and has low hardware cost;
- It runs under MS-Windows and has a comfortable user
interface ;

- The diagnosis results based on the modified decision
tree technique can be easily verified by human experts;

- It has certain learning capabilities;
- The knowledge stored in the tree can be easily re-
implemented in the rule based form if necessary.

- It is flexibly programmed and can also be used for
vibration monitoring of the reactor internals or other
non nuclear applications.
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THE ROLE OF NEURAL NETWORKS IN
NUCLEAR POWER PLANT SAFETY SYSTEMS
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Abstract
Neural networks ( N N ) techniques have been applied in recent years to many

systems by researchers in the nuclear power industry, mainly for modeling and sensor
validation. Recent results are reviewed, including new directions in applications to
control systems, safety analysis, and "v i r tua l" instruments. As new fast learning
algorithms become available, large systems may be learned effectively, even with few
training examples. The nuclear industry hesitates to include NN in safety related
systems, but it seems that the obstacles could be overcome with the demonstration of
suscessful applications, even from other industries. Coupling of full-scale reactor
simulators, as faul t database generators, with neural networks learning should be
explored. The integration of Expert System technology with NN should improve the
Validation and Verification tasks, and also help overcome psychological barriers. It
may prove that the potential of NN to help operators, compared with the existing and
proposed alternatives, outweigh the risks.

Introduction

On-line applications of intelligent computation techniques, such as Expert
Systems, Fuzzy Logic and Neural Networks (NN) are regarded as means to increase
the safety and reliability of nuclear power plant (NPP). The need to analyze the
detailed behavior of the plant slows the implementation of some of these systems, and
the derivation of the Expert Rules can be difficult in complex systems. In the years
1989 - 1991, several applications of the NN techniques to NPP operation were
reported, summarized in two reviews, (Uhrig, 1991, Boger, 1991). NN techniques were
shown to help in many tasks: Automatic generation of process and equipment behavior
models; Extraction of Expert Rules from these models; Sensor fault validation by
pattern recognition; Enhancement of sensor sensitivity in noisy environments. More
ambitious efforts are being reported now: Incorporation of NN in the reactor control
systems; Dynamic predictions of a system future behaviour in accident scenarios;
Improvement of probabelistic safety analyses (PSA).

Some of these applications are used for "off-line" knowledge acquisition,
such as model analysis and PSA enhancement. Information data-base "mining" (Heger
and Koen, 1991), is an interesting development. But the superior execution speed of a
trained NN is very attactive for implemntation as a component of "on-line" operator
support system, and most of the effort is directed to this area (Uhrig, 1992).

Expert System techniques were proposed for NPP application for several
years, and the International Atomic Energy Agency (IAEA) has already organized
four meetings of Specialists to monitor and review the developments in these field,
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and make recommendations to the IAEA. In May 1992, an Advisory Committee
prepared guidelines for the development and implementation of Computerized Operator
Support Systems (COSS) in nuclear installations, which are mainly based on ES
technology (IAEA, 1992). NN technology is mentioned in the appendix of the Draft
Proposal:

"Neural Networks are an emerging technology which are currently causing a
large amount of interest. They can be regarded as a range of techniques for the
analysis of complex process to identify relationships between inputs and outputs. "

"They have potentially wide application in Computerized Operator Support
Systems, since they may be used to undertake the real time analysis of processes, as
described in the main part of this document, but in cases where the process is too com-
plex or not enough understood to produce a mathematical model" "The concept of
"Safety Jacketing" and result interpretation using Knowledge Based Systems is particu-
larly relèvent since the results from Neural Networks will tend to be ujective in
nature."

"It is too early to consider the use of Neural Networks in Real applications,
however the Technology Team in the organisation should consider becoming familiar
with development in the field. "

Many ES applications were described and listed in the Proceedings of the
mentioned IAEA expert meetings in Vienna, Moscow and Springfields. Many more are
described in the technical literature. But somehow there is a feeling that the
expectations from the ES technique were not fulfilled. One of the leading real-time
software shells, G2, is being explored for use in several NPP's in Sweden, Japan and
the USA (Rosenof, 1992), but no breakthrough is reported. In fact, a major French
project to develop ES for the electrical supply systems in the Bugey-2 NPP was
recently delayed by a decision not to install it for actual use (Joli, 1992).

This paper presents recent advances in NN applications in the NPP domain,
suggests possible future roles of neural networks in nuclear power plant safety
systems, and describes some of the obstacles needed to be overcome before such
systems are approved for use.

Neural Networks Learning

Neural 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 (1986). A more detailed book is Hecht-Nielsen's
Neurocomputing (1989), 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.
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Although many neural architectures are possible, the most common one is the
forward network with one input layer, two processing layers, one of which is called
the "hidden layer", the other one is the output layer. A sigmoidal - shaped activation
equation is usually used, although gaussian - shaped activation mode is sometimes
useful. 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. The process is repeated, until the N N is
considered to be " taught" , as tested by an previously unseen data set which gives an
acceptable small "generalisation" error.

Appl ica t ion of NN for signal val idat ion

The ab i l i ty of NN to learn from historical data can be ut i l ized to Form a
"vir tual sensor". The NN is given as inputs the set of iiieasuriuenls of all the signals
in a system, save the one which is given lo the NN as an output. Once the NN
teaching converges to a small error, a model predicting the reading of this sensor
based on the readings of the rest of the sensors is available. In case of sensor f a u l t ,
a discepancy between the reading of the real and virtual sensor wil l be noted, and the
operator will be alerted. This concept was checked on wastewater treatment plant
data, (Boger, 1991, 1992), and was also applied in the control system of the space
shuttle main engine, (Guo and Nurre, 1991). In that case, a reliabilty index was
calculated continously, and the real instrument reading was replaced automatically by
the virtual one if the index fell below a certain level. A study in on-line signal
validation was reported (Berkan and co-workers, 1991), in which NN was used as part
of the signal validation scheme of EBR-II automatic startup control system. Several
simple NN's were used to predict the reading of plant signals, each based on few
other plant signals. The control system was evaluated in simulated reactor startup, and
the results seemed acceptable, although more elaborated NN designs were
recommended. Similar application in nuclear power reactor was described recently
(Eryurk and Turkcan, 1992), and the results seemed to be reliable. The venturi
feedwater flow signal in a PWR was monitored for gradual fouling, by modeling it 's
reading by a NN with seven other plant signals as inputs (Kavaklioglu and
co-workers, 1992). Preliminary results showed that deviations from the true flowrate,
which have important operational significance, could be detected by the trained NN.

Auto—associative NN, which has identical inputs and outputs, may monitor the
normal behaviour of a NNP (Turkcan and co-workes, 1992, Kavaklioglu and
co-workers, 1992). The first study used 26 real-time sensor signals from Borssele
PWR, and no deviations from normal operation were found in a test. The second study
used 16 steady-state signals of a PWR, and an anomaly was detected. The
extrapolation capability of a trained NN was tested using the Borssele plant data, and
it was found that correct sensor reading were predicted in a situation quite d i f fe ren t
from the one used for training (Eryurek and co-workers, 1992).

A hybrid approach, in which the NN inputs for signal validation are not the
raw signal data, but logical outputs of a software modules which utilize the process
knowledge content of redundant sensors (Prock and co-workers, 1992, Prock 1992).
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Integration of NN in control systems

The integration of NN in control systems, once viewed as too risky, is
aleardy being considered in the aero-space industry. Description of NN applications in
control of unstable, or war-demaged airplanes was given. (Robinson, 1991). The
design of the control systems of future "space plane" scheduled to replace the space
shuttle, is based on NN as the only technique capable to control the Mach 25 aircraft .
(Werbos, 1991). The chemical industry is also experimenting with model-based control
using NN techniques. In a recent..study (Lee and Park, 1992), a combination of model
predictive control w i th NN feedforward control ler was simulated. It was found that
the NN part gradually takes over the control from the model-based part, to give an
improved response to disturbances.

The nuclear power industry is cautiously trying these ideas. A model
predictive adaptive control scheme was tested wi th simulated U-tube steam generator
data, with NN embedded as the developed model (Parathasarathy and co-workers,
1992). NN-based controllers are already being tested in simulated power reactor
operation (Cordes and co-workers, 1991), The results proved the applicability of this
concept, and work is in progress to improve the capability of the N N to preform
better than the conventional controllers. A combination of "neuroidentif ier" and
"neurocontroller" with recuurent NN was found to control a simulated reactor better
than a "feed-forward" NN controller (Ku and co-workers, 1992). A check on the
"correctness" of control action was done in simulated EBR-1I situation, using three
types of "action predictors" - reconstructive inverse dynamic, fuzzy logic and neural
network controllers (Berkan and co-workers, 1992). It was found that these
controllers were more robust than the normal controllers, as they can overcome the
loss of one input signal and still validate the correct control action.

NN in power reactor component fault and abnormal behaviour modeling

The NN—based model is easily extended to faul t and abnormal situations
pattern identification. An example is given (Korsah and Uhrig, 1991a, 1991b), in
which the aim is to diagnose early signs of degradation in PWR internals by analysis
of available signals, such as power spectral density. In tests on "signal library" from
Sequoyah-1 NPP, a NN with 15 inputs could detect and classify "features" in the
spectra, connected to changes in the behavior of the reactor. It performed better than
statistical methods that were previously employed. In another study, the EBR-II pump
power signal was the input to a NN, which was tought to discriminate between the
normal operation signal and simulated signals of four level of degraded pump shaft
(Keyvan and Rabelo, 1992). Neutron noise data were used to help interpret core
detector signal, and identify the parameters in a power density model (Korash and
co-workers, 1992).

The second area is of model IHR (he dynamical behavior of rcnclor
coinponeiits. In one study (Pnrlos and co- workers, 1992), the dynamics of U- lube
steam generator were modeled by a NN to relate the inlet steam flow to the SG
water level. It behaved better than an elaborate computer model of the SG. In

66



another study (Roh and co-workers, 1992), the thermal power level of NPP was
modeled by two NN's, one using 4 signals from the primary system, the second using
6 signals from the secondary system. Both NN predicted the thermal power with less
than 1% error.

The integration of the some of the available sensor information to severe
accident management is the aim of a simulation-based system (Silvermnii . 1991). The
NN-based on-line system is able to predict the remaining Time to Failure and Time
to Recovery in power reactor LOCA, from ten selected measurements of pressures and
temperatures in the reactor system. Diagnostics of accident scenarios are explored
ifsing simulator data of Watts Bar NPP (Guo and Uhrig) . 21 selected plant variables
are used to distinguish between 8 accident scenarios, and it was found that the trained
NN was able to diagnose the transients before scram took place.

A sensitivity analysis of a trained NN is useful to learn which inputs strongly
affect an inportant plant output , thus creating more knowledge about the complex
system (Guo and Uhrig, 1992).

Applications of NN in reactor safety systems

Although developed for system analysis during the design and safety review
phases, the PSA was seen as a potential for on-line operating operator support
(Ancelin, 1989). However, its implementation requires on-line powerfull computing
facilities, and faul ty data may detract the software, based on crisp logical rules, f rom
diagnosing the correct source of an operational problem. The possible compatability of
NN and PSA is already pointed out (Gheorghe, 1991). In a preliminary study, the
ability of a NN to learn the behaviour of an fau l t diagnosis expert system and to
automatically produce additional "rules" for new fault situations was demonstrated
(Boger and Ben-Haim, !992a). NN ideas were applied to an existing expert system,
used in on-line fault diagnosis of a low-level effluents evaporator plant, (Boger,
1990a). Deviations of sensors from the normal operating range were used as inputs to
a NN whose output was the probability that the cause of these deviations was a
particular fault , as estimated by an experienced operator "expert". In one example,
the deviations of 7 sensors were used to estimate the probability of over-pressure
fault in the evaporator. The NN was trained by 100 sensor patterns, and was tested
by estimating the fault probability in 36 other, previously unseen, patterns. The NN
architecture and prediction results are shown in figs. 1 - 2 . The significance of the
fact that only in few cases the deviation from the human expert is greater than 10%,
is that the NN was able to model the behavior of a complex system from relative few
examples. This may 'open the way to check developed PSA's for their completeness,
and even for the taught NN to suggest, on-line, possible sources for operating faults .

The other source of teaching a NN to classify correctly a given situation, is
by creating a fau l t data-base using fu l l scale reactor simulators. The responses of the
sensor readings and alarm blocks to a dclHtnralc. component failure would serve as
inputs to teach the NN to distinguish between the dif ferent faul ts . An example is
reported in which a computer model of Loss Of Fluid Test reactor was used to
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generate alarm sequence da(a for NN-based faul t diagnosis software (Jalel and
Nicholson, 1990). The NN was able to point to the correct faul t using the
time-pattern of alarms as inputs.

As mentioned in earlier section, auto-associative NN are net with identical
input and output sets. This net can be taught different cases of normal plant
behaviour, in different situations (start-up, power level changes etc.), and thus
creating a model of normal situaions. If this NN will be monitoring the plant, an
abnormal situation will manifest itself as a large deviation between one or more NN
input, and the correseponding model output, and thus alert the operator of some
possible fault.

Issues in implementing ES techniques

Expert System technology, although somewhat marred by falsly raised high
expectations, are considered as mature and usable technology. However, their use in
NPP is hindered by the complexity of the plants, and by demands of the safety
regulatory authorities for complete verification and validation (V & V). In the case of
the Bugey-2 ES project (EOF, 1991), both reasons led to the unfavorable decision,
after investment of 24 man-year effort. The operating staff were not sure that the
the software can be checked for undetected software faults in a systems comprising
more than 10,000 interconnected components of 250 types of equipment, with 15,000
potential failures. Even if ful ly debugged and tested, safety rules would require
repeated checking and testing after each modification in the electrical system.

A smaller scale effort by Siemens/KWU to produce automatic operating
procedure display according to the NPP state was halted when the complexity of
defining all the possible plant states was realized (Roth-Seefrid, 1992).

Issues in implementing the N N techniques

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 f ixed by the problem
defi'nition). Thus, the NN may easily converge to a local minimum in a
n-dimensional space, and even if not, this has to be verified by starling over w i th
new random init ial weights and maybe a d i fcrent number of hidden neurodes. It is
because of this slow learning that NN applications in nuclear power plants are limited
to small to medium-sized systems, with few inputs. Another obstacle to utilizing large
scale NN is the belief that many examples are needed to get robust, reliable NN. The
conventional rule of thumb requires the number of examples to be at least equal to
the number of connections in the NN, preferably ten time as much. As examples are
sometimes hard to generate, there is a tendency to avoid and distrust large-scale NN.
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However, a novel algorithm (Guterman, 1990) appears to solve both problems
of NN architecture. A Principal Component Analysis of the training data-set estimates
how many hidden neurodes should be used, and further statistical analysis gives a good
guess of the values of the initial connection weights. A learning speed improvement
by a factor of 20 to 50 over conventional learning was 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.

The problem of the number of the examples may be solved by an algorithm
that analyses the statistical relative importance of each input to the NN (Boger and
co-workers, 1990), enabling the teaching of a reduced size NN from the significant
inputs only, with better accuracy and reliability. Thus, a large NN is initially trained
from all available inputs, and then re-trained with a reduced number of inputs which
are found significant to this NN by the analysis of the initial NN.

Another useful feature of real-world systems is that the inputs are often
inter-related. Thus the requirements of the ratio of the number of examples to
number of connections, based on the theoretical indépendance of inputs, are too
restrictive. In multi-channel instrument spectra analysis, with hundreds of channels as
inputs, only few spectra were needed to build reliable, reduced NN (Boger, 199J,
Boger and Kar pas, 1992).

Some of the objections to the utilization of NN in NPP's are psychlogical.
The decision tree of what technique to employ (Baba and co-workers, 1990), indicates
one of the problems. NN was treated as the "technique of last resort". Only when
our understanding of the phenomena is not complete, and there is no expert able to
formulate crisp or fuzzy expert rules, was the NN approch recommended. Expert are
loath to admit to such ignorance, as this is not true. We do understand the
phenomena, and experts are available - but only for each components of the total
system. What we lack is the on-line ability to integrate this knowledge and this
expertise, when needed. This situation is now changing, and in recent paper NN are
treated as equal tool to use in modern control system alongside advanced control
methods, fuzzy logic and knowledge-based techniques, and advocates the combined use
of these tools to create an integrated model (Lu , 1992). In case of NN in NPP's,
the Expert knowledge can be used in designing the NN, especially by inrtoducing
computed variables based on the sensors reading, that should be significant for the NN
model. Another very important contribution is the validation of the NN results by
Knowledge-based rules, going backward from the fault found (very quickly) by the
NN and confirming it by the expected readings of key variables.

The Israeli experience and approach

Our experience with the Guterman-Boger fast teaching, network reduction and
analysis algorithms, indicates that quick experimentation with NN for such purposes is
possible, even with large nets of hundreds of inputs. We can also point to the results
gotten in complex systems in other fields, (Boger, 1992, Boger and Ben-Haim, 1992,
Ben-Haim and Boger, 1992b). In these studies, the behaviour of simulated complex
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systems was learned effectively by NN's, both for steady state analysis and for
predicting future dynamic behaviour.

As we do not have a NPP in Israel, we cannot test directly our contention
that these algorithms would solve most of the teaching problems encountered in the
cited references. We are now trying to initiate joint projects with organisations which
have access to power reactor simulator facilities, so we can generate the required
fault response data-base from which the NN will be taught to classify the faults in
real-time.

The speed of learning has been recently improved by another factor of 20, by
programming the Guterman-Boger algorithms in C++ language as part of a
commercial software package running in Window 3.1 environment, on a 486/33
machine, (TURBO NEURON, 1992). Thus new opportunities are now opened for
on-line learning, and for more vigorous applications of NN in the operator support
systems (Boger, 1992b).

So instead of trying to develop complex, slow software, which is difficult to
validate and verify anyway, we should employ the NN that learns from the acquired
knowledge embedded in the already verified simulators and PSA. The addition of
Experts for the design and verification of the NN outputs will improve the acceptance
and of these systems both by the Users and the Safety authorities.

Conclusion

Neural networks have moved in the past year from an interesting academic
curiosity to a more serious industrial status. As it is now being considered for
real —time control duties, it means that it gained approval and earned confidence in
it's ability to preform well. The nuclear power industry, while recognizing the N N
potential for inclusion in intelligent displays and instrumentation systems, is hesitating
to apply it in safety related systems, no doubt because of NN teaching problems,
verification and validation issues. However, the V & V issuse is also dif f icul t to solve
in any type of operator support systems, and the advantages of the quick setup and
fast execution time should overcome this hesistation once more experience is gained.
The availability of fast learning algorithms should enable researchers and developers
to apply this tool to various problems in industr ial situations, and get more confidence
in the neural networks capabilities.
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A PERSONAL COMPUTER PROGRAM FOR
EMERGENCY OPERATING PROCEDURES SUPPORT
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Ljubljana, Slovenia

Abstract
EmDiSy is the computer code for the presentation of emergency operating procedures. It uses
knowledge from the database file and presents it to the operator in different visualization
forms. It starts with high priority procedure and then leads the operator through procedures
respective to the nuclear power plant condition. Each procedure is represented by six
different windows. The first three windows describe purpose of the procedure, the symptoms
and entry conditions of the system and the automatic actions at appointed condition. The next
three windows represent a tree of steps through the active procedure, describes action in the
active step and represents a 3D picture of the system or 2D picture of status trees. They
include parameter values needed in the procedure to describe plant condition. Pictures drawn
in 3D parallel projection clearly describe condition of the system and action that must be
taken. In a special window EmDiSy presents connection between procedures. EmDiSy clearly
shows to the operator actions that must be taken during emergencies in a nuclear power plant
and points into the realistic place of the action. EmDiSy could be extended with the advanced
system to give the operator advices respective to nuclear power plant condition.

1. Preface

Modern computer technology used in nuclear power plants can improve the emergency
response during accidents. The operator can much faster get the information that he needs
during an emergency. The idea of Safety Parameter Display System (SPDS) was proposed
to help the operator during accidents. The Computerized Emergency Operating Procedures
(CHOP), described in this paper, can be considered as an upgrading of this system.

2. EmDiSy - computer code

EmDiSy (Emergency Display System) is being developed in our institute to support the
operator during accident in a nuclear power plant. The computer code is written for personal
computer and requests high graphically resolution (1024x768 pixel, 256 colours). The input
units are keyboard and mouse, but the last one is not necessary.

3. Database for EmDiSy

The base of the EmDiSy computer code is two group of database files /Figure I/. In the first
group are the knowledge database files, in the second files for graphical support. The
knowledge database file contains all knowledge about the emergency procedure. In this file
are written purpose of the procedure, the symptoms and entry conditions of the system, the
automatic actions at appointed condition, "foldout" for procedure and the procedure rules.
The components of procedure rules are questions, instructions and pointers to the next step
in the procedure or to the next procedure.
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The CHOP has advantage in comparing with standard Emergency Operating Procedures
(EOP) because the graphically designed computer code allows presentation of data on-line
anywhere on the screen in any visible form. File for graphically presentation contains picture
saved as a bit map, name and position of data value. Pictures are drawn in 3D or 2D
projection.

4. Graphical design

U.S. Nuclear Regulatory Commission recommends basic design for SPDS computer code
[1,2,3]. We have separated graphically screen in four windows /Figure 21. Name and code
of the procedure, date, time and icons are presented in the first window on the top of the
screen. Next three windows (working windows) are reserved for questions, answers, data and
pictures.
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The Emergency Procedure is divided into four parts: purpose, symptoms, automatic actions,
instructions and "foldout". Instructions are given step by step. The title of the instruction step
is written in the first working window. Every step is marked with its title, number and place
of jump. In this way operator clearly knows the stepping order and which procedure can be
reached from the appointed step.

The last two working windows contain instructions for the action in the selected step and
picture for description of the action. The data values are written in both windows. The last
working window is also used for displaying procedure purpose, symptoms or entry conditions
in the procedure and automatic actions in active procedure.

5. Using EmDiSy

EmDiSy always starts with the high priority procedure. It leads the operator through the
procedure in accordance with his choices. Operator must just compare two values and answer
to question with yes or no. The code doesn't compare asked value with measured value and
it doesn't take any action by itself. It is always waiting for the operator instruction.

Particularl data are reached through macro keys or menus /Figure 3/. Operator can switch
between the pictures of the status tree, the pictures of the system and "foldout" data. One of
this possibilities is always written on the screen. When operator calls editor to read data with
the purpose, symptoms and automatic action, then picture or "foldout" is replaced with an
editor. When operator closes editor, the old picture or "foldout" is written again and the code
is returned to the place before this action /Figure 4/.
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F/G. 4. Systems picture presented by EmDiSy computer code.

6. Conclusion

Computer code EmDiSy is still being developed. Its purpose is to instruct operator and to
mark all operator actions. Our intention is to put together knowledge accumulated in EOF,
data values displayed at an SPDS and some kind of expert system, which can analyze
incoming data and it can point to errors in the system.
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Abstract

The application of G2 to a solvent extraction process is
presented, covering topics throughout the development cycle
from conceptual design and development to implementation.
Attention is paid to issues surrounding modular development
within the G2 environment and the possibilities for cooperative
team-based approaches. A brief description of the application
architecture introduces two example modules, spc.kl a
knowledge library concerned with providing statistical process
control, and proc.kl a knowledge library for the implementation
of plant operating procedures.

1.0 Introduction
Knowledge based systems applications are becoming more ambitious, tackling a
multitude of tasks. Knowledge based systems products have increased in
sophistication and functionality, and while speed will always be an issue, they are
beginning to offer robust, viable solutions to many problems. The complexity of the
tasks to which knowledge based systems technology has been applied has increased
considerably over the last couple of years. With this increase in complexity has come a
need for a multi-disciplinary team-based approach to application development.

In this paper we describe a recent G2 application and discuss the problems associated
with developing a knowledge base within a team-based infrastructure.

2.0 Objectives
To demonstrate the use of knowledge based systems technology, a small-scale process
facility has been developed. The efficient operation of the process requires numerous
control and operational problems to be resolved. The complexity of the process, and
the need for consistent and efficient operation, makes this process an ideal application
for knowledge based systems technology. The long term objectives of the application
are:
• to exploit the advanced monitoring and diagnostic capabilities of knowledge based

systems technology to improve the overall operation of the process
• to gain a greater insight into the complexities of the process
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• to investigate alternative control strategies for operating the process at maximum
throughput

• to investigate the potential for dynamically reconfiguring control strategies to
recover from plant maloperations

G2 is only one from a portfolio of the real-time knowledge based systems products
that has been evaluated in trying to realise these ambitious objectives. The potential
for applying cooperating distributed AI techniques is also under investigation.

3.0 Process Overview
A schematic representation of the process is given in Figure 1. The process is based on
solvent extraction technology typically employed for reprocessing nuclear waste. The
main process unit is the pulsed column, in which aqueous and solvent feeds are
contacted counter-currently. Pulsing is provided by compressed air. The solvent
product flows to the top settler and the aqueous product to the bottom settler. The key
to stable operation is the control of the aqueous/solvent and the solvent/air interfaces
at the top of the column. The interfaces are detected through the use of pneumercators.
The solvent/air interface is controlled by removing solvent from the top settler and the
aqueous/solvent interface is controlled by removing aqueous product from the bottom
settler. The interface control problem is compounded by both natural noise on the
signal and noise from pulsing. Accurate control is required to keep the aqueous/
solvent interface within the measurement range of the pneumercators.

As shown in Figure 1, the operation of the pulsed column is supported by ancillary
equipment including feed tanks, product tanks, a dump/recovery tank, and compressed
air equipment for pulsing.

TAI SOI PU1

KEV
A - TOP SETTLER
B - BOTTOM SETTLER
C AQUEOUS IN
D AQUEOUS OUT
E • SOLVENT IN
F - SOLVENT OUT
G SOLVENT/AIR INTERFACE
H - AQUEOUS/SOLVENT INTERFACE
I - COMPRESSED AIR IN
J- AIR OUT

COLUMN_SCHEMATIC

TANKS_SCHEMATIC

AIR RECEIVER SCHEMATIC

Figure 1: Schematic Representation of the Solvent Extraction Process
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Figure 2: Implementation Architecture.

4.0 Implementation
The implementation architecture for the application is presented in Figure 2. A
Mitsubishi PLC is responsible for all low level data acquisition on the process. In-
house bridge code has been developed to allow serial communication between the
PLC and CONIX, a data acquisition system providing a level of functionality
equivalent to that of a traditional SCADA system. The GSI tool-kit has been used to
interface CONIX to G2. Both CONIX and G2 (V2.0) run concurrently on a
SPARCstation IPC with 24MB of RAM.

G2 receives scanned analogue signals from the process, typically every 12 seconds.
Some key signals are scanned more frequently. The digital signals from the process are
received on an event driven basis using the unsolicited input facilities of the GSI. The
controller parameters, for example set-points and controller outputs, are also visible to
G2. Digital control signals can be sent from G2 to open/close valves on an as needed
basis.

At present the control of the process is effected through the use of conventional PID
controllers. However, to run the process at maximum efficiency requires a level of
sophistication beyond that offered by conventional control regimes. The
implementation architecture provides a means of investigating advanced intelligent
control using a hybrid of rule based and conventional control strategies.
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5.0 Knowledge Base Design and Development
In order to build realistic applications within fixed timescales, a life-cycle model is
essential to guide the development and testing of the knowledge base. In the absence
of any standard knowledge based system life-cycle model, the development has
followed a traditional software life-cycle model.

From an analysis of the user requirements, a number of disparate tasks have been
identified as vital to the success of the project. A design based upon a decomposition
of the overall problem into manageable sub-tasks has enabled:
• proper unit and module testing prior to the final system testing
• cooperative team-based development
• controlled prototyping
» incremental development and implementation

The resultant modular design is depicted in Figure 3. The design resembles a classical
blackboard architecture. The blackboard holds all global definitions and data,
providing the only means by which modules can communicate. This enables the
overall design to be controlled by identifying key data structures and data flows.
Modules are triggered in response to changes on the blackboard. Once the module has
finished its processing, any conclusions that have been made are posted onto the
blackboard. This new information is thus available to all the other modules

To give a flavour of the application, two modules will be outlined briefly.

5.1 Plant Procedures Module

Using the powerful features of G2, a high level tool-kit has been developed for
implementing plant procedures. The main features of this tool-kit are the ability to:
• build plant procedures out of well defined and re-usable sub-steps
• execute steps in series or in parallel
• wait, with optional timeouts, for the completion of all parallel steps
• check for entry and exit conditions at each step
• display the state of execution of the procedure
• keep the knowledge about the plant procedures explicit so that it is easy to maintain
• easily integrate diagnostic rules to monitor problems and offer remedial advice
The tool-kit has been used to automate plant procedures for starting up and shutting
down the process. Figure 4 shows the overall procedure for shutdown and also the
expansion of one of the main steps in the shutdown procedure. The expanded step
illustrates the graphical representation used to explicitly define the procedure. The
entry node indicates the start of the procedure. Any entry conditions are placed
between the entry node and the opening brace. The steps within the braces form the
body of the procedure, with each rectangle representing a specific plant related task to
be performed. Any exit conditions are placed between the closing brace and the exit
node. Figure 4 also gives a flavour of the g2-procedures developed to execute the
various tasks.
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Plant I/O

User Interface

Figure 3: The Modular Structure of the KB.

5.2 Statistical Process Control Module

A generic representation has been adopted for all data values to and from the process.
Each data point is represented by a tuple of G2 objects:

(i) the physical plant item, e.g. the solenoid valve, level sensor, etc.
(ii) the raw data value, i.e. the actual signal registered by the sensor
(iii) the processed value, i.e. the value derived by G2 for the sensor

Although, a detailed analysis of the reasons for adopting this representation is beyond
the scope of this paper, the principle advantage of this representation is the clear and
consistent knowledge representation for all data points in G2.

The primary objective of the statistical process control module is to summarise the
behaviour of the processed variables. A combination of interpretation rules and
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Figure 4: Shutdown Procedure

techniques based on Shewhart Mean and Range charts have been developed to
identify:
• the state of the value, for example high, low, normal etc.
• the status of the instrument, for example failed, ok or unknown
• the failure mode of the instrument, for example none, failed high etc.

The conclusions of this module are posted onto the blackboard. Other modules may
then use this information to carry out higher levels of reasoning about the state of the
process. SPC techniques have been successfully applied to detect some forms of
sensor failure and to give an early warning of process variables beginning to drift
outside their normal operating limits. These conclusions have been used to trigger the
fault diagnostic/prognostic module.
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ABSTRACT
Practical tasks far too complex and responsible to be
performed automatically by intelligent systems, such
as 'operating nuclear power plants in dangerous situ-
ations', require intelligent operation manuals to sup-
port human experts. During task performance oper-
ation manuals are usually accessed by using included
descriptions of task flow. As with simple tasks, the
standard way to describe flow of complex expert tasks
is to present complete instructional sequences or col-
lections of associations between situations and possible
activities. However, both approaches fail to describe
adequately expert task flow, and therefore are not able
to provide appropriate access to operation manuals for
expert tasks.

In this article we will present a newly developed formal
language for adequately describing the flow of expert
tasks, called 'ExpertStruct', which includes an infer-
ence engine to compute -given a task description and a
present situation- possible continuations of the task. If
a description of an expert task based on this language
is integrated into a hypertext operation manual, it can
provide appropriate, situation-related access to stored
information. It acts as a mnemonic tool for monitoring
and controlling task flow, which relates itself automati-
cally to the present situation.

KEYWORDS: human expert task, representation lan-
guage, situated activities, operation manual

INTRODUCTION
To perform simple practical tasks, like using a copier to
copy an article, a human agent will need 'only' general
knowledge and capabilities - and an operation manual.
The manual includes a description of task flow as the
main means to implement the task, and to access stored
information. Typically, the description is resolved into
sequences of activities, each of which is designed to
achieve a certain goal. To accomplish a task, an agent
selects a sequence with an appropriate goal and pursues
the provided instructions step by step. Everything will
work fine unless a step does not work as described. If
the agent is unable to get back on the track again, the
only way out is to return to the starting point and try
it again. The reason for this is described by Carroll as:
"... the system state and the training state may become
unsynchronized" (4).
There is an ongoing debate between "the expounders"
and "the minimalists*' [5], whether such problems are
caused by including not enough, or too much informa-
tion in manuals. The first party argues that instructions
have to be elaborated until they represent complete and
understandable procedures (e.g. [12]). If agents pursue
exactly the provided procedures, they will successfully
arrive at the goal strived for. In contrast, the second
party believes that "the most important factor in learn-
ing is learner motivation" [4], which is endangered by
to much elaboration. The minimalists design collec-
tions of "bare-bones" procedures only mentioning ma-
jor steps, and integrating hints to recover from typical
errors. They try to provide more information about the
surrounding situation, so that agents can monitor and
control the task flow more easily.
While both approaches might be practicable for simple
tasks, complex tasks to be performed by human experts,
like 'operating nuclear power plants in dangerous situ-
ations' or 'diagnosing and repairing rolling mills' (e.g.
[10, 14]), can not be treated this way. We found in our
previous work (e.g. [7]) that:

• Complete preplanning of complex tasks is impos-
sible, and being guided along instructional se-
quences will not be accepted by human experts.

• Comparing present situations by hand with widely
unstructered collections of situation-related pro-
cedures to monitor and control task performance
is hopelessly expensive for complex tasks, and not
being supported in this process will prevent agents
from using such manuals, too.

Therefore, both means are inadequate to make informa-
tion about complex tasks stored in operation manuals
accessible to human agents. Nevertheless, they are the
main means for describing flow of complex tasks.
In this article we will present main ideas and final re-
sults from a five year research effort to provide hu-
man experts with useful operation manuals which in-
clude adequate descriptions of the experts' tasks. As
the main method for research we adopted the strategy
of developing practical studies designing hypertext in-
formation sources, and iterating the design after per-
forming 'micro-tests' (e.g. [7, 17]). Thus we hoped to
learn more about the properties an adequate descrip-
tion formalism for complex tasks has to possess. Fi-
nally, we developed a formal language called 'Expert-
Struct' for describing task flows that depend heavily on
surrounding situations. Part of the language is an infer-
ence engine that can compute -given a task description
and a present situation- the presently possible contin-
uations of the task. Appropriately integrated into a
hypertext operation manual, a task description using
ExpertStruct supports agents actively to monitor and
control task flow, and provides situation-related access
to the information stored. Thus, it acts as a mnemonic
tool for expert tasks, relating itself automatically to the
present situation. We call these information sources for
complex tasks that encompass a hypertext manual and
an ExpertStruct task description 'ExpertBooks'1.

'This ü also the name of our research project.
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COMPLEXITY OF PRACTICAL HUMAN TASKS
Tb become an expert in a complex practical task one
needs to acquire special capabilities over a long period
of time. In addition to general human skills, agents
must know theoretical concepts and practical knacks of
the domain. Implementing these skills, they have to ma-
nipulate present situations and influence them towards
certain goal situations (see e.g. [6, 8]). To understand
more precisely the requirements for adequate informa-
tion source for complex taaks, we must address the com-
plexity of practical human tasks -'expert tasks'- char-
acterizing those features that influence task flow and
performance:

• Complexity of object behaviour: Expert tasks are
caused by and take place at physical objects (and
their parts), e.g. 'reactors' or 'rolling mills'. Even
the best and experienced expert can neither de-
scribe a present situation exhaustively, nor pre-
dict with sufficient precision how the object will
behave in the future. The reasons for this can
range from a general lack of research into ob-
ject behaviour to physical limits of predictability.
Tb deal with 'the horizon of predictability' agents
are forced to abstract partially from directly mea-
surable physical parameters, and use inferred pa-
rameters to capture higher aspects of object be-
haviour. For agents the situation consists of what
they experience of present object behaviour dur-
ing performing the task.

• Complexity of task flow: Sufficient predictability
would mean that agents could construct -prior
to actually performing the task- a complete plan
consisting of a sequence of 'primitive' activities,
with which they can expect to influence the present
situation successfully. But, without sufficient pre-
diction experts permanently have to respond to
occuring situations with situated activities [19].

• Detailing distance: To deal with complexity of
task flow, agents have to control the task perfor-
mance at different levels of detail. Recursively
resolving the task into less complex and more de-
tailed subactivities can stop, when 'primitive ac-
tivities' are reached2. Although it is impossible to
predict exactly which activities will occur during
task performance, potential subactivities of the
task can be specified. For expert tasks one has to
add several levels of additional subactivities be-
tween task and primitive activities.

• Influencing Constraints: Activities physically in-
teracting with the task object need resources such
as spare parts, materials and measuring devicces.
Typically, agents have to manage the task with
limited resources, like what tools they have stored
in then- tool box. Because it is impossible to carry
along all potentially useful resources, task flow is
influenced by the availability of resources.

MAIN DESCRIPTION FORMALISMS
With these characteristics of expert tasks in mind we
can analyse how hitherto existing formalisms describe

the flow of expert tasks (e.g. [9,20]). We developed sam-
ple hypertext applications for simple operation manuals
[15], car maintenance manuals, a diagnostic handbook
for patients [17], and another one for general practi-
tioners [7] etc. to get a thorough understanding of task
flow descriptions. We identified an interesting pattern
in available formalisms for describing task flow. They
fall in one of the following categories:

• Simple forms show linear sequences of activities.

• Instructional forms aggregate sequences of activ-
ities by including questions during the task flow.

• Associative forms collect associations between cer-
tain situations and their relevant procedures.

While the first category is not very interesting for ex-
pert tasks, we can show that instructional and associa-
tive forms both fall short in contrary aspects if they are
used to represent flow of expert tasks.

Instructional Forms
All descriptions belonging to this category can be trans-
lated into flowcharts which are considered preferable be-
cause of their intuitive, efficient, and seemingly precise
presentation of task flow (e.g. [3, 14, 17]). Therefore,
they are the main means for expressing task flow in
'expounder' manuals. However, it has no precise opera-
tional semantics, since performance of individual activ-
ities is described in natural language, and flow is inter-
preted by human beings.
Flowcharts graphically represent task flow as a direct
coupling of activities (boxes) denoted by lines between
them. Arrow heads point to activities to be performed
later in time. To relate task flow to the present situa-
tion, special activities --questions (rhomboids)- have to
be included in the task flow. They ask for certain as-
pects of the situation and divert task flow according to
the answers. If, following arrows, task performance ar-
rives at an activity, it can be executed un-conditionally.
However, conditional performance of activities occurs
very often, especially with expert tasks. In our practi-
cal studies we detected several auxiliary structures to
simulate situation-related control of performing activi-
ties (see Fig. 1):

(a) An activity with a precondition requires a situa-
tion of a certain type to occur prior to starting.
In a flowchart agents are sent into a wait cycle us-
ing a question to prevent them from entering and
thereby beginning the activity.

(b) An activity with postconditions requires a situa-
tion of a certain type to occur prior to ending.

2For our purpose«, it U lufficient to define 'primitive activities'
as being able to be performed by an unexperienced, but qualified,
agent without support from a colleague.

(a) (b) (c) (d)

Figurel: Auxiliary constructions to simulate expert
task flow using flowcharts
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Because it is impossible to prohibit leaving an ac-
tivity and thereby ending it, a cycle, constructed
using a question, asks for the user to repeat the
activity until a situation for ending occurs.

(c) Descriptions of control operations where, depend-
ing on the occurance of a certain type of situation,
an activity has to be performed until this situation
disappears again, are approximated by a combi-
nation of the previous two constructions.

In addition, we often encountered an auxiliary construct
for denoting parallel activities, because it is impossible
to describe parallel activities mutually influencing each
others performance in flowcharts. The 'round-robin'
technique from computer operating systems is resumed
(see Fig. 1, (d)): all activities get fixed 'time slices' for
proceeding proportionally3.
In flowcharts the cycle constructed by using a question
is the central means to express situation dependence.
For expert tasks which have to respond permanently to
fast changing situations, task flow descriptions conse-
quently consist of a jungle of auxiliary constructions,
which, in essence, veil the real task flow as well as hin-
der monitoring and control. Furthermore, presenting
guided instructions to qualified experts is unlikely to be
acceptable to them. Nevertheless, flowcharts are still
widely used for describing expert tasks, because they
are well known to authors and agents, and paradoxi-
cally because they provide an easy and intuitive means
to pursue task flow.

Associative Forms
Formalisms in this category advocate a less complicated
and restricting 'theory' for describing expert tasks,
and therefore occur more often in 'minimalist' manuals.
They provide collections of associations between situa-
tion descriptions, "and activities to influence the situa-
tion towards a certain goal (e.g. [4, 7, 13]).
Depending on size they are represented as simple ta-
blessee (see 2) or sets of chapters, each dealing with
a certain type of situation and listing appropriate re-
sponses in sections. By explicitly providing situation
descriptions, relating task flow to the present situation
is greatly enhanced compared to flowcharts. However,
associative forms fail to show dependencies between sit-
uations, i.e. typical sequences of situations. Therefore,
whenever agents use such a description, they have to
compare the existing and documented situations with-
out any support for efficient management of this pro-
cess. While this might be tolerable for simple tasks, ex-
pert tasks have to deal with an enormous space of situa-
tions, responses and interrelations between them. Com-
parison 'by hand' requires too much effort for agents of
expert tasks. Thus, associative forms fail to efficiently
support the monitoring and control of expert task flow.

We have seen that instructional forms fail to present sit-
uation dependence adequately, while associative forms
are unable to support efficiently the matching process.
Both features are crucial for an adequate description of
expert tasks. As can be concluded from our previous
discussion, instead of better instructional support, ex-
pert agents need better support for matching present

Initiating Situation
Situation 1

•
Situation n

Activities
Activity

Activity

Activity

Activity

Causes
Cause

Cause

Cause

Cause

Figure2: A table listing situation-activities associations

and described situations to monitor and control flow of
expert tasks efficiently. Therefore, we decided to de-
velop a formal language to describe flow of expert tasks
which can provide situation-related, mnemonic support,
reminding the experts which activities are appropriate
in their current situation.

DESCRIBING EXPERT TASK FLOW
One would expect that describing expert behaviour is
exactly what representing knowledge in heuristic4 ex-
pert systems [16, 18] is all about. However, only prob-
lem solving activities are represented in these systems.
The underlying assumption is that complexity of ex-
pert tasks is caused by problem solving activities, and
can be separated from the rest of the task. This ap-
proach is backed by cognitive psychology [l], and rests
on the "problem space hypothesis": "The fundamental
organizational unit of all human goal-oriented symbolic
activity is the problem apace" [11]. A problem space
is defined by a set of problem solving states (i.e. situ-
ations), and a set of operators (i.e. activities) that are
able to transform such states. A problem is defined by
an initial state, which has to be transformed into one of
a given set of goal states. Thus, expert problem solving
behaviour is mirrored by automatically searching the
problem space for a path between initial and goal state
by constructing an appropriate sequence of operators.

For expert tasks -as we define them- problem solving
and practical activities are closely interwoven, since the
task has to be implemented as sequences of situated
activities. Monitoring and controlling the flow of ex-
pert tasks means relating task flow to the present situa-
tion permanently, thus performing small problem solv-
ing steps alternated with performing practical activi-
ties. Therefore, the underlying assumption of heuristic
expert systems does not hold for expert tasks. If we
look back to what we said about complex object be-
haviour, we can identify an even more important prob-
lem: Because of the 'horizon of predictability', espe-
cially concerning the effects of activities, we will not be
able to design expert-system-like operators with exactly
defined effects on situations.

Bask Design Ideas
As is now clear, we have to abandon the approach to
represent effects of activities for an adequate descrip-
tion of expert task flow. Instead, it is necessary to de-
scribe how situations should change while activités are
performed.

In control taalra, this construct occurs very often in combina-
tion with (a)-(c) type expressions as parallel activities.

4 In contrast to 'model-based', 'neural' etc. «Xpert systems,
'heuristic' expert systems tiy to incorporate a reconstruction of
human expert behaviour.
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Therefore, descriptions of 'how' and 'when' to perform
activities will have to be separated. Consequently, we
propose a two-layer architecture for information sources
for expert tasks, i.e. BxpertBooks (see Fig. 3). The
informal layer encompasses an arbitrary hypertext op-
eration manual including all information relevant for
agents performing the task. In addition, there are spe-
cific documents informally describing all 'entities' (ac-
tivities, task objects, devices, materials) of an expert
task relevant both for the agents and the inference en-
gine (see below). For adequate description of task flow
a formal layer is added, which supports agents using an
inference engine to monitor and control task flow de-
pending on the present situation. In addition to other
formal descriptions the formal layer shares representa-
tions of activities, objects, devices, and materials with
the informal layer. Information about their properties,
and relations between them can thus be used by the in-
ference engine for computation and by agents for struc-
tured navigation. The shared representations are linked
to their informal counterparts, so that agents can flip
between browsing in the formal and the informal layer.

Excluding descriptions of task performance from the
formal layer does not mean that computer-based per-
formance of tasks will be impossible. At least for simple
sensor and manipulation activities, potentially also for
pure problem solving activities etc., it would be a great
help for human agents to have automatic support avail-
able. This can be achieved by introducing 'automatic
agents'. Their operational knowledge will simply be in-
corporated -as for human agents- in 'informal' docu-
ments of the operation manual. 'Informal' means that
these documents have no formal semantics for the infer-
ence engine but possibly for automatic agents. A sim-
ple generalization, namely allowing multiple documents
in different 'agent languages' for one formal representa-
tion (activity etc.), makes it possible to provide a multi-
lingual operation manual without confusing agents.

For different reasons, conceptual simplicity of the task
description language must be a major concern. As such
a language necessarily adds extra effort to the develop-

ment of operation manuals, keeping this effort as small
as possible is imperative for practical applicability: We
do not want to have costly knowledge engineers writing
operation manuals!
The usefulness of our approach depends on how close
we integrate our language into operation manuals. It
will have tangible effects on the structure of the man-
ual. These effects must not be unnatural: We do not
want to have expert agents specially trained to under-
stand formalized operation manuals!

Task Flow Description Using ExpertStruct
Now, we want to introduce the most important concepts
of our task description language 'ExpertStruct'. It is a
set-oriented language and resembles a specialization of
the situation theory by Barwise & Perry [2].

As we discussed complexity of object behaviour, we con-
cluded that agents know about object behaviour from
what they experience during task performance. There-
fore, the heart of our language has to be the description
of task history. A simple approach is to construct task
history from discrete events codifying all the important
information about the performance of activities. For
this purpose, we define several states or phases of activ-
ities. If we want to reflect task flow in the task history,
we have to take notes of state events, i.e. when activities
are 'started*, 'ended', or 'aborted'. With an adequate
generalization of 'activity', physical and abstract per-
ceptions of the situation can be seen as gained by per-
forming activities. If we declare these perceptions as a
part of the task history, the situation on which control
of task flow has to be based can be extracted from a de-
scription of the history of task flow. As a consequence,
this control can refer to properties of object behaviour,
to prior performance of activities, or to both of them
at the same time. Hence, an event marked as informed
collects information about object properties and adds
the appropriate information to the task history.
An activity event ev is a tuple of the time (t) it was
recorded in the task history, 'timespan' (T) in which it
happened, the 'agent' (agi) who initiated it, the 'name'
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(act) of the activity, the entered 'phase' (ph), and the
collected 'information' (info) on a parameter (par):

ev = (t, T, agi, act, ph, par, info)

The task history his consists simply of a set of activity
events:

his„ = |J evi

As an atomic building block for describing situations we
use conditions con, which basically declare an activity
event of a certain type. They consist of two sets of
predicates: the identification J and the qualification set
Q.

1b find out whether the task history contains an activity
event of the described type, the algorithm is as follows:
In a first step, all activity events in the task history are
extracted where all predicates in the identification set
evaluate to true. Then, the activity event is isolated
which happened most recently. Finally, this activity
event is qualified using all predicates in the qualifica-
tion set. If the isolated activity event passes this, it is
asserted to be of the described type.
Two sets of positive and negative conditions (COND+ ,
COND~) (connected by logical operators j+ , j~) de-
scribe situation types:

styp = (j+,COND+,j-,COND-)

If such a situation type (formula of conditions) evalu-
ates to true, the situation described by the situation
type is said to have 'occured'.
Finally, for describing the flow of an activity, situa-
tion types that define when to start sstype, end estype,
and abort astype an activity are collated in transitions.
Transitions mark an activity event for an activity as
'possible', if the appropriate situation type cornes up
with 'the situation has occured'.

trans — (sstype, estype, astype)

The main components to build a representation for ac-
tivities are available now. The kernel of a description of
an activity act consists of a set of 'transitions' TRANS,
and sets of relations to 'objects' O, 'devices' D, and
'materials' M as well as to a set of 'sub-activities' SUB
and to a 'super-activity' super. Special links connect
activities with their informal 'descriptions' DOC, i.e.
the manual. The set Q lists the qualifications needed
to perform the activity.

act = (TRANS, O, D, M, SUB, super, DOC, Q)

With this formal equipment it is possible to compute
possible continuations of task flow, given a task history
and a set of activity descriptions. Possible continuations
relate the present situation as described by the agents
to the system, to portions of the operation manual by
connecting to activities, which have links to their infor-
mal descriptions in the manual.

Dealing with ExpertStrukt
Because of the 'complexity of object behaviour* (see
above) we chose to refrain from integrating 'operators',
i.e. executable formal descriptions of activities, into our
description language. A similar reason forbids forcing

agents to perform exactly what possible continuations
the inference engine proposes. Because of the complex-
ity of expert tasks it is hopeless to expect formulating
a complete or correct description of task flow. At the
very least, expert agents will subjectively find portions
of the description incomplete, wrong, disorienting etc.
Instead of trying to be as correct and complete as pos-
sible, to assume that the task description is superior to
the ideas of agents, and to keep agents on the track as
good as possible, we advocate a contrary approach: The
agents do whatever they decide, and the task description
has to deal with this. More restricting approaches would
hardly be acceptable for human expert agents.
Therefore, the agents are free to do whatever they think
is appropriate, and state it in whatever detail, complete-
ness and precision they want. Of course, the more pre-
cise the statements are and the better the real task flow
and situations coincide with the described task flow,
the more useful the support will be. In the worst case,
where the list of possible continuations is empty or of no
use at all, the ExpertBook will still behave like a full-
fledged hypertext operation manual including a struc-
tured index to the main parts of included information
(activities etc.).

Although possible continuations in a situation are very
important, they provide only a very limited view on
the task flow. For controlling task flow appropriately,
agents need a more global overview. We developed two
means to achieve this.
To get a middle range overview, we provide 'what-if
knowledge for the agents. Given a task description and
a present situation, it is possible to compute 'relevant
changes' of the situation. They are defined by activity
events changing the situation in a way that affects the
list of possible continuations.
However, a long ranging overview can not be achieved
by computing what situation changes will initiate which
possible continuations. To get an idea of the gestalt
of task flow a graphical representation of it has to be
provided for human agents. Based on the features of
BxpertStruct and our analysis of hitherto existing for-
malisms, we developed graphical diagrams, called 'ac-
tion diagrams'. They basically connect the idea of con-
ditional control of performing activities (starting, end-
ing, aborting) with the intuitive representation of typ-
ical sequence of situations, i.e. activities. The basic
graphical components consist of activity boxes with at-
tached situation descriptions and arrows denoting typ-
ical paths of task flow.

A SAMPLE APPLICATION
We will now describe, how we integrate ExpertStruct
into a hypertext operation manual to provide a situation-
related mnemonic tool for expert tasks. We will do this
by presenting a sample implementation and application.
Recently we performed a feasibility study to show how
our approach meets extreme requirements in practice.
As general application domain for examining our ap-
proach in depth we selected the task of dealing with
accidents in nuclear power plants. This task is in al-
most all respects an extremely complex expert task:

• Complexity of reactor behaviour is enormous. Nu-
clear reactors are among the most complex arti-
facts mankind has developed.
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Figure4: Screenshot from the HyperCard version of BxpertBook including the 'reactor fault' application

• Task flew has to respond accordingly to fast chang-
ing complex situations. Only tendencies of the
effects of activities on reactor behaviour can typ-
ically be predicted.

• Between handling a reactor accident and hitting a
button (or whatever primitive activities may be)
is a large detailing distance.

• Finally, there are limited resources, such as deion-
ized water supplies, which impose restrictions on
task flow.

Presently, paper-based operation manuals are used in
power plants' control rooms. They encompass instruc-
tional and associative forms for describing task flow,
and discriminate between "event-oriented" and "safety-
fuhction-oriented'' task performance. The first kind is
used if a diagnosis of the reactor fault is available. Then
precompiled procedures can be started. The compila-
tion was done'on the basis of thorough computations
and simulations to prescribe an optimal strategy. The
second kind tries to keep the reactor state in a 'tunnel of
security'. For this, the manual defines "safety-function
goals", which are basically prototypical situations, and
attaches possible emergency measures, if there are seri-
ous deviations from these prototypical situations.
Analysis brought us to the results we discussed already
in the first section of this article. We decided to reim-
plement our Common Lisp version of ExpertStruct us-
ing HyperCard/HyperTalk5. The main reason for this
was that we wanted to use a hypertext system for study-
ing if a surface-oriented implementation of our language
would be possible, and how it would compare to an or-
dinary AI environment.

Figure 4 shows a screenshot from a session with the Hy-
perCard implementation of BxpertBook including the
'reactor fault task' application. What you can see seems
to be an ordinary hypertext operation manual with a
(somewhat unuaal) task flow diagram on the left and
some documents on the right. However, the task flow
diagram is an 'action diagram', and serves as the main
interface to the formal layer during performance of the
task (other means are available e.g. for using the 'struc-
tured index', browsing in the manual etc.). It gives an
overview of the gestalt of task flow, presents task his-
tory (by check marks), and possible continuations (by
crosses). At the same time, human agents can use this
diagram for initiating activity events (by clicking on
crosses6), and for navigation in the detailing hierarchy
(clicking on astéries or the background). By moving fo-
cus between activities appropriate documents describ-
ing their performance are automatically presented.

The experiences in implementing our system in Hyper-
Card were interesting. The implementation needed a
lot of tuning to achieve acceptable performance. This is
not very surprising, since all data structures are based
on strings and most of them are visible in card fields
on screen. However, in developing our data structures
we constructed a comfortable interface to them. For
example, intervals, sets and infinity values can be writ-
ten using mathematical notation directly into the data
structures. This resulted in an overall significant sav-
ing of development time compared to the Lisp version,
although developing the formal layer including the infer-
ence engine, was faster in Lisp. Because ExpertStruct is

*Thi* was done by M. Duell.

6If an activity event is not marled ra 'possible', the activity
event can be initiated by pressing a modifier Vcy and clicking on
the position where the appropriate cross appears.
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basically a set manipulation language, implementation
with Lisp lists was straightforward. This is only par-
tially true for HyperCard. Although it has the concept
of lists, recursive lists are not supported. This resulted
in some tricky programming tasks.

PRESENT STATUS AND FUTURE GOALS
As we have seen, it is inadequate to communicate task
flow of expert tasks as instructions or simple static as-
sociations between situations and activities. Rather,
a situation-related, mnemonic tool to provide informa-
tional support -ExpertStruct- had to be designed. Inte-
grated in a hypertext operation manual for expert tasks
it forms an 'ExpertBook'. ExpertBooks are able to re-
late the present situation automatically to relevant por-
tions of the manual.

We believe that success or failure of our approach will
not depend on whether the functionality of ExpertStruct
can be improved further. In this respect, ExpertStruct
should offer far more than an average practical appli-
cation will ask for. Instead we are convinced, that the
interface to our language is crucial. We hope to be able
to prove that action diagrams are in practice as useful
as several 'micro-tests' suggested.
Instead of developing action diagrams and task flow de-
scriptions seperately (as we have to do now), we plan
to provide an interface to 'programming' task flow by
painting diagrams. However, because the diagrams cover
only the main features of the language to stay intuitive
and efficient, additional ExpertStruct programming will
still have to be done.
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(act) of the activity, the entered 'phase' (ph), and the
collected 'information' (info) on a parameter (par):

ev = (t, T, agi, act, ph, par, info)

The task history his consists simply of a set of activity
events:

his„ = |J evi

As an atomic building block for describing situations we
use conditions con, which basically declare an activity
event of a certain type. They consist of two sets of
predicates: the identification J and the qualification set
Q.

1b find out whether the task history contains an activity
event of the described type, the algorithm is as follows:
In a first step, all activity events in the task history are
extracted where all predicates in the identification set
evaluate to true. Then, the activity event is isolated
which happened most recently. Finally, this activity
event is qualified using all predicates in the qualifica-
tion set. If the isolated activity event passes this, it is
asserted to be of the described type.
Two sets of positive and negative conditions (COND+ ,
COND~) (connected by logical operators j+ , j~) de-
scribe situation types:

styp = (j+,COND+,j-,COND-)

If such a situation type (formula of conditions) evalu-
ates to true, the situation described by the situation
type is said to have 'occured'.
Finally, for describing the flow of an activity, situa-
tion types that define when to start sstype, end estype,
and abort astype an activity are collated in transitions.
Transitions mark an activity event for an activity as
'possible', if the appropriate situation type cornes up
with 'the situation has occured'.

trans — (sstype, estype, astype)

The main components to build a representation for ac-
tivities are available now. The kernel of a description of
an activity act consists of a set of 'transitions' TRANS,
and sets of relations to 'objects' O, 'devices' D, and
'materials' M as well as to a set of 'sub-activities' SUB
and to a 'super-activity' super. Special links connect
activities with their informal 'descriptions' DOC, i.e.
the manual. The set Q lists the qualifications needed
to perform the activity.

act = (TRANS, O, D, M, SUB, super, DOC, Q)

With this formal equipment it is possible to compute
possible continuations of task flow, given a task history
and a set of activity descriptions. Possible continuations
relate the present situation as described by the agents
to the system, to portions of the operation manual by
connecting to activities, which have links to their infor-
mal descriptions in the manual.

Dealing with ExpertStrukt
Because of the 'complexity of object behaviour* (see
above) we chose to refrain from integrating 'operators',
i.e. executable formal descriptions of activities, into our
description language. A similar reason forbids forcing

agents to perform exactly what possible continuations
the inference engine proposes. Because of the complex-
ity of expert tasks it is hopeless to expect formulating
a complete or correct description of task flow. At the
very least, expert agents will subjectively find portions
of the description incomplete, wrong, disorienting etc.
Instead of trying to be as correct and complete as pos-
sible, to assume that the task description is superior to
the ideas of agents, and to keep agents on the track as
good as possible, we advocate a contrary approach: The
agents do whatever they decide, and the task description
has to deal with this. More restricting approaches would
hardly be acceptable for human expert agents.
Therefore, the agents are free to do whatever they think
is appropriate, and state it in whatever detail, complete-
ness and precision they want. Of course, the more pre-
cise the statements are and the better the real task flow
and situations coincide with the described task flow,
the more useful the support will be. In the worst case,
where the list of possible continuations is empty or of no
use at all, the ExpertBook will still behave like a full-
fledged hypertext operation manual including a struc-
tured index to the main parts of included information
(activities etc.).

Although possible continuations in a situation are very
important, they provide only a very limited view on
the task flow. For controlling task flow appropriately,
agents need a more global overview. We developed two
means to achieve this.
To get a middle range overview, we provide 'what-if
knowledge for the agents. Given a task description and
a present situation, it is possible to compute 'relevant
changes' of the situation. They are defined by activity
events changing the situation in a way that affects the
list of possible continuations.
However, a long ranging overview can not be achieved
by computing what situation changes will initiate which
possible continuations. To get an idea of the gestalt
of task flow a graphical representation of it has to be
provided for human agents. Based on the features of
BxpertStruct and our analysis of hitherto existing for-
malisms, we developed graphical diagrams, called 'ac-
tion diagrams'. They basically connect the idea of con-
ditional control of performing activities (starting, end-
ing, aborting) with the intuitive representation of typ-
ical sequence of situations, i.e. activities. The basic
graphical components consist of activity boxes with at-
tached situation descriptions and arrows denoting typ-
ical paths of task flow.

A SAMPLE APPLICATION
We will now describe, how we integrate ExpertStruct
into a hypertext operation manual to provide a situation-
related mnemonic tool for expert tasks. We will do this
by presenting a sample implementation and application.
Recently we performed a feasibility study to show how
our approach meets extreme requirements in practice.
As general application domain for examining our ap-
proach in depth we selected the task of dealing with
accidents in nuclear power plants. This task is in al-
most all respects an extremely complex expert task:

• Complexity of reactor behaviour is enormous. Nu-
clear reactors are among the most complex arti-
facts mankind has developed.
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Figure4: Screenshot from the HyperCard version of BxpertBook including the 'reactor fault' application

• Task flew has to respond accordingly to fast chang-
ing complex situations. Only tendencies of the
effects of activities on reactor behaviour can typ-
ically be predicted.

• Between handling a reactor accident and hitting a
button (or whatever primitive activities may be)
is a large detailing distance.

• Finally, there are limited resources, such as deion-
ized water supplies, which impose restrictions on
task flow.

Presently, paper-based operation manuals are used in
power plants' control rooms. They encompass instruc-
tional and associative forms for describing task flow,
and discriminate between "event-oriented" and "safety-
fuhction-oriented'' task performance. The first kind is
used if a diagnosis of the reactor fault is available. Then
precompiled procedures can be started. The compila-
tion was done'on the basis of thorough computations
and simulations to prescribe an optimal strategy. The
second kind tries to keep the reactor state in a 'tunnel of
security'. For this, the manual defines "safety-function
goals", which are basically prototypical situations, and
attaches possible emergency measures, if there are seri-
ous deviations from these prototypical situations.
Analysis brought us to the results we discussed already
in the first section of this article. We decided to reim-
plement our Common Lisp version of ExpertStruct us-
ing HyperCard/HyperTalk5. The main reason for this
was that we wanted to use a hypertext system for study-
ing if a surface-oriented implementation of our language
would be possible, and how it would compare to an or-
dinary AI environment.

Figure 4 shows a screenshot from a session with the Hy-
perCard implementation of BxpertBook including the
'reactor fault task' application. What you can see seems
to be an ordinary hypertext operation manual with a
(somewhat unuaal) task flow diagram on the left and
some documents on the right. However, the task flow
diagram is an 'action diagram', and serves as the main
interface to the formal layer during performance of the
task (other means are available e.g. for using the 'struc-
tured index', browsing in the manual etc.). It gives an
overview of the gestalt of task flow, presents task his-
tory (by check marks), and possible continuations (by
crosses). At the same time, human agents can use this
diagram for initiating activity events (by clicking on
crosses6), and for navigation in the detailing hierarchy
(clicking on astéries or the background). By moving fo-
cus between activities appropriate documents describ-
ing their performance are automatically presented.

The experiences in implementing our system in Hyper-
Card were interesting. The implementation needed a
lot of tuning to achieve acceptable performance. This is
not very surprising, since all data structures are based
on strings and most of them are visible in card fields
on screen. However, in developing our data structures
we constructed a comfortable interface to them. For
example, intervals, sets and infinity values can be writ-
ten using mathematical notation directly into the data
structures. This resulted in an overall significant sav-
ing of development time compared to the Lisp version,
although developing the formal layer including the infer-
ence engine, was faster in Lisp. Because ExpertStruct is

*Thi* was done by M. Duell.

6If an activity event is not marled ra 'possible', the activity
event can be initiated by pressing a modifier Vcy and clicking on
the position where the appropriate cross appears.
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basically a set manipulation language, implementation
with Lisp lists was straightforward. This is only par-
tially true for HyperCard. Although it has the concept
of lists, recursive lists are not supported. This resulted
in some tricky programming tasks.

PRESENT STATUS AND FUTURE GOALS
As we have seen, it is inadequate to communicate task
flow of expert tasks as instructions or simple static as-
sociations between situations and activities. Rather,
a situation-related, mnemonic tool to provide informa-
tional support -ExpertStruct- had to be designed. Inte-
grated in a hypertext operation manual for expert tasks
it forms an 'ExpertBook'. ExpertBooks are able to re-
late the present situation automatically to relevant por-
tions of the manual.

We believe that success or failure of our approach will
not depend on whether the functionality of ExpertStruct
can be improved further. In this respect, ExpertStruct
should offer far more than an average practical appli-
cation will ask for. Instead we are convinced, that the
interface to our language is crucial. We hope to be able
to prove that action diagrams are in practice as useful
as several 'micro-tests' suggested.
Instead of developing action diagrams and task flow de-
scriptions seperately (as we have to do now), we plan
to provide an interface to 'programming' task flow by
painting diagrams. However, because the diagrams cover
only the main features of the language to stay intuitive
and efficient, additional ExpertStruct programming will
still have to be done.
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