INTELLIGENT ESTIMATION
OF WEB BREAK SENSITIVITY
IN PAPER MACHINES

TI MO
AHOLA
Faculty of Technology,
Department of Process and
Environmental Engineering,
University of Oulu

OULU 2005

TIMO AHOLA

INTELLIGENT ESTIMATION
OF WEB BREAK SENSITIVITY
IN PAPER MACHINES

Academic Dissertation to be presented with the assent of
the Faculty of Technology, University of Oulu, for public
discussion in Kuusamonsali (Auditorium YB210),
Linnanmaa, on January 20th, 2006, at 12 noon

O U L U N Y L I O P I S TO, O U L U 2 0 0 5

Copyright © 2005
University of Oulu, 2005

Supervised by
Professor Kauko Leiviskä

Reviewed by
Professor Heikki Koivo
Professor Pentti Lautala

ISBN 951-42-7956-5 (nid.)
ISBN 951-42-7957-3 (PDF) http://herkules.oulu.fi/isbn9514279573/
ISSN 0355-3213

OULU UNIVERSITY PRESS
OULU 2005

http://herkules.oulu.fi/issn03553213/

Ahola, Timo, Intelligent estimation of web break sensitivity in paper machines
Faculty of Technology, University of Oulu, P.O.Box 4000, FIN-90014 University of Oulu, Finland,
Department of Process and Environmental Engineering, University of Oulu, P.O.Box 4300, FIN90014 University of Oulu, Finland
2005
Oulu, Finland

Abstract
The ambition to increase the production of paper has made paper machine runnability widely studied
in recent decades. Paper machine runnability is often measured by the number of web breaks in
comparison with paper machine speed. When runnability is good, a machine can be run at the desired
speed with the least possible number of breaks. Web break sensitivity means the number of breaks in
a day, which can also be understood as a measurement of paper machine runnability.
This study presents an application for the evaluation of web break sensitivity in a paper machine.
A web break sensitivity indicator was built using the basic principles of case-based reasoning with a
linguistic equations approach and basic fuzzy logic. The indicator combines on-line measurement
data with expert knowledge and provides a continuous indication of break sensitivity. Web break
sensitivity defines the current operating situation at the paper mill and provides new information to
operators. Web break sensitivity is presented as a continuous signal with information about actual
web breaks depicted as an eight-hour trend. The trend shows how the situation has developed and the
current value gives a prediction for the next 24 hours if the situation stays as it is now. Together with
information about the most important variables, this prediction gives operators enough time to react
to the changing operating situation.
From the methodological point of view, a new tool for building case-based reasoning applications
for other purposes was also tested and found to be suitable for diagnostic applications.

Keywords: case-based reasoning, linguistic equations, paper machines, runnability, web
breaks
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1 Introduction
The performance of paper machines has developed considerably during the last decades.
The amount of paper produced is now more than three times the amount produced 30
years ago. One of the main reasons for this growth is the increase in paper machine speed
and the fact that the speed objective of a new paper machine has doubled in the same
period. (Tissari 1995.)
From the technological point of view, the most constraining factors in increasing
machine speed are wet end runnability and stability. These factors are affected by
different equipment solutions and selection of materials. The use of gap formers has
increased the tensile strength of paper, and therefore runnability is better than before. A
good moisture profile and a high dry matter content are also essential factors affecting
runnability in the press section. To ensure an adequate dry matter content, a fourth press
is commonly used. A high pressing temperature with a heated centre roll and steam box is
another way to increase the dry matter content. One additional way to increase the
usability of the press section is proper selection of roll materials. Non-consuming roll
materials will shorten downtime needed for maintenance. Material selection also has its
own effect on the web’s adhesion to the rolls, which may occasionally limit the
runnability of the paper machine. Problems with detachment may also be caused by the
increase in machine speed, closing of water circulation, and chemicals and other elements
that affect the wet end chemistry of the paper machine. (Tissari 1995, Niemi 1994.)
The short circulation together with the head box is usually considered the most
sensitive part of the paper machine. Even small variations in consistencies, process flows
or other operating parameters affect paper quality or cause web breaks. One major reason
for process flow variations is the fouling of the head box surfaces. Quality problems arise
with the resulting decrease in permeability and drainage of the web. Peeling dirt particles
may also cause web breaks in different parts of the paper machine. (Niskanen 1998.)
Good runnability of the press section means the paper machine operates at the desired
speed with the least possible amount of breaks. Breaks coming from the press section can
take place at the press or the latter parts of the paper machine. The performance of the
machine felts has an important effect on the runnability of the press section. Contraction
and clogging of the felt decrease drainage, and vibrations at the roll nip will deteriorate
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paper quality. Optimisation of felt maintenance is the way to avoid the breaks caused by
damaged felts. (Koskela 1994, Muurimäki 1999.)
One major runnability factor at the paper mill is paper machine microbiology.
Recycling of water has increased slime problems by providing good conditions for
microbial growth. The temperature and pH also are usually at a suitable level for
microbes. The main problems caused by microbial growth are slime problems,
runnability problems, corrosion problems, additive problems and product problems.
(Parpala 1976, Tulonen et al. 1987, Neimo 1999.)
Pitch and precipitates also produce problems in the papermaking process. These
factors have a negative impact on paper machine runnability and paper quality. The effect
of precipitates can appear as impaired strength properties, changes in chemical properties,
dirt particles and foaming. (Neimo 1999) In addition to these, adhesion to the centre roll
may become a problem when the temperature rises and pH varies (Koskela 1994). The
measurement of pH is one of the most important measurements describing the chemical
state of the paper machine. Proper control of pH with reliable measurement is a
requirement for good runnability. (Komulainen 1997) Also, a sudden decrease in
temperature and high conductivity with dirty water may cause precipitation. (Koskela
1994) Other water-based runnability problems are due to the solids content, the amount
of iron and manganese, turbidity and the hardness of water (Arjas 1983).
In addition to broke caused by runnability problems, there is always a certain amount
of broke produced at the paper machine. The amount of broke from trimmings, clippings,
bottoms of machine rolls and other regular sources is 5–10% of the head box substances.
Typically, the total amount of broke is 10–30%. The broke feed itself can be the reason
for runnability problems, because the amount of broke varies and broke can be coated,
uncoated, undried or dried. A larger amount of deposits will lead to more breaks, resulting
in an increase in the amount of broke, and so on. In this case a fast response to the
situation is very important to calm down the process. (Neimo 1999.)
According to statistics, 2/3 of breaks start from the margin of the web. Using a
different pulp composition in the margin areas could improve the strength properties of
the margin areas and decrease the amount of breaks starting from the margin. One way to
affect the strength properties is to add more chemical pulp to the margin areas. Some
good results that improve tearing resistance have been reached in this area. A problem
with this method is the slower dehydration of the margin areas of the paper web.
(Mononen 1995.)
The water retention value (WRV) indicates paper machine runnability. It is connected
to the ability to remove water from the web in the press section and in the other parts of
the wet end. A low WRV leads to less breaks and a more continuous wet web. The WRV
correlates well with the saturation point of fibre and the compressibility of pulp. The
chemical environment, like pH and ion content, has a strong effect on the WRV. The
proportion between the WRV and freeness is called the drainage factor. Another indicator
of runnability is wet web strength (WWS). An increase in WWS usually means a rise in
the humidity of the web, which neutralises the increase in strength. However, optimal
WWS could not ensure good runnability if the infiltration factors are not optimal.
(Koskela 1994) Fig. 1 summarises the main factors that are known to affect runnability.
Altogether, the most important factor in improving runnability is to produce paper with as
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good and uniform quality as possible. In addition to better quality, quality variations in
the machine and cross directions should also be minimised.

Machine Speed
Stability

Strength of
paper

Broke

Operating
parameters

Chemical State

Runnability

Microbiology

Equipment
Dirt
Machine
Performance

Pitch and
percipitates

Fig. 1. Example of runnability factors (Ahola et al. 2004 b).

1.1 Research problem
The ambition to increase the production of paper has made paper machine runnability
widely studied in recent decades. One way to measure runnability is by the number of
web breaks in comparison with paper machine speed. The paper web breaks when the
strain on it is greater than the strength of the paper. When runnability is good, the
machine can be run at the desired speed with the least possible number of breaks.
Paper web breaks still account for 2–7 percent of total production loss, depending on
the paper machine type and its operation. This could mean a loss of €1.5 million per year
at a single paper machine. According to statistics, only 10–15 percent of web breaks have
a distinct reason. Most indistinct breaks are due to dynamic changes in the chemical
process conditions.
This research project started as a methodology study aimed at finding reasons for
paper web breaks based on on-line measurements. The analysis of paper web breaks
could be approached with several different methods (Oinonen 1996), and there are some
reported examples of such studies, but so far no applications operate on-line at paper
mills. After testing basic statistical methods in the early stages of the project, the research
problem of this study started to formulate towards prediction of web break sensitivity
instead of prediction of a single break. Although it is possible to find some reasons for
web breaks based on on-line measurements, it is usually too difficult a task to use them as
an indicator for predicting breaks. The operating situations in actual processes differ so
much that a good prediction of a break today usually would not be valid tomorrow. On
the other hand, a noticed reason for a break situation can be avoided in the future with an
appropriate control system. Control loops also have an effect on measurements, so the
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essential interactions between variables and breaks could not be analysed and noticed
easily. Besides that, organising large test runs at the paper mill is usually not an option.
Accordingly, in this case the available information would consist of on-line measurement
data together with the knowledge of the operating personnel at the mill.
In this study, web break sensitivity simply means the number of breaks per day. Break
sensitivity can also be understood as a measurement of paper machine runnability, since
for example Roisum (Roisum 1990a) defines paper machine runnability as the number of
breaks during a period of one day.
The main research problem can be summarised as follows:
How to use on-line measurement data together with expert knowledge to estimate
web break sensitivity in a paper machine
and
how to provide an indication of break sensitivity to operators in a continuous and
easily understandable way ?

1.2 Research methodology
The basic structure of this study has four steps:
1.
2.
3.
4.

Data acquisition and preliminary processing of data
Modelling the cases
Case-based reasoning application
Testing

In addition to the development of the application, a literature review was also conducted
during all the steps.
After the data acquisition stage, basic statistical methods were used to analyse the online data. Correlation analysis gave some interactions between variables, but these
interactions were not valid in all cases. This was one reason to use a linguistic equations
approach in modelling the example cases. This way the varying interactions define the
important features of different cases. The principal issue in the classification of cases was
the information about break occurrence. The data were divided into periods of one day
and classified on the basis of the number of breaks during that period.
During the development of the indicator, various techniques were used to analyse the
process operation. These activities generated various process changes, which led to a
considerable decrease in web breaks and production loss. The objective in a paper mill is
constantly changing. The requirements for maintainability are essential for the use of the
web break indicator. The machine supplier has even higher requirements for the indicator:
the system should be easy to install, start up and adapt to various machines and operating
conditions. (Juuso et al. 1998.)
Combining different sources of knowledge and data through automatic generation of
systems would be an efficient way to achieve this goal. Because of the large number of
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variables, various interactions and operating conditions, it is necessary to assess the
systems on the basis of expert knowledge. (Juuso et al. 1998.)
The modelling of different cases utilised the linguistic equations method. In this
method, non-linear multivariable models are constructed in three parts: the directions of
interactions are handled with linear equations, non-linearity is taken into account by
membership definitions, and time delays depend on operating conditions. (Ahola et al.
1999.)
The problem area of this study fulfils all the requirements for the use of case-based
reasoning: a large amount of measurement data exists, the domain is described with
examples, experience is as valuable as textbook knowledge, problems are not fully
understood and there are many exceptions to rules (Dattani 1996). Additionally, the
papermaking process is non-linear; there are many long delays that vary with time and
process conditions; there are process feedbacks at several levels; there are closed control
loops; there are factors that are not and can not be measured; there are interactions
between physical and chemical factors (Oinonen 1996).
A web break sensitivity indicator (later “indicator”) was implemented as a case-based
reasoning-type application, which compares on-line data to modelled examples in a
database and estimates how well the present measurements fit previous operating
situations. As an output the indicator gives the sensitivity of breaks as a predicted number
of breaks during the next 24 hours. The indicator was developed and tested in a Matlab
environment. The main development tool was a FuzzEqu toolbox. The on-line testing
application also operates as a Matlab function, which makes it possible to test similar
application off-line and on-line.
Testing started as simulations with process measurements, and testing at the paper mill
also started in the early stages of the study. Both off-line and on-line testing continued
simultaneously with indicator development.

1.3 Main results
In this study, the basic task was to discover new information from the process
measurements of a paper machine for the development of the indicator. This happened by
analysing and modelling different process situations. The new information is presented to
operators as a numerical value describing web break sensitivity.
The indicator is a case-based reasoning application that utilises a linguistic equations
approach and fuzzy logic. Linguistic equations turned out to be a functional way to build
a case base for an application that learns from previous process cases. A case model with
a large amount of variables could be handled in a compact form so that the most essential
patterns of the process situation were extracted. An appropriate case consisting of these
aspects can be retrieved from the case base to solve a new problem.
Fig. 2 presents the basic structure of the development process, starting from
background knowledge and methods. The main operations of predicting web break
sensitivity are also presented. A more detailed description of the indicator development
and operations is given in Chapter 4.
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On-line

Expert

measurements

Knowledge

Preliminary
treatment of data
Data analysis
Case-Based Reasoning
Linguistic Equations

Identification of different
operating situations

Fig. 2. Main issues in the development of the web break sensitivity indicator (Ahola et al. 2004
b).

My personal study in this problem area started already 10 years ago with methodology
studies aimed at developing paper machine runnability. The basic methods for data
analysis were tested and selected for use later on. Based on background studies, casebased reasoning (CBR) was found to be an appropriate method for solving the problem,
and linguistic equations were selected for the modelling on the basis of previous studies
done in the control engineering laboratory. The application was basically built during
1995–2000. The last 5 years have more or less consisted of testing and updating the
indicator, but also some improvements have been made and the results are much better
now than 5 years ago.
In summary, the main contributions in this study were as follows:
1.
2.
3.
4.

CBR was applied in paper web break analysis for the first time
A CBR application was built using linguistic equations also for the first time
A new variable grouping method was tested in a large-scale model environment
The application was developed and tested in an on-line environment

1.4 Outline of dissertation
This first chapter provides a brief introduction to the subject, including the basic ideas
and aims of the study. A short description of methods and results is also presented.
Chapter 2 reviews the problem area of paper web breaks. Basic definitions and
mechanisms are covered together with some ideas of reasons for web breaks. Monitoring

19
and registration issues are also briefly discussed. In addition to theoretical issues, a
summary of reported applications on this area is presented.
Chapter 3 focuses on the theoretical background of case-based reasoning as a method.
Basic definitions are introduced with some applications.
Chapter 4 briefly presents the linguistic equations approach, especially as a tool for
modelling different process situations. The most important point of view in this chapter is
the use of the linguistic equations approach as a case-based reasoning tool and the
introduction to its application.
Chapter 5 presents the mill results from two different paper mills. Results and
experiences with different applications are analysed and compared in chronological order.
Chapter 6 discusses the application area from the variable level to the performance of
the indicator. Conclusions about the indicator development and results are given in
chapter 7.

2 Web breaks in a paper machine
This chapter presents basic background information on paper web breaks along with
definitions, importance and reasons for breaks. Some references to earlier studies on this
problem area are also discussed.

2.1 Basics and definitions
A web break in a paper machine is a situation where the paper web breaks and the end of
the web is brought to the roller (Kallela & Tuominen 1992). When the break occurs the
paper web is lead to the pulper preceding the break point. During the break the machine
is cleaned and chopped paper is removed. After that the paper is brought back to the
machine, first as a thin strip and then spread to the whole width of the machine.
(Hokkanen 1996.)
The paper web breaks when the strain on it is greater than the strength of the paper
(Mononen 1995). In Fig. 3 the break occurs when the strain and strength curves cross
each other.

F
(N)

Web
break
Strength of paper

Strain on paper web

t (min)
Fig. 3. Strength and strains of paper web vs. time (Hokkanen 1996).
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Web break sensitivity is best described with the density functions of paper strength
and strains (Fig. 4). Break sensitivity decreases when the centre points of the density
functions move farther from each other to reduce the overlapping area of these functions.
In practice, this is possible by increasing paper strength and decreasing the strain on it.
(Hokkanen 1996.)

p
Strain on paper web Strength of paper

F (N)
Fig. 4. Density functions of paper strength and strains (Hokkanen 1996).

Another way to reduce the overlapping area is to decrease the variances and narrow the
density functions (dashed line in Fig. 4). This is done by stabilising the papermaking
process. However, it is easy to increase the production of the stable process, which
increases strains and results in an increase in break sensitivity once again. (Hokkanen
1996.)
The uniformity of the paper web and all the pulp properties are the most important
factors affecting web strength. Uniformity is obtained by keeping the pulp mix and slice
spray stable. The pulp properties include variables like consistencies, flows, beating rates
and chemical reactions. All the pulp properties (like fouling) are not measured, but in
general the pulp properties are good when the process is stable.

2.2 Importance of web breaks
The performance of a paper machine is rated, for example, by its operating efficiency
(OE), which is the percent of time the sheet is on the reel divided by the time the machine
is ready to make paper (Ely 1981). Operating efficiency varies, depending on breaks and
the duration of the operations caused by a web break. The duration of web breaks is
typically from a few minutes to a couple of hours, depending on in which part of the
machine the break appears.
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Fig. 5 presents an example of the distribution of web break duration. Breaks are
divided into known and unknown, depending on the reason for a single break. Breaks are
registered at the wet end, the drying section and the Pope roller in addition to breaks that
occur when the paper grade is changed.
The average duration of web breaks
60
50

Min

40
Clear

30

Unclear

20
10
0
Wet end

Dry end

Pope

Change

Fig. 5. Average duration of web breaks in different parts of a paper machine (Hokkanen
1996).

Paper web breaks account for 2-7 percent of total production loss, depending on the paper
machine type and its operation. For a modern paper machine that produces 330,000 tons a
year, this means 1.5-6 million euros lost per year (The value of one ton of paper used in
this case is 250 euros).

2.3 Reasons for web breaks
The paper web can break at the points where it is unsupported in the free space. However,
the main reason for a break could originate far away from the actual break point.
(Hokkanen 1996.)
A single break may have multiple causes, such as high load and low strength. High
load may be due to excessive operating tension, fluctuating tension control or out-ofround unwind rolls. Low strength may also be caused by different conditions like an
excessively dry web, poor formation or the presence of defects. Some known web break
reasons are presented as a diagnostic tree in Fig. 6. (Roisum 1990b.)
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Web break

Low strength
High load

Low average
Material

Fracture

High variance

High average (setpoint) tension

Other Formation Other

Process

Unnecessarily high

Toughness
Low moisture

Flaws

Other Shives

Short fibers

High variance

Other Across width

High setpoint required

With span

With time

Other
Holes

Fig. 6. Diagnostic tree of paper web breaks (Roisum 1990b).

Finding out the reason and consequence is, however, very difficult because the break
point is not the same point where the disturbance took place. Breaks occur in places
where the strain can affect the web, and the reason for the break is the fault in the web
that has deteriorated it. The real break time depends on the place where the break took
place and, on the other hand, the break time and the actual break moment are
independent. Therefore, it is possible to presume that most of the factors that weaken the
web originate from the process before the press section. Systematic behaviour between
break time and break moment is noticed when the reason for the disturbance is close to
the break point and the reason takes place repeatedly. A valid causal explanation would
require clear interaction between variables - a statistically significant correlation is
needed. In addition to this, the explaining factor must appear before the explained factor
in favour of the chronological order and the process. Also, other interacting factors
should be excluded. (Kallela & Tuominen 1992.)
The reasons for breaks can be classified into process-related, mechanics-related and
automation-related breaks, as in Fig. 7. In this example process-related breaks account for
more than 90 percent of all web breaks.
Another way to classify web breaks is to specify the reasons for process faults,
mechanical failures, accidents and external reasons. In the fault situation, the web break
is caused by a shortage or impurity that affects the process. In mechanical failures the
control equipment does not operate as planned. Accidents are cases where the operator or
someone else has caused the fault, for example by switching off a pump. External reasons
are, for example, lightning and a power failure. The boundaries of these reasons are not
always so clear, and different combinations of reasons are possible. (Kallela & Tuominen
1992.)
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Responsibility for breaks
Automa Mechan
4%
4%

Process
92 %

Fig. 7. Example of break classification (Hokkanen 1996).

Fig. 8 presents an example of break occurrence in the machine and cross machine
directions in a single paper machine. In this case 64% of breaks take place at the wet end
of the paper machine (Including the 1st drying section). This example also shows that
most of the breaks start from the margin of the paper web.
Break occurrence at differrent locations of paper machine

25
20
15
10
5
5.group
2.group
1.group
4.press
Centre roll

pope

7.group
6.group

Back side

Front side

0

Fig. 8. Example of break occurrence at different locations in a paper machine (Hokkanen
1996).
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Some breaks could occur also in conditions where runnability is high. In these cases the
reason for breaks is the strain on the paper web, which exceeds the paper’s strength when
the paper machine’s speed increases. Therefore, a certain level of independent web breaks
should be acceptable while the paper machine’s speed keeps increasing. Web breaks do
not become a significant problem until there are many breaks following each other as a
bunch of breaks. These break bunches are due to the chemical state of the papermaking
process, like different precipitates. (Ritala 1998.)
Diagnosis and control of paper machine faults is based on measurements with
continuously operating sensors. Usually there are about 200-500 sensors in one
production line of a paper machine. The state of the paper machine process is evaluated
with measurements such as pH, conductivity, flow and consistency. The main difficulty in
measurement analysis is due to process dynamics, the large number of measurements,
different ways to run the process and variable non-linearity. Typical dynamic patterns in
the papermaking process are varying delays and mixed capacities. In practice, process
delays vary from a few minutes to several hours, depending on the measurement.
Discovery of the most important knowledge about a fault is very complicated because of
the large number of process measurements. Also, the objective of producing the best
possible product requires variation of the control parameters when switching between
different grades. In such a case the data do not contain enough independent variations and
therefore are not suitable for identification of a black box model. In addition to the above
issues, the chemical phenomena of the papermaking process are non-linear. For example,
exceeding the critical limiting value of pH or temperature may cause precipitates.
Hysteresis-type phenomena are also possible, where extrinsic factors reverse to their
original values, but the state of the process remains disturbed. (Ritala 1998.)

2.4 Monitoring and registration of web breaks
Automatic monitoring and registration of paper surface defects is nowadays a standard
practice in most paper mills. Modern paper inspection systems usually rely on optical
methods. Most of these applications use CCD (Charged Coupled Device) cameras to
detect intensity variations of the light passing through the paper web. With CCD-sensors
it is also possible to produce high-resolution images of the web and the defects. This
makes it possible to analyse and classify the defects with modern image processing
techniques. (Rauhamaa & Järvenpää 2005, Rauhamaa 2005.)
Web break monitoring systems observe the operation of the paper web with video
cameras placed in different parts of the paper machine. By using the video information
the operator can notice anomalies like holes, pulses or web peeling from the felt. The
breaking point and the way the break started can also be seen in image form. (Niemi &
Kurppa 1995.)
When a break occurs, video information about the situation is available. A single break
situation can be played back on the monitor and the information can be used to find the
reason for the break. The image information can also be stored for later analysis and
comparison. One example of the information from a break monitoring system is
presented in Fig. 9. (Muurimäki 1999.)
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Fig. 9. Automatic monitoring of paper web breaks (Muurimäki 1999).

The registration system for web breaks identifies a single break occurrence with
electronic eyes, which are located at several points in the paper machine. By using this
information also, the break point can be found and the paper web can be diverted to the
right pulper while the paper machine is cleaned. (Hokkanen 1996.)
Information about breaks is reported to the operator. The starting and ending times of a
break are taken from the automation system or given by the operator. The duration of a
break usually comes from the automation system. Additionally, the break point is also
reported with the possible cause of the break and a description of the case. This kind of
information can be used for descriptive analysis to approach common phenomena and for
evaluating working methods and performance in general terms. This kind of analysis is
closely connected to the process and provides information about process phenomena, but
it cannot directly show the objects of improvement. Descriptive analysis is a good basis
for discussions with operating personnel and it provides some information about problem
situations and reasons for disturbances. A typical way of using descriptive analysis is to
use it as a production development tool to learn from previous mistakes and problems.
Operating in real-time and illustrative presentation of results are significant ways to make
the analysis more effective. Fig. 10 presents an example of some interactions based on
descriptive analysis of web break information.
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Fig. 10. Example of descriptive analysis of web breaks (Hokkanen 1996).

2.5 Prediction of web breaks
The prediction of paper web breaks is a highly complex task, and various techniques are
available for handling different aspects of the system (Oinonen 1996, Juuso et al. 1998):
Data classification and visualisation is an important part of the utilisation of break
information. Break report information can be used in expert discussions together with
measurements to analyse the reasons for breaks. However, measurement delays may
complicate visual analysis.
Various signal-processing methods have been used in data classification. Process
variation has been described as features, like high and low signal levels, abrupt changes
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and rapid trends and bumps (Suojärvi et al. 1996, Ihalainen et al. 1997). A comparison of
the feature indicator signal with web break density has given some new information
about elevated break density. Another possibility to approach the subject is to analyse
sudden changes in measurements and find correlation with web breaks (Rislakki 1997).
Some correlation has also been found with this application. The main problem with signal
processing methods is that correlation change over time and from one machine to another.
Principal component analysis (PCA) has been used for data reduction and
interpretation, i.e. to find a small amount of principal components, which can reproduce
most of the information. This technique can reveal interesting relationships, but it has
difficulties with non-linearity and variable delays. There are some reported applications
(Hokkanen 1996, Li and Kwok 2000, Ihalainen 2000) where PCA has been used
successfully to classify break situations.
Independent component analysis (ICA) was tested during the winter of 2003–2004
(van Ast and Ruusunen 2004). In this case ICA operated well when breaks occurred only
rarely, indicating that ICA might be a promising method for analysing break occurrence.
However, it will require much more research to be usable in a real process. The major
problem with this application was the limited buffer size.
Fuzzy causal modelling provides methods for extracting expert knowledge, and rules
can be generated. This is a suitable method for restricted special cases, but the influence
diagrams become very complex, resulting in huge rule bases.
Statistical process control (SPC) provides information about the stability of variables.
On-line monitoring of the current situation is important for paper mills. However,
selecting the critical variables and handling false alarms require other techniques.
Neural networks work fairly well for limited special cases where the quality of data
can be kept at a sufficient level. The variety of operating conditions and possible causes
of web breaks are far too high to be directly included in a neural network. In neural
network applications paper web breaks are analysed and predicted, for example, with a 3layer back-propagation network (Miyanishi & Shimada 1998) and Kohonen’s SelfOrganising Map (Sorsa et al. 1992, Sorsa 1995).
Decision tree techniques require large data sets for statistical tests. Although the
overall amount of data is huge, insufficient data becomes a problem in handling various
operating situations.
Case-based reasoning (CBR) is a powerful tool for applications with a large amount
of measurement data and not fully understood problems. One example of CBR
application in paper defect prediction (Gillies 1997, Renoux et al. 1997) is already
reported before. This application predicts defects at the supercalander using CBR
together with decision tree technology.
A prediction of the break risk level can be obtained by various methods, e.g. neural
networks or fuzzy clustering can be used in a rather straightforward way, but the poor
generalising ability is clearly a problem. However, providing essential information about
the process state at the same time is the most demanding property of the indicator.
Although in principle this could be done with fuzzy causal modelling or decision trees,
the size of the system becomes a problem for practical tuning. (Oinonen 1996). The size
matters when tuning or updating the system, and generalisation is needed when the
system is on-line. And before any of the methods are applied, a careful preliminary
processing of measurement data is necessary.

3 Case-Based Reasoning
3.1 Introduction
Case-based reasoning (CBR) is a problem-solving paradigm for finding the solution to a
new problem by remembering a previous similar situation and reusing information and
knowledge from that situation (Aamodt & Plaza 1994). In concise form CBR means
reasoning by remembering (Leake 1996). From the structural point of view, CBR is a
cyclical method that stresses the reuse of solutions to similar problems, where solutions
are in carefully indexed memory (Aha 1994). CBR is, on the other hand, a methodology
of solving new problems by adapting the solutions of previous similar problems (Dattani
1996).
Kolodner (Kolodner 1993) defines case as a contextualised piece of knowledge
representing an experience that teaches a lesson fundamental to achieving the goals of the
reasoner. A case is a problem-solution pair that represents specific knowledge tied to a
context. This knowledge is recorded at an operational level. Shapes and sizes of cases can
be different and covered time slices can vary. A case can associate a solution with a
problem, an outcome with a situation, or both. A case can also record experiences that are
different from what is expected. Anyhow, all differences are not important to record. If a
case is worthy of recording, it can teach a useful lesson. These useful lessons have the
potential to help the reasoner to achieve a goal or a set of goals more easily in the future.
On the other hand, they can also warn about possible failures or point out an unforeseen
problem. (Kolodner 1993.)
Typical case-based reasoning methods have some characteristics that make them
different from other reasoning approaches. A typical case usually has a certain degree of
richness of information contained in it, and a certain complexity with respect to its
internal organisation. This means that a feature vector holding some values and a
corresponding class is not a typical case description. These methods also have another
characteristic property: they are able to modify, or adapt, a retrieved solution when
applied in a different problem-solving context. CBR methods can also utilise general
background knowledge; although its richness, degree of explicit representation and role
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within the CBR process varies. Core methods of typical CBR systems have a lot of
connections to cognitive psychology theories. (Aamodt & Plaza 1994.)
According to Kolodner (1993), recalled cases serve two main purposes. They can
provide suggestions of solutions to problems or they can provide a context for
understanding or assessing a situation. Based on these two purposes, also two styles of
case-based reasoning exist. In problem-solving CBR a ballpark solution to the new
problem is proposed by extracting the solution from the retrieved case. After this, in the
adaptation stage, the old solution is fixed to fit a new solution. The final step involves
criticism of the new solution before it is tried out. In interpretative CBR, a ballpark
interpretation or desired result is based on retrieved cases or imposed from the outside.
The next step is justification, where an argument for the proposed solution is created.
This happens by comparing and contrasting the new situation with prior cases, looking
for similarities between the new situation and others that justify the desired result and
differences that imply that other factors must be taken into account. Sometimes there is
also a criticism step after justification. This step generates hypothetical situations, and the
proposed solution is applied to them in order to test the solution. These steps and styles
can be recursive. For example, the criticism and adaptation steps may require a new case
to be retrieved. There are also some loops in the process. Criticism and evaluation may
lead to additional adaptation. And when reasoning is not processing well with one case,
the whole process may need to start again from the top. Fig. 11 shows the basic
operations of CBR. (Kolodner 1993.)

Retrieve
Propose ballpark solution

Adapt

Justify

Criticize

Evaluate
Store
Fig. 11. Basic operations of CBR (Kolodner 1993).
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The basic tasks that all case-based methods have to deal with are (Aamodt & Plaza
1994):
−
−
−
−
−

Identifying the current problem situation
Finding a past case similar to the new one
Using that case to suggest a solution to the current problem
Evaluation of the proposed solution
Updating the system by learning from the experience.

There is a group of different CBR paradigms that cover a range of different methods for
organising, retrieving, utilising and indexing the knowledge retained in past cases. Cases
can be concrete experiences or a set of similar cases, which together form a generalised
case. Cases are stored as separate knowledge units or split into subunits distributed within
the knowledge structure. The index structure can be flat or hierarchical and prefixed or
open. The previous solution applies directly to the present problem or it needs a
modification according to differences between the two cases. The matching of cases,
adaptation of solutions and learning from experience are guided and supported by a deep
model of general domain knowledge, or shallower and complied knowledge is in use. In
some cases, only an apparent, syntactic similarity guides the solution. Case-based
reasoning methods are purely self-contained and automatic, or they interact heavily with
the user for support and guidance in its choices. Some CBR applications need a rather
large amount of widely distributed cases in their case base, while others are based on a
more limited set of typical ones. Retrieval and evaluation of past cases occurs
sequentially or in parallel. (Aamodt & Plaza 1994.)

3.2 CBR cycle
A CBR cycle (Fig. 12) is a commonly used description of Case-based reasoning methods.
A general CBR cycle is a dynamic model identifying the main sub-processes of a CBR
cycle with their interdependencies and products. The four sub-processes of a CBR cycle
are: (Aamodt & Plaza 1994)
1.
2.
3.
4.

RETRIEVE the most similar case or cases
REUSE the information and knowledge in the retrieved case to solve the problem
REVISE the proposed solution
RETAIN the parts of this experience likely to be useful for future problem solving.

The basis of the CBR system is a case base containing the previous cases with possible
general knowledge of the problem area. Problem solving starts with the identification of
the current problem situation.
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Fig. 12. CBR cycle (Aamodt & Plaza 1994).

The definition of the new case starts from the initial description of the problem. The
retrieve step compares the new case with the previous ones and picks up the most similar
one. The reuse step uses the retrieved case in combination with the new case and solves
the current problem. During the revise step, the confirmed solution results from the
evaluation of the suggested solution. Finally, the useful solutions with related case
information are retained in the case base as new learned cases. These main processes of
the CBR cycle usually utilise general domain-dependent knowledge. Depending on the
CBR method, the support may range from very weak to very strong. (Aamodt & Plaza
1994.)
Further decomposition of CBR processes utilises a task-oriented view, where each
sub-process represents a task that the CBR reasoner has to achieve. Tasks depend on the
goals of the system, and performing a task applies one or more methods. For a method to
be able to accomplish a task, it needs knowledge about the general application domain as
well as information about the current problem and its context. (Aamodt & Plaza 1994.)
Fig. 13 shows a task-oriented decomposition of CBR. Tasks have node names in bold
letters, while methods are in plain text. The links between task nodes (bold lines) are task
decompositions, meaning part-of relations, where the direction of the relationship is
downwards. The top-level task is problem- solving and learning from experience and the
method to accomplish the task is case-based reasoning. This splits the top-level task into
four major CBR tasks corresponding to the four processes of the CBR cycle. All four
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tasks are necessary in order to perform the top-level task. The retrieve task is, in turn,
partitioned in the same manner into identify (relevant descriptors), search (to find a set of
cases), initial match (the relevant description to past cases) and select (the most similar
case) tasks. All the task partitions in Fig. 13 are complete. This means the set of subtasks
of a task is sufficient to accomplish the task at this level of the description. The figure
does not show any control structures, although earlier subtasks are higher up in the figure
than those that follow. The actual control is a part of the problem-solving method. A
method specifies the algorithm that identifies and controls the execution of subtasks and
accesses and utilises the knowledge and information needed to do this. The methods
presented in the figure are high-level method classes, from which one or more specific
methods should be chosen. The method set as shown is incomplete, meaning that one of
the methods indicated may be sufficient to solve the task, a combination of several
methods may be necessary, or there may be other methods that can do the job. (Aamodt
& Plaza 1994.)
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Fig. 13. A task-method decomposition of CBR (Aamodt & Plaza 1994).

3.3 Applicability of CBR
Case-based reasoning is a useful tool when there is a lot of information available about a
task and domain, because it provides a way to reuse hard reasoning done in the past.
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However, CBR is equally useful when knowledge is incomplete and/or evidence is
scanty. Case-based reasoning provides a method for dealing with incomplete knowledge
by making assumptions to fill in incomplete or missing data on what its experience tells
it, and goes on from there. One of the most important benefits of CBR is that it reduces
the cognitive load involved in interacting with a complex real-world environment.
(Kolodner 1993.)
CBR is a suitable tool for diagnostics when a large volume of historical data already
exists. In the typical application area experts usually talk about their domain by giving
examples, and experience is as valuable as textbook knowledge. Usually these problems
of the domain suffer from poor understanding, models are weak or there is little domain
knowledge available. Typically there are also a lot of exceptions to rules. One reason for
the use of CBR can be the need to build a corporate memory and transfer expertise
among personnel. (Dattani 1996.)
A summary of advantages and disadvantages of case-based reasoning (Kolodner 1993)
is presented in Tables 1 and 2.
Table 1. Advantages of CBR.
Allows the reasoner to propose solutions to problems quickly, avoiding the time required to derive those
answers from scratch.
Allows the reasoner to propose solutions in domains that are not completely understood.
Gives the reasoner a means of evaluating solutions when no algorithmic method is available.
Cases are useful in interpreting open-ended and ill-defined concepts.
CBR is a useful tool in warning of potential problems that have occurred in the past, helping to avoid
repeating past mistakes.
Cases help the reasoner to focus its reasoning on important parts of a problem by pointing out the most
important features of a problem.

Table 2. Disadvantages of CBR.
Blind use of old cases, meaning relying on previous experiences without validating them in the new solution.
Cases might bias the case-based reasoner too much in solving a new problem.
Selection of the most appropriate sets of cases.

The first fielded CBS system was developed in the domain of optimisation of autoclave
loading for heat treatment of composite materials. Different material types require
different heating and cooling procedures, and the task is to load the autoclave for
optimised throughput. This means selection of the parts that can be treated together and
distribution of the parts in the oven so that their required heating profiles are taken care
of. This application has been in use since 1990. Another early application considered the
selection and adjustment of valves for on-board pipeline systems. This application started
operating on-line in the fall of 1991. The cost reduction, compared to manual procedures.
was about 10%, which in this case meant $240,000 in less than one year. (Aamodt &
Plaza 1994.)
During the last decade the number of operating CBR applications has been growing
significantly. Many applications consider the domain of fault diagnosis, but applications
in different domains also exist. CBR has use, for example, in the case representation
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scheme for architectural design reuse (Raduma 2001) and in the education domain as a
case-based learning application (Leake 1996). An example collection of CBR
applications (Dattani 1996, Leake 1996) is shown in Fig. 14.
There are many commercial CBR software tools on the market nowadays. However,
the market is changing rapidly, so old tools are disappearing and new tools with new
features are being published. The first commercial tools were developed in the early
1990s, and most on those software tools are still on the market after some years of
development. For example, Seuranen (2000) has presented a large summary of available
CBR tools and a GoogleTM search on the Internet also gives 686,000 links (25.09.2005)
to the latest achievements in this area.
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Fig. 14. Examples of CBR application domains.
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4 Linguistic equations as a case-based reasoning tool
The linguistic equations (LE) approach provides a flexible environment for combining
expertise and data in the development of intelligent systems. The approach was
developed at the Control Engineering Laboratory of the University of Oulu in the
beginning of the 1990s (Juuso & Leiviskä 1992). Several applications exist, and an
extensive development and tuning environment was built by extending the approach to
fuzzy and real valued equations. The system is realised as toolboxes in a MatlabSimulink environment (Juuso 2004). Fig. 15 shows the user interface of the system.

Fig. 15. User interface of the linguistic equations approach (Kumpula et al. 2003).
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Linguistic equations are designed for integrating knowledge and data in the
development of non-linear multivariable systems for intelligent process analysis, control,
fault diagnosis and forecasting. Insight into the process operation is maintained, since all
the modules can be assessed using expert knowledge and membership definitions relate
measurements to linguistic terms in different operating areas. (Juuso et al. 2002.)
The basic idea of this methodology is non-linear scaling of the model variables.
Scaling functions (membership definitions) are presented in the form of two
monotonically increasing second order polynomials. Scaling functions are formed on the
basis of training data. The shape of the polynomials is related to the distribution of the
data. The scaling procedure can be seen as a linearisation of the system. (Juuso 2004.)
There are two main features in the LE approach that deserve a closer discussion:
membership definitions and system interactions. They are introduced in the following
two chapters.

4.1 Membership definitions
The calculation of membership definitions starts from the concept of feasible range.
Feasible range is defined as a membership function: the main area of operation is called
the core area, and the whole variable range is the support area. For applications, a
trapezoidal function presented in Fig. 16 is sufficient.
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Fig. 16. The concept of feasible range as a membership function.

The corner parameters can be defined on the basis of expert knowledge or extracted from
data (Frantti 2001). The slope can be different in the upper and lower part, depending on
the linearity or non-linearity of the system.
In the fuzzy set theory (Zimmermann 1991), support and core areas are defined with
the following equations (1) and (2)
supp(A) = { x ∈ U |μ Α ( x ) > 0}

(1)
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core(A) = { x ∈ U |μ Α ( x ) = 1} ,

(2)

where A is a fuzzy set and U is an universal set including A. μA(u) is the membership
value of A.
In this case, when a model is generated automatically, the support area is defined by
the minimum and maximum values of the variable, i.e. in the support area
xmin ≤ x ≤ xmax.

(3)

The centre value, c, divides the support area into two parts, and the core area is defined
by the centre values of the lower and the upper part, cl and ch, correspondingly. This
means that in the core area
cl ≤ x ≤ ch

(4)

and
xmin ≤ cl ≤ ch ≤ xmax.

(5)

The centre values can be defined as means or medians of the corresponding data sets. For
feedback controllers, the centre values of error, change of error and change of control
variable are all zeros. Defuzzification of the feasible range should result in a value close
to the centre point. If the feasible range is not highly asymmetrical, the mean or median is
close to the defuzzification result of the trapezoidal feasible range.
The data-driven approach can meet two main problems. The data points do not always
cover the whole area of operation, e.g. only the close neighbourhood of the normal
operation point may be covered, or we would like to extend the model of the upper part
later to the lower part. In these cases, expert knowledge is used in extending the feasible
range.
On the other hand, process data often contain outliers, which must be removed before
generating the feasible area, because the procedure described above is very sensitive to
them. In steady state modelling the outlier points can be removed, but in dynamic
modelling these points are needed for analysis of interactions.
A membership definition is a (non-linear) mapping of variable values’ x∈R, inside its
range according to Eq. (3) to certain linguistic values X∈R, which are defined inside a
closed interval. It more or less describes the distribution of variable values over its range.
This is defined with the following equation
x = f ( X ), ∀x min ≤ x ≤ x max , x ∈ [a,b] ,

(6)

where x is the variable value and X is its linguistic value. The name ‘linguistic value’
originates from earlier applications using only integer values that could be associated
with linguistic labels like very small, small, normal, big and very big.
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In this application X is defined inside the closed interval [-2,2]. The membership
definitions usually consist of two second order polynomials: one for negative values of X
[-2,0] and one for positive values of X [0,2]. So
x = f − (X), X ∈ [−2, 0]

(7)

and
x = f + (X), X ∈ [0, −2] .

(8)

The polynomials are of the form
x = a ⋅ X2 + b ⋅ X + c .

(9)

Two facts must be pointed out concerning f-(X) and f+( X):
− they should be monotonous, increasing functions in order to result in realisable
systems, i.e.
f − (X1 ) > f − (X 2 ), X1 > X 2

(10)

and
f + (X1 ) > f + (X 2 ), X 1 > X 2 .

(11)

− they are used in a continuous form in the linguistic equation systems. The lower part
function is defined by values corresponding to linguistic levels –2, -1 and 0, and the
upper part function by values corresponding to linguistic levels 0, 1 and 2. The upper
and lower parts should overlap at the linguistic value 0.
An example of the membership definitions of pulp conductivity is given in Fig. 17. Due
to confidentiality reasons the original numerical measurement values are scaled between
0 and 1 in this figure. The scaled measurements are presented in the vertical axes of the
figures. The horizontal axes show the corresponding linguistic values. The definitions are
classified into five categories, from no breaks to a lot of breaks, each containing five
examples. Web break sensitivity increases from the left-hand panels to the right-hand
panels. In this case the top two rows show that the range of pulp conductivity moves to a
higher level when web break sensitivity increases. In the lower three rows the variation is
not so clear. The example shows that membership definitions are different in every case,
but there is no clear correlation with web break sensitivity for this variable alone.
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Fig. 17. Membership definitions of pulp conductivity (Ahola et al. 2000a).

4.2 Interactions
The basic element in the linguistic equation approach is the equation
m

∑A X
j =1

ij

j

+ Bi = 0

X j ∈ [ −2 2 ] ,

(12)

where Xj is a linguistic level for the variable j, j=1,…,m. Coefficients Aij represent the
direction and strength of the interaction. The bias term Bi is used e.g. in diagnostic
applications, but it can also be zero. The subscript i refers to the ith equation in the system
of several equations. A model of several equations is written as a matrix equation
AX + B = 0 ,

(13)

where A is an interaction matrix of size nxm, X is a vector of linguistic values and B is
the bias vector. Each row of the interaction matrix belongs to an individual model, which
can be generated separately. (Juuso 2000.)
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There are several ways to generate linguistic equations: automatically from data, from
expert knowledge or from existing rule bases (Juuso 2004).
In solving linguistic equations, linguistic levels, Xj, are calculated from actual
measurements using non-linear scaling to the range [-2 2]. This is done with the help of
membership definitions. In the case where membership definitions are second order
polynomials, the linguistic level Xj is calculated from

2

when xj = max xj

− b j + + b 2j + − 4a j + (c j − x j )

Xj =

2a j +

when cj = xj = max xj

(14)

− b j − + b 2j − − 4a j − (c j − x j )
2a j −

-2

when min xj = xj = cj
when xj = min xj

,

where aj-, bj-, aj+ and bj+ are the coefficients of the second order polynomials, cj is the real
value corresponding to the linguistic value 0 and xj is the actual measured value.
Parameters min xj and max xj correspond to linguistic values –2 and 2. (Juuso 2004.)
Now any Xo can be solved from equation (13) as a function of other variables. The
actual output value is then calculated from equation (9) as
Xo =

ao - ⋅ X 2 + b o - ⋅ X + c

(15)

ao + ⋅ X 2 + b o + ⋅ X + c .

where the subscript o refers to the selected output variable, ao-, bo-, ao+ and bo+ are the
coefficients of the second order polynomials, c is the real value corresponding to the
linguistic value 0. (Juuso 2004.)

4.3 Generation of an interaction matrix
The interaction matrix A in equation (13) can be developed from expert knowledge or
from process data. Automatic generation usually considers combinations of three variable
interactions at a time. First, linguistic equations for all possible combinations are
developed and the strongest interactions are selected for the final model of the example in
question. Selection is based on the variable correlation. The “best” equation is chosen
first, then comes the second, and so on. At the beginning, the principle in adding
equations to the model was that each new equation would bring at least one new variable
to the model. Later on the criteria were changed so that a certain level of interaction was
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set and the equations reaching that level were selected. In practice this means all the
variables are not necessarily taken into account in every case model.
In small systems, the directions of interactions are usually quite clear, and only the
absolute values of the coefficients need to be defined. For more complex systems, a set of
alternative equations is developed first, and the final set of equations is selected on the
basis of error measurements and expert knowledge. Correlation analysis and principal
component analysis are used in the selection of the original variable groups.
Fig. 18 presents an example of an interaction matrix. In this figure each row is a single
equation and the columns present the variables (1-24) added with a bias term as column
25. The variables for this interaction matrix are listed in Table 3a. The interactions are
presented with colours (dark grey = -1, White = 0, light grey = 1) and numbers (-1 and 1).
With real valued interactions the colour scale would be larger in this kind of presentation.
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-1 -1
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1

-1
-1

-1

8

-1

7
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1
1
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-1 -1

1 -1
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4

1

3

-1

2

1

-1 -1

1

-1

1

1

-1

1

-1

1

-1
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1 2 3 4 5 6 7 8 9 10111213141516171819202122232425

Fig. 18. Example of an interaction matrix (Ahola et al. 2000a).

Fig 19. presents an example of a single linguistic equation and shows how the numeric
value for the bleaching tower pH is calculated with the other two variables. The
directions and strengths of the interaction (Aij) and bias term (Bi) are available together
with measurement values for other two variables. First the available measurements are
scaled with membership definitions to linguistic values, which are then substituted into
the linguistic equation and the linguistic value for bleaching tower pH is calculated.
Finally the linguistic value is scaled backwards with the membership definition of
bleaching tower pH to get the corresponding measurement value.
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3

Σ Aij Xj + Bi = 0
j=1
100

Bi = 0.054

Aij = [ 0.448 0.435 -0.779]

50
0

-2

-1

0

1

2

Xj =

100

Pulp Grinder2 Power
Broke Percentage
Bleaching Tower pH

=

0.8
1.0
?

0.8

50

[ 0.448 0.435 -0.779] *
0

-2

-1

0

1

2

1.0

+ 0.054 = 0

X Bleaching tower pH

=>
X Bleaching tower pH = (0.448*0.8 + 0.435*1.0)/0.779 + 0.054 = 1.072

14

6.9

7

=>

Bleaching tower pH = 6.9

0

-2

-1

0

1

2

1.072

Fig. 19. Example of the use of a linguistic equation.

The equations of three variables can also be presented as a surface figure that facilitates
evaluation of interactions. Fig. 20. presents an example of three variable interactions with
the same variables used in Fig. 19.
Interpretation of the surface figures is done by comparing the levels of different
variables. In this case the wavy surface shows that there are non-linear interactions
between the variables.
Final evaluation by experts and tuning of the models must be done before they are
used. The possibility of expert assessment is one of the most important features in the
development of real applications. The models can be checked equation by equation:
binary interactions are compared while keeping the other variables at the normal level.
For three variable interactions, model surfaces describe the interactions in a way that
facilitates their evaluation.

Bleaching tower pH
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Broke percentage
Pulp Grinder 2 Power

Fig. 20. Example of the model surface of one equation.

4.4 Linguistic equations in a CBR cycle
According to Aamodt and Plaza (Aamodt & Plaza 1994), case-based reasoning consists
of cyclically performed retrieve, reuse, revise and retain phases. The basis of the CBR
system is a case base containing previous cases with possible general knowledge of the
problem area. Problem solving starts with identification of the current problem situation.
Based on information about the new case, the most similar case is retrieved from the case
base. The retrieved case is reused to solve the current problem. The revise step involves
evaluation of the suggested solution. Finally, useful solutions with related case
information are retained in the case base as learned cases.
The on-line version of the indicator operates primarily as a case retrieval and reuse
application, as shown in Fig. 21. Evaluation of predicted break sensitivity is based on real
break sensitivity calculated with the information of break occurrence in the paper
machine. This revise stage is performed off-line with a simulator using real process
measurements. The structure of the revise and retain stages is presented in Fig. 22.
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Fig. 21. Structure of the RETRIEVE and REUSE stages (Ahola et al. 2003).

Fig. 22. Structure of the REVISE and RETAIN stages (Ahola et al. 2003).

The case base of this application contains classified case models. The classification of
cases together with variable selection is based on expert knowledge. The example in Fig.
23 contains altogether 7 categories of cases. In this case the category simply correlates
with the number of breaks per day – starting with no breaks (1) going to a normal
situation (4) and ending up with very many breaks (7). Each category contains a certain
amount of case models. A case model is a group of linear equations presenting the
interactions between variables (Eq. 13) that best describe the process conditions in the
corresponding case category. The non-linear scaling functions for every variable are also
included in the case model. The models are stored as simple numerical matrices sorted
with the category and case numbers. The hierarchy of the case base is presented in Fig.
23.
Depending on the classification of cases a certain amount of data is needed for
modelling. In this study, periods of 24 hours were used for defining membership
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definitions and interaction matrixes. Measurements were collected once in a minute, so
there was a set of 1440 values available for every variable in each case.

1

2

3

4

5

1 2 3 4 5 ...

6

7

Categories

Case Models

1.
2.
3.
4.
5.

Equations

6.
7.
8.

Fig. 23. Structure of the case base (Ahola et al. 2004b).

4.4.1 Representation of cases
A new problem is presented to the system as a set of on-line measurements (x1, x2, x3,
…,xm). These measurements are scaled according to Equation (14), resulting in linguistic
values (X1, X2, X3,…,Xm).
The representation of the cases follows the format of linguistic equations. A case
model consists of one or more linguistic equations and it is presented as the set of
equations according to Equation (13) above. The whole selection of example cases – case
base in Fig. 23 – consists of the group of n sets of equations
A1 X1 + B1 = 0
A2 X2 + B2 = 0

(16)

...
A n Xn + B n = 0 .

The subscripts, 1, 2,…,n, refer to the case models in Fig. 23. Each case model also
includes the information to which category it belongs, but this indexing is omitted to keep
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the equations simpler. Variable sets X1…Xn are subgroups of the original set of variables.
The parameter n is the total amount of case models in the case base.
The stages in the CBR cycle are now formulated in the following way:

4.4.2 Case retrieval
The new set of values for variables Xj is read
T

X new = ⎡⎣ X 1, new , X 2, new ,..., X m , new ⎤⎦ .

(17)

Next, we calculate how closely the new set of variables resembles the existing cases in
the case base. This happens by calculating the existing equations
A1 X1, new + B1 = ε1
A 2 X 2, new + B 2 = ε 2

(18)

...
A n Xn , new + Bn = ε n .

In this case εi represents the error value. If │εi│= 0, the equation is true and the new
variables fit perfectly into the equation, otherwise some error exists. The closer the error
is to zero, the better the new set of values resembles the existing equation.
The best-fitting category can be selected using a simple fuzzy strategy. If an equation
is true, the degree of membership for that equation is one. All deviations reduce this
degree according to a triangular membership function. The degree of the membership for
each case is evaluated by taking the weighted average from the degrees of membership of
the individual equations
nei

μci =

∑w μ
j =1

ej

ej

0 ≤ wej ≤ 1,

nei

(19)

where w is the weight value of the equation and μ is the membership degree, ci refers to
the ith case, ej to the jth equation and nei is the number of equations in the ith case. The
weight value for the equation can be generated automatically based on information on
how well the equation describes the training data or the weights can be set manually with
expert knowledge.
The degree of membership of each web break category is generated from the degrees
of membership calculated for all the cases included in the category. Once again, the
weighted average is used
nci

μ( cat ) k =

∑w μ
i =1

ci

nci

ci

0 ≤ wci ≤ 1.

(20)
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Here nci is the number of cases in the category. A simpler way is to take the membership
value of the best fitting case to represent the whole category

μ(cat ) k = max μci .

(21)

nci

4.4.3 Case reuse
The indicator gives the predicted number of web breaks in a day as the output. Different
methods for calculating web break sensitivity were tested (Ahola et al. 2002). The best
result was reached by selecting the break level of the best fitting break category as the
output of the system. This category,

predicted
N cat
, is simply the one with the biggest degree

of membership
max μ( cat )k .

(22)

k

Two more approaches are described in Chapter 5.5.3. The following example illustrates
the calculations. Fig. 24 shows a case base with seven categories and 37 case models. It
also shows the membership values for each case model and each category together with
the final result.
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Fig. 24. Evaluation of the identified process situation (Ahola et al. 2004 b).
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Broke Feed

Pulp Grinder Power

In the case retrieval stage measurements are substituted into each model in the case base
and the output (error in equation (18)) is evaluated. First the measurements are linearised
with non-linear scaling functions using case-specific membership definitions. For each
case, all the equations are considered in the form of Equation (18). An example of this is
shown in Fig. 25.
This equation includes three variables: pulp grinder power, broke feed and bleached
pulp pH (also in this case, due to confidentiality reasons the original numerical
measurement values are scaled between 0 and 100), so the equation includes three
interaction terms and the bias value. Parameters Aij and Bi were determined based on
process data. The measured values of the variables are scaled using the membership
definitions (once again defined from process data) between –2 and +2. The arrowheads
show how this is done. The solved equation at the bottom right of the figure shows that
the equation does not fit and the error (εi) is 0.96425. In this application the error value
varies from –2 to 2. All bigger errors are cut and the values –2 or 2 are used instead.

100

3

Σ Aij Xj + Bi = 0

50

j=1
0

-2

-1

0

1

2

100

Pulp Grinder Power
Xj = Broke Feed
Bleached Pulp pH

50
0

-2
Bleached Pulp pH

Aij = [ 0.448 0.435 -0.779]

-1

0

1

=

0.8
1.0
-0.15

2

Bi = 0.054

100

0.8
50

[ 0.448 0.435 -0.779] *

1.0

+ 0.054 = 0.96425 ≠ 0

-0.15

0

-2

-1

0

1

2

Fig. 25. Example of a linguistic equation (Ahola et al. 2004 b).

If the equation were true, the data point would be on the model surface of the case, and
the degree of membership for that model would be one. All deviations reduce this degree.
In this example, a symmetrical triangular membership function is used to evaluate the
degree of membership, as presented in Fig. 26.

50
1

Membership

0.8
0.6

0.49

0.4
0.2
0.96425

0
-2

-1

0

Error

εi

1

2

Fig. 26. Membership of a linguistic equation (Ahola et al. 2004b).

The degrees of membership for case models and categories were calculated using
equations (19) and (21). At the end, the category that reaches the highest membership is
selected for the output of the application. In this case, it is category 3.

4.4.4 Case revision
The revise stage involves calculating the difference between predicted and real operating
situations. The tested case will provide an estimation with the degree of quality. Learning
takes place when the degree of quality is poor. This usually means that the memberships
of the case models also are not at the acceptable level, and therefore the current operating
situation can not be identified properly. (Ahola et al. 2003.)
If no resemblance is found (meaning that all the errors in equation (18) are bigger than
max
the tolerance, ε
), the question may arise, whether we are dealing with a totally new
case. The revise stage consists of calculating the difference between predicted and actual
break sensitivity. The tested case will provide information about web break sensitivity
with the degree of quality, i.e. the predicted category deviates from the actual one
predicted
actual
N cat
≠ N cat
.

(23)

4.4.5 Case retainment – Learning
In the retain stage new potential cases are modelled with the classification information.
The learned new case is saved in the case base as a new example. The case analysis can
also be performed to find out universally applicable models that operate well in most of
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the operating situations. With this information some cases can also be removed from the
case base. (Ahola et al. 2003.)
Learning takes place in the analysis when the degree of quality is poor. In the retain
stage new potential cases are modelled with the break class information. The case base in
equation (16) is completed with a new set of equations

A1 X1 + B1 = 0
A 2 X2 + B 2 = 0
...

(24)

A n Xn + B n = 0
A n +1 Xn+1 + Bn +1 = 0 .

4.5 Indicator as a Matlab application
The indicator is implemented as a Matlab® application, which gives good possibilities
for simulation in the same environment. The user interfaces and the connections to the
automation systems are also easy to build in this environment. Fig. 27 presents the basic
operations and functions of the indicator application together with data analysis and
modelling tasks.
The application consists of Matlab® functions that perform the operations and
calculations together with the case base, which is built as a matrix containing the indexed
models. The operations and calculations of the application take about 200 lines of
program code. Together with the case base information, the whole application can be
saved on a single HD disk.
A more detailed presentation of the indicator implementation, together with test
results, is given in chapter 5. The indicator operations are presented in chronological
order, like they were developed, tested and approved during this study.
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MATLAB®
Linguistic Equations
Approach
Data Analysis
Selection of variables
Interactions
Delays
Classification
Selections of cases
Modelling
Variable groups
Data filtering
Mf definitions
Linguistic equations
Validation
Testing and tuning
Simulations
No

Improvement?

Yes

Matlab® -Functions
Web Break Sensitivity
Indicator
Case presentation
Online measurements
Data filtering
Timing
Calculations
Output
filtering
Web break
sensitivity

Case Base

Fig. 27. Implementation of the indicator in a Matlab® environment.

4.6 Test Environment
The indicator was tested off-line with a simple Simulink model presented in Fig. 28. The
indicator operates as a Matlab function and uses measurement data from the paper
machine as an input. As an output the indicator gives memberships in the break categories and break sensitivity calculated from these memberships. (Ahola et al. 2002.)
This application monitors the papermaking process through on-line measurements and
provides information about web break sensitivity without performing any control
operations. This means all sophisticated paper machine simulators can be replaced with a
collection of these on-line measurements in this case.
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Fig. 28. Testing environment of the indicator (Ahola et al. 2002).

The user interface of the simulator is presented in Fig. 29. During the test periods web
break sensitivity was presented together with actual breaks (uppermost graph in Fig. 29).
In this example some different methods for calculating web break sensitivity are tested
and compared (graph in the middle of Fig. 29).
At the paper mill the indicator operates on a PC as a Matlab function similar to the
function used for simulation. Basically, the only difference is the use of on-line measurements instead of a file system in simulations. Also, the timing function presented in
Fig. 27 is needed in on-line testing. A new estimation of break sensitivity is calculated
once a minute, and this is also the time period used in process data collection. The timing
function is included in the indicator software, and different time steps can also be used in
the calculations. The first indicator version was connected to the automation system using
dynamic data exchange (DDE link). The latest version of the indicator application
operates on a laptop computer and is connected to the automation system through an OPC
(OLE for Process Control) interface (Ahola et al. 2002). The on-line connections are
presented in Fig. 30.
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Fig. 29. User interface of the simulator used to test the indicator (Kumpula et al. 2003). The
uppermost graph presents predicted break sensitivity with actual breaks. An example of
testing the different methods for calculating break sensitivity is shown in the middle with
some explanations (in Finnish) in the right corner. The data selection tool user interface is
presented in the left corner.

The user interface of the indicator operating on-line is presented in Fig. 31. Web break
sensitivity is presented at the top of the figure together with real breaks as a 24-hour
trend. The figure in the middle shows the memberships in all the break categories. In
addition, some information about the variables that best describe the on-line situation is
also presented. (Kumpula et al. 2003.)
The application at the paper mill also collects process measurements related to web
break sensitivity. The data are saved for performance analysis of the application later on.
In the development stage these measurements can also be used to test the performance of
different indicator versions.

On-line measurements
from paper machine

On-line measurements
from paper machine

Automation system

Automation system

DDE Server
DDE-link

Web Break Sensitivity Indicator

OPC INTERFACE

DYNAMIC DATA
EXCHANGE
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OPC Server
OPC Client

Web Break Sensitivity Indicator

Fig. 30. Connections to automation systems.

Fig. 31. User interface of the indicator in on-line testing (Kumpula et al. 2003). The
uppermost graph shows predicted break sensitivity with actual breaks (with 24-hr history).
Memberships in different break categories (0-9 breaks) are presented in the middle.
Information about the variables that best identify the current operating situation is presented
(in Finnish) lower down in the figure.

5 Development and testing
Development and testing of the indicator was carried out in co-operation with two paper
mills. Therefore, the application was also tested with variables from another papermaking
process and within different process conditions.
The study began at a paper mill that produces magazine paper. This part of the study is
headlined as Case 1. The basic structure of the application was developed during Case 1
together with the methods used for data analysis. Development of the indicator continued
later at another mill that produces newsprint paper. This part is headlined as Case 2 in this
study. Compared with Case 1, Case 2 includes the following bigger improvements and
changes:
− a tool for data selection
− new classification and improved validation of cases
− a new method for break sensitivity calculations

5.1 Case 1
Data analysis was based on a comparison of various operating situations of the process
(process cases). Development of the indicator was carried out using actual measurements
from the paper machine. The data contained altogether about 250 different measurements
over a period of three years. In addition to the actual measurements, the data also
contained information about break occurrence. The basic steps of data analysis are
presented in Fig. 27.
For the first version of the indicator only 24 measurements were included in the
analysis. The main interest was in the processes just before the paper machine. Because
of the enormous amount of data, all the measurements were not included in the analysis.
Only the consistency of the machine pulp and other variables, which affect the operation
of the mixing chest, were considered. The selected variables are listed in Table 3a. For the
extension of the indicator, another version, with partly different variables, was also
developed (Ruuska 1999). The variables selected for the second version are presented in
Table 3b. The methods used for data analysis and modelling are similar in both cases. The
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data used to model the second version were slightly modified: Breaks that appear less
than two hours apart were combined, some time was allowed for the process to settle
down after a break and breaks with a distinct reason were separated. The main difference
in the training data was the number of breaks. For the first version the variation in break
occurrence during one day was from zero to 17. For the second version there was a
maximum of four breaks during one day. The number of breaks dropped because some
short breaks close to each other were combined into one break in the source data. (Ahola
et al. 1999.)
Table 3. Variables used in the indicator.
a:

b:

1. Mechanical pulp feed

1. Headbox conductivity

2. Chemical pulp feed

2. Ash retention

3. Broke feed

3. Wire pit temperature

4. Filler to centrifugal cleaner pump

4. Wire water pH

5. Filler 1 flow

5. Filler to centrifugal cleaner pump

6. Filler 2 flow

6. Foam inhibitor flow to wire pits

7. Mechanical pulp feed consistency

7. Retention aid flow

8. Chemical pulp feed consistency

8. Retention aid pipe pressure before screens

9. Broke to broke screen consistency

9. Broke conductivity

10. Chemical pulp percentage

10. Broke pH

11. Broke percentage

11. Mechanical pulp conductivity

12. Bleached mechanical pulp percentage

12. Chemical pulp conductivity

13. Machine pulp consistency

13. Broke feed

14. Chemical pulp freeness

14. Broke percentage

15. Chemical pulp pH

15. Chemical pulp feed

16. Chemical pulp conductivity

16. Chemical pulp percentage

17. Mechanical pulp1 tower pH

17. Bleached mechanical pulp percentage

18. Mechanical pulp2 tower pH

18. Mechanical pulp1 tower pH

19. Mechanical pulp conductivity

19. Mechanical pulp2 tower pH

20. Broke pH

20. White water tower temperature

21. Broke conductivity

21. White water pH

22. White water pH

22. K-moisture

23. White water tower temperature
24. Mechanical pulp proportioning chest level

The measurement data were divided into periods of one day. The original data were
collected once a minute, so each of these data periods contained altogether 1440
measurement points. The data were further classified into five categories, depending on
how many breaks there were during a period of one day: no breaks (0), a few breaks (1–
2), normal (3–4), many breaks (5–10) and a lot of breaks (>10). Using the information on
break frequency, five examples of each category of break sensitivity were selected for the
analysis. An example of break appearance is presented in Table 4. (Ahola et al. 1997.)

Day/month
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
Average
Stand. dev
Variance
Min.
Max.

January February March
April
May
June
July
August September October NovemberDecember January February March
April
May
5
7
2
6
1
1
1
0
6
1
3
0
1
2
3
0
0
5
4
4
14
4
1
1
7
4
9
2
1
0
2
2
0
0
5
3
4
10
4
4
0
5
4
7
5
1
0
2
0
1
5
2
1
5
8
5
15
13
3
8
0
2
3
0
2
0
2
9
4
1
10
4
4
3
2
1
7
3
0
2
4
3
0
11
2
4
2
3
3
5
1
1
7
2
1
3
1
3
2
0
4
3
1
0
7
2
3
2
2
1
4
2
5
2
1
0
0
4
2
5
9
8
1
1
2
5
1
1
5
0
2
7
5
4
2
5
6
0
8
0
1
2
4
3
1
7
0
2
5
3
0
4
3
4
2
0
2
2
0
6
2
1
2
0
2
6
1
5
6
2
1
1
1
2
8
4
2
9
0
6
1
2
2
2
1
2
2
3
1
1
9
9
2
5
6
0
1
1
3
3
4
2
2
3
5
2
1
4
5
0
3
5
8
4
1
2
0
0
1
2
2
4
2
9
0
2
3
1
2
2
5
2
2
0
0
2
1
4
10
3
7
3
1
6
4
3
4
4
6
0
0
0
2
3
1
7
4
8
0
0
7
13
5
1
2
1
0
0
6
0
4
3
2
2
5
2
0
0
1
10
3
1
1
0
0
5
6
2
2
4
0
11
2
1
3
3
6
5
3
1
4
2
0
4
5
4
7
8
5
4
7
2
6
8
4
4
4
7
1
5
1
2
8
5
5
12
10
6
5
8
5
5
6
2
1
2
3
0
6
4
3
7
12
12
3
5
4
6
3
7
0
5
1
0
0
3
5
3
4
14
17
2
2
1
9
4
4
0
4
2
2
1
3
2
1
9
11
8
3
0
6
3
4
0
1
0
0
2
2
4
0
6
15
6
0
11
0
1
0
1
2
0
2
2
4
8
1
3
4
7
0
3
6
4
8
0
0
0
4
2
3
4
0
1
0
5
6
3
6
0
6
0
1
3
1
1
3
1
0
4
1
1
6
3
2
5
8
1
15
0
6
6
0
3
5
4
1
2
5
1
3
2
4
2
6
0
9
5
0
1
4
3
1
4
9
7
3
8
2
8
0
1
5
0
3
0
4
2
4
8
4
1
1
1
4
6
3
0
2
2
9
5
4
3
2
1
4
3,967742 2,678571 5,483871 5,133333 3,709677 3,266667 4,16129 4,580645
3,2
4,064516 1,566667 2,741935 1,612903 2,482759 2,064516
2,7
3,285714
2,101979 2,564226 3,791935 4,814792 2,702371 2,96573 3,547801 2,673335 2,212088 2,577014 1,626516 2,994271 2,042728 2,222467 1,916574 2,2971 2,206977
4,418314 6,575255 14,37877 23,18222 7,30281 8,795556 12,58689 7,146722 4,893333 6,640999 2,645556 8,965661 4,172737 4,939358 3,673257 5,276667 4,870748
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
10
9
14
17
9
15
13
10
8
9
6
15
7
9
6
11
9

Table 4. Appearance of breaks in data.
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Correlation analysis was used to find binary interactions between different process
variables. The basic tool used for these analyses was a Microsoft Excel spreadsheet. With
this software the correlation rates between all the variables were calculated and the
results are presented as a table, where the correlation rates of the variables are shown in
relation to each other. An example of correlation analysis is presented in Fig. 32. In this
example only the columns and rows containing correlation rates greater than 0.6 are
shown. (Ahola et al. 1997)
3
4
5
6
10
11
15
16
17
18
20
21
22
23

1
-0,949
0,873
0,771
0,718
-0,813
-0,957
-0,896
0,861
-0,056
0,896
-0,66
0,676
-0,713
0,921

2
0,3221
-0,19
-0,156
-0,146
0,7645
0,311
0,3551
-0,554
0,5744
-0,581
0,6619
-0,65
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Fig. 32. Example of correlation analysis (Ahola et al. 1997).

A summary of the found interactions is presented in Fig. 33. The numbers in the figure
show how many times a correlation was found between two variables. A correlation
exceeding 0.6 was considered worth mentioning. According to this analysis, correlation
varies quite a lot in different periods. The variation in correlation rates is due to the use of
normal on-line measurements that include the effects of different control operations.
Anyhow, these analyses showed that correlation rates can be useful in selecting variables
and variable groups for modelling, and also in deciding in which form to use different
variables. (Juuso et al. 1998, Ahola et al. 2000a.)
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Fig. 33. Example of interactions between variables (Ahola et al. 1997).

One reason for the weak correlation rates is the time delay between measurements. The
delays were analysed in relation to machine pulp consistency with a method based on
correlation analysis (Ahola et al. 1997). The method was implemented as a Visual Basic
macro on Excel. An example of delay analysis is presented in Fig. 34. There are five
phases in this method:
1.
2.
3.
4.
5.

The correlation between two measurements is calculated
The latter measurement is moved one step upwards.
The correlation is calculated again for a one step smaller area.
The moving and calculating continues until the whole area is gone through.
The delay is found when the best correlation is reached.
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Fig. 34. Example of time delay analysis (Ahola et al. 1997).

In this example, the variation in correlation on the right side of the figure is due to the
small number of measurements at the end of the calculation. The resulting delays are
different in different cases. These delays can be considered as effective delays since they
also contain the effects of various time constants. Actually, non-linear intelligent
modelling needs knowledge about effective delays. Since the process is very complex,
the correlation is in many cases too weak to define the delay. (Juuso et al. 1998.)
At each break sensitivity level, average delays were obtained from five examples. The
results are shown in Fig. 35. For some variables, the delay is longer when there are many
breaks. For these variables there are no variations worth mentioning in other categories.
On the other hand, some variables have the longest delay when there are no breaks.
Removing the shortest and longest delays has hardly any effect. Delays are more closely
related to process situations than to break sensitivity.
According to preliminary comparisons with expert knowledge, most of the results are
fairly well in the right order. However, because in some cases the correlations are weak,
the final delays were evaluated together with experts before implementation of the
indicator. The method is suitable for handling data from process experiments where
changes are defined by the experimental programme. For normal process data, the levels
of changes are not as clear, and therefore, in some cases similarities detected by
correlation analysis may be accidental. The delays will also be tuned with models.
There are more powerful techniques for analysing delays, but in this case expert
knowledge was available and this correlation-based method was found to be a useful
method for rough estimation of delays.
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Fig. 35. Variations in time delays when break sensitivity changes (Juuso et al. 1998).

The break indicator was implemented as a case-based reasoning-type of application with
a linguistic equations approach and fuzzy logic. The indicator consisted of 25 models,
five from each category of breaks. The models were generated directly from data, using
classified data sets of 1440 measurements. Variable grouping, data filtering and model
validation presented in Fig. 27 were not included in the development of these early
models. On-line data were compared with these models in the database and the indicator
estimated how well the present measurements fit the equations.
In this case, on-line measurements were similar to the data used in modelling. A new
set of measurements was produced once in a minute and web break sensitivity was also
calculated once in a minute with this new variable set. Delays were also taken into
account with on-line measurements.
For each process case k, all the equations i, i=1,…,nk, are considered. If equation i is
true according to Equation (12), the data point is on the model surface i of the process
case k, and the degree of membership for that model is one. All deviations reduce this
degree. In the present system, symmetrical triangular membership functions are used to
evaluate the degree of membership. The degree of membership for process case k is
evaluated by taking a weighted average of the degrees of membership of the individual
equations. The degree of membership of each web break category is generated from
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degrees of membership calculated for all the process cases included in the category.
Again, the weighted average method is used.
Each web break category has its own value for the risk level of web breaks, e.g. {0,
0.25, 0.5, 0.75, 1} for no breaks, a few breaks, normal, many breaks and a lot of breaks,
respectively. These values are weighted with the degrees of membership of the
corresponding level to obtain the overall risk level using the weighted average method.
Both versions of the web break sensitivity indicator were first tested in a MatlabSimulink® environment on a PC. According to these tests, both versions of the indicator
seemed to be able to identify various situations that lead to breaks (Ahola et al. 2000a,
Ahola et al. 1999). After promising off-line results, testing in practice started in the
summer of 1999.

5.1.1 On-line testing
On-line tests were started at the paper mill in July 1999. In the first tests the indicator was
connected to a Damatic XD automation system using DDE links. The basic structure of
the indicator for on-line testing is presented in Fig. 36. As the output, the two indicators
give the memberships of different break categories and break sensitivity at the current
moment. The DDE connection was found to be a practical and easy way to obtain on-line
data from the paper machine for preliminary testing. (Ahola et al. 2000b.)

Fig. 36. On-line testing of the indicator (Ahola et al. 2000a).

This chapter presents the results from two different test periods. The first one was carried
out in July (Fig. 37 and Fig. 38) and the other in August (Fig. 39). In these figures, the
results from indicator 1 are presented in the upper half (a and b) and the results from
indicator 2 in the lower half (c and d). Uppermost in the halves of the figure are the web
break sensitivities obtained from both indicators (a and c), and lowermost in the halves of
the figure are the real web breaks that occurred during the test period (b and d, which are
identical for both indicators). Breaks are presented as vertical lines. The lower figure in
each set presents a calculated value for the break level, which means the density of breaks
in one day based on actual web breaks. (Ahola et al. 2000b.)
Altogether 23 breaks occurred during the test periods, with no distinct reason. In
addition there were 5 shutdowns and 4 breaks with clear reasons. The results were
evaluated in proportion to unclear breaks, although the shutdowns and breaks with a clear
reason are also presented as similar vertical lines in the figures. In addition to the
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numerical value of web break sensitivity, the direction of the change in break sensitivity
was also taken into account in evaluating the test results. (Ahola et al. 2000b.)

Indicator 1

A)

B)

Indicator 2

C)

D)

Fig. 37. Results from on-line-testing, July 1999 (part 1) (Ahola et al. 2000b).

In the first test (Fig. 37), altogether five unclear breaks occurred, four in the first half of
the test period and the last one just at the end of the test. Four of the breaks with indicator
1 and three of the breaks with indicator 2 occurred while break sensitivity was increasing.
The level of the predicted break sensitivity of both indicator versions was a little too high
compared with the break level based on real breaks. Also, there was a period of two days
without any breaks in the last half of the test period, and anyhow there were considerable

65
variations in the break sensitivities. This could mean there was a danger that a web break
could occur, but because of some unknown reason the web did not break. (Ahola et al.
2000b.)

Indicator 1

A)

B)

Indicator 2

C)

D)

Fig. 38. Results from on-line-testing, July 1999 (part 2) (Ahola et al. 2000b).

During the second part of the first test period there were 10 unclear breaks and one
planned shutdown (last vertical line on the right, Fig.38). Six of the breaks with indicator
1 occurred when break sensitivity was increasing. The changes in break sensitivity from
indicator 2 were exiguous in this test, and most of the breaks happened when there was
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no appreciable variation in break sensitivity. In this period the numerical values of break
sensitivity were more or less at the right level compared with actual web breaks. (Ahola
et al. 2000b.)

Indicator 1

A)

B)

Indicator 2

C)

D)

Fig. 39. Results from on-line-testing, August 1999 (Ahola et al. 2000b).

The third period (Fig. 39) contained nine unclear breaks, four shutdowns (lines 7,9,13
and 16) and four breaks with a clear reason (lines 8,10,11,17). With both indicators only
25% of the breaks occurred when break sensitivity was increasing. With indicator 1 more
than half of the breaks took place when break sensitivity was decreasing. With indicator 2
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almost 75% of the breaks occurred when there was no variation at all in break sensitivity,
which is mainly accounted for by the period at the beginning of the test when most of the
breaks took place and break sensitivity had a constant value. The overall break sensitivity
of both indicators in this case should be higher, especially at the beginning of the test.
(Ahola et al. 2000b.)
The results of the test periods are summarised in Table 4, where the directions of the
change in break sensitivity of both indicators are combined with break appearance.
Table 5. Summary of on-line-testing in Case 1 (Ahola et al. 2000b).
Direction of the change in break sensitivity

Indicator 1

Indicator 2

Upward

54%

29%

Steady

33%

63%

Downward

13%

8%

According to these results, about half of the unclear breaks could be identified with
indicator 1. For a third of the breaks there was no response and 13% of the breaks
occurred when break sensitivity was decreasing. With indicator 2 about a third of the
breaks could be identified based on a change in break sensitivity. More than half of the
breaks occurred when there was no significant change in break sensitivity. During the
tests there were periods when break sensitivity had a constant value, and a third of the
unclear breaks took place during those periods. The constant value might be due to
difficulties in getting some of the on-line measurements through the DDE connection
during the test run. (Ahola et al. 2000b.)

5.1.2 Application update
After the first tests in practice, some changes were made to the modelling method. For
preliminary processing of data, a possibility for data filtering was added to the software
(Fig. 27). An example of data filtering is presented in Fig. 40. The use of a moving
average of 20 measurement points made variation about 50% smaller when single rapid
changes were filtered (Ahola et al. 2000b). One reason for the use of a moving average
was the size of the data set, which was not changed due to filtering. The set of 1440
measurements was still used for modelling after preliminary treatment of the data. This
same method for filtering was later on used with all the on-line versions of the indicator.
Also the variables presenting a new problem were filtered alike.
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Fig. 40. Filtering the input measurements (Ahola et al. 2000b).

Fig 41 shows an example of a change in the membership definition after the data were
filtered. The original definition is on the left and the membership definition after filtering
the data is on the right in the figure. The decrease in variation of the input measurement is
also seen in the minimum and maximum values of the membership definition. The
average value is nevertheless the same in both cases. The membership definition with
new software is closer to linear interdependence than the old one. (Ahola et al. 2000b.)
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Fig. 41. Membership definitions with different software versions (Ahola et al. 2000b).

All possible combinations of three variables were generated from the input data and the
best of these were selected based on correlation analysis. Expert knowledge was also
used in the selection of variable groups (Fig. 27). For example, control and set up values
of a variable could now be forced off the same group. Real valued linguistic equations
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were generated for the selected groups instead of the integer valued ones used before. The
number of equations for one model with the new method is slightly bigger than before.

5.1.3 Test results after the application update
After modelling the case base with the new software, both versions of the indicator were
tested in a Matlab-Simulink® environment on a PC. The results from off-line testing are
shown in Fig. 42–44. In this case, the data from the on-line tests (Fig. 37–39) were used.
The web break sensitivities of both indicator versions and the calculated break level are
presented in the figures. Break levels in these results stand for real break sensitivity based
on actual breaks.

Fig. 42. Results from off-line-testing, July 1999 (part 1) (Ahola et al. 2000b).

Compared with the web break sensitivities in Fig. 37, the variation in the break sensitivity
of indicator 2 has become wider during the test period presented in Fig. 42. With
indicator 1 the variation is not so significant. In this period there were less breaks than on
average, so both of the indicators gave somewhat too high break sensitivities. (Ahola et
al. 2000b.)
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Fig. 43. Results from off-line-testing, July 1999 (part 2) (Ahola et al. 2000b).

Fig. 44. Results from off-line-testing, August 1999 (Ahola et al. 2000b).
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During this almost five-day period, presented in Fig.43 above, there were 10 unclear
breaks. In this case break sensitivity should have been approximately 0.25–0.5 on
average. This variation predicts a situation from a few breaks to normal. Compared with
this, indicator 1 gave the right level of break sensitivity, although the variation is too
narrow. With indicator 2 the variation of break sensitivity was wider, with the average
value being almost 0.5. In this case there seemed to be some correlation with the break
sensitivity of indicator 2 and the break level. (Ahola et al. 2000b.)
In the third period, shown in Fig.44, there were altogether 9 unclear breaks. Therefore,
break sensitivity should have been about 0.25 on average, predicting a situation with a
few breaks. As before, the break sensitivity of indicator 1 varies very little and settles at
an average value of 0.4. With indicator 2 the variation in break sensitivity is wider and
the average value is bigger. Most of the breaks in this case were at the beginning and
closer to the end of the period, but there are no significant changes in break sensitivities
in these areas. (Ahola et al. 2000b.)
The application update resulted in the most improvement in the performance of
indicator 2. With the same data, which were used in the on-line tests, the variation in web
break sensitivity became significantly wider. Also, there are no longer any constant
periods in break sensitivity, which means the indicator could calculate the output
irrespective of the missing measurements. With indicator 1 the effect of the new software
seemed to be quite the opposite, the variation in break sensitivity appears to balance out.
(Ahola et al. 2000b.)
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Fig. 45. Combined test results from indicator testing periods (Penttinen 2000).

Both indicator versions were tested during 8 test periods. In these tests altogether 105
breaks occurred with no clear reason. At least 68% of these breaks took place when at
least one of the indicators predicted increasing break sensitivity. The results show some
correlation between breaks and increasing break sensitivity. A combined summary of the
test results with both indicator versions is presented in Fig. 45. (Penttinen 2000.)
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5.1.4 Importance of variables
The importance of different variables was evaluated based on automatically generated
linguistic equations. As presented in Chapter 4.3, automatic generation of linguistic
equations considers combinations of three variables. The strongest interactions are
selected first into the equation group, and therefore the variables that have the strongest
effect in describing the operating situation will be in the first equation. Based on a certain
level of interaction, a group of equations is selected for the final case model. This means
only the most important variables are selected for the case models. Based on this
information, the importance of variables can be evaluated: a greater number of
occurrences in the case models makes the variable more important in describing the
current operating situation. The order of importance based on variable occurrence is
(Ahola et al. 2000a):
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Broke percentage
Broke feed
Chemical pulp feed
White water pH
Bleached mechanical pulp percentage
Chemical pulp pH
Mechanical pulp2 tower pH
White water tower temperature
Mechanical pulp feed
Chemical pulp percentage
Mechanical pulp proportioning chest level
Chemical pulp conductivity
Broke pH
Filler 2 flow
Mechanical pulp1 tower pH
Machine pulp consistency
Mechanical pulp conductivity
Broke conductivity
Filler to centrifugal cleaner pump
Chemical pulp freeness
Filler 1 flow
Broke to broke screen consistency
Mechanical pulp feed consistency
Chemical pulp feed consistency

Based on this evaluation, broke and pulp feeds in addition to pH measurements turned
out to be the most important variables in describing sensitivity levels for web breaks.
Consistency measurements and chemical pulp freeness are adjustable variables, so they
do not have mentionable interactions with other variables, and therefore these variables
are usually the last selections into the equations. The small variations in filler 1 and 2
flows also lead to small interactions with other variables and caused late selection into the
equation groups.
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5.2 Case 2
The study continued with Case 2 in the summer of 2000. For this case, experts at the
paper mill selected the variables. The first idea was to select all possible variables that
could have influence on break sensitivity. Altogether 73 variables were selected for the
analysis. Modelling for the case base was basically similar to that of Case 1, although it
took about four times longer with the larger number of variables. Some expert knowledge
about correlations was also taken into account while setting up the variable groups.
The measurement data were divided into periods of 24 hours. The data sets were
further classified into five categories, depending on how many breaks there were in one
day: no breaks (0), a few breaks (1–2), normal (3–4), many breaks (5–6) and a lot of
breaks (>6). Using the information on break frequency, example data sets were selected
and later on these selected operating situations were modelled with the linguistic
equations method.

Fig. 46. User interface of the Channel Handling System (Kumpula et al 2003).

Time-consuming data selection for different cases became much easier and faster with a
Channel Handling System (CHS). The length of the period and the number of breaks can
be chosen, and the new system finds all the data sets which fill these conditions, shows
the breaks and marks missing data. Cases for modelling are selected interactively on the
basis of visual inspection. (Kumpula et al 2003.) The user interface of the CHS is
presented in Fig. 46.
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5.2.1 On-line testing
After promising simulations with process data, the first on-line tests started in October
2001. At the paper mill the indicator application operates on a PC and is connected to the
automation system through an OPC interface (Fig. 47).
During on-line testing the measurement data was saved to be able to simulate the same
situations later on. In this study, the data from the first on-line tests were used in the
development work to improve the performance of the indicator. In the first version of the
indicator the model database contained 64 example cases.

Fig. 47. On-line testing of the indicator (Ahola et al. 2002).

The first on-line test period took about 16 days. During this test real break sensitivity
varied from no breaks to close to a lot of breaks. The results from this test are presented
in Fig. 48. In the figure breaks are presented as vertical lines. The fraction line presents a
calculated value for the break level, meaning the number of breaks in one day based on
actual web breaks. The break level represents actual web break sensitivity, which
predicted break sensitivity should follow. The third line in the middle of the figure shows
the variation in predicted break sensitivity. (Ahola et al. 2002.)
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Fig. 48. On-line test results (version 1) (Ahola et al. 2002).

During this test calculated break sensitivity varied between 0.5–0.6, predicting a
“normal” or “many breaks” operating situation. Break sensitivity is more or less at the
right level in the middle of the test period, but the greatest variations in the number of
breaks are not taken into account adequately.

5.2.2 Off-line testing with new models
After the on-line tests, the number of modelled example cases was increased to 100 to
improve identification of different process situations. The new example database was
tested with the Simulink model using the measurement data stored during on-line tests.

Fig. 49. Simulation results (version 2) (Ahola et al. 2002).

According to these results (Fig. 49), the variation in break sensitivity seems to be even
smaller than before. The average value is slightly larger than in the on-line results. This
could mean the memberships in different break categories came closer to each other with
the new example cases, and therefore the variation balanced when the weighted average
was used to calculate break sensitivity. (Ahola et al. 2002.)
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5.2.3 Sensitivity calculations
The small variation in break sensitivity was typical of the test results with early versions
of the indicator. One reason for this is the small difference between the example cases,
and another reason is the method of calculating break sensitivity (Fig.27). In the first tests
break sensitivity was calculated with the weighted average of the memberships in
different break categories.
The weighted average method uses certain risk levels for break categories: 0 for no
breaks, 0.25 for a few breaks, 0.5 for normal, 0.75 for many breaks and 1 for a lot of
breaks. These risk levels are weighted with memberships in these break categories and
break sensitivity is calculated as a weighted average. The results in Fig. 47 and Fig. 48
are calculated with this method. When using a weighted average it seems to be
impossible to make a difference between break categories, and the result seems to vary
close to an average value of 0.5. (Ahola et al. 2002.)

Fig. 50. Different methods for calculating web break sensitivity (Ahola et al. 2002).
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In Fig. 50 three different methods for calculating break sensitivity are presented. The
actual breaks, break sensitivities and break levels are presented in a similar fashion as in
the previous figures. Break sensitivity is shown on a minute basis as a lighter line, and
using a 120-minute average as a darker line on top of the lighter one. The output filtering
stage (Fig. 27) became a useful tool and, after this part of the study it was used in all later
indicator versions.
The figure on the top shows the result using extra weights in the calculations. The idea
here is to increase the effect of the biggest membership of break categories. So, in this
case the biggest membership is given a weight of 1, the second is given a weight of 1/3,
the third a weight of 1/9, and so on. This method increases the variation of break
sensitivity significantly compared with the weighted average method. The numerical
values seem to be at the right level, especially in cases where a normal number or many
breaks occur. Also, the minimum value is reached in cases where there are no breaks, but
according to the numerical value this situation is not identified well enough. (Ahola et al.
2002.)
The figure in the middle shows the calculation based on the biggest membership. In
this case the risk levels of the break categories are used as outputs from the indicator.
Break sensitivity is the risk value of the break category, which gets the biggest
membership. In this case, the numerical value of break sensitivity varied rapidly between
the risk levels when minute-based calculation was used. The use of an average of 120
minutes in the calculation filtered the result to a more illustrative and practicable form.
The shape of break sensitivity variation is similar to the extra weight method, although
the changes are wider. In this case the minimum value for break sensitivity identifies the
situation with a few breaks. On the other hand, the maximum value is reached a couple of
times. (Ahola et al. 2002.)
The figure at the bottom shows the method based on the biggest adjoining
memberships. This method takes the biggest membership into account and adds to it the
effect of two others that are closest to each other. The biggest membership gets a weight
of 2/3 and the average of the two adjoining a weight of 1/3. Also in this case the variation
in break sensitivity is similar to the other methods. The numerical values settle between
the values of the previous methods. (Ahola et al. 2002.)
According to the test results, the variation in break sensitivity increased by weighting
the memberships of the break categories properly instead of using just the weighted
average. Increasing the effect of the category that best fits the situation at the process
makes the result more reliable and illustrative. As a result of these tests, the method based
on the biggest membership was selected for implementation. In these tests the situations
with no breaks were not identified properly, which might be due to the small number of
modelled example cases in this category. (Ahola et al. 2002.)

5.2.4 Emphasis of the example case differences
For the next version of the indicator, a new example database was developed. The idea
was to point out differences between the example cases so the indicator could identify the
process situations more accurately. A validation step (Fig 27) was added to the modelling
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operations. During the validation a single case was compared to other cases so the model
would fit the case at hand and not be as appropriate in other cases. This was basically
done by giving weight values to the case model equations, so the good models would
have a stronger effect in break sensitivity evaluation than those with lower weight values.
In addition to the modelling, the classification of the cases was altered. In the latest
version the example cases are classified according to the number of breaks into 10
categories from 0 to more than 9 breaks a day. With this new case definition the indicator
now gives the memberships in 10 categories and web break sensitivity is presented
directly as the number of breaks that are predicted to take place in the next 24 hours.
(Ahola et al. 2002.)
The new example database and case classification were tested with a Simulink model
using the same data as in the previous simulations. The results are presented in Fig. 51.
The upper part of the figure presents the result calculated with the biggest membership
method and the lower part shows the same web break sensitivity calculated with the
method using extra weights.
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Fig. 51. Simulation results with the latest indicator version (Ahola et al. 2002).

The most significant improvement in this experiment is the better identification of cases
with no breaks. Web break sensitivity is now presented directly as the number of breaks
in one day, which will be the way to present the results in practise after this stage.
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5.2.5 Final test results
On-line and off-line testing of the last version took place simultaneously. The new
versions were first tested with the simulator. If the new version improved performance,
the latest version went to on-line testing. Two examples of the test results with the final
version are shown in Fig. 52 and Fig. 53. Actual breaks are presented as vertical lines in
the figures. The thinner fraction line represents the calculated value of the break level,
meaning the number of breaks in one day based on actual web breaks. The thicker
fraction line shows the variation in predicted break sensitivity presented as a moving
average of two hours. In addition, an error value was calculated and this is presented in
the lower part of the figures. An error in this presentation means the difference between
real and predicted break sensitivity. (Ahola et al. 2004b.)
The testing periods took about 3 weeks altogether. The horizontal axis presents time as
running minutes and the vertical axis indicates web break sensitivity scaled between 0
and 1. During the test period in the upper figure there was a shutdown period from about
8000 minutes to 14000 minutes.
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Fig. 52. Test results and error with the indicator in one test period (Ahola et al. 2004b).

In the first period, predicted break sensitivity follows the break level nicely most of the
time. In the beginning the prediction is too high, but it starts to settle after the first day of
testing. At 7500 minutes a period of about 1000 minutes begins where the prediction is
more or less opposite of what it should be. During this period, the membership of all the
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break categories was poor, which means there were no case models that fit well enough in
this situation and a wrong category gets the highest membership value of the poor ones.
The low degree of quality makes this period a potential candidate to be retained in the
category of more than 9 breaks as a new learned case. After the shutdown period
predicted break sensitivity is at a reasonable level until 17000 minutes, when the
difference starts to grow again. In this test period there were three days of 13 when
acceptable values of web break sensitivity were not predicted. (Ahola et al. 2004b.)
During the second period the difference between predicted and real break sensitivity
was rather similar to the first test. This testing period was three days longer and the real
number of breaks was almost double compared to the earlier one. There were some
situations where example cases did not fit, and therefore the prediction could be poor.
However, the average prediction was more or less at the appropriate level to give reliable
information about web break sensitivity. (Ahola et al. 2004b.)
The final version of the indicator contains about 40 example models in the case base.
This is a small set of alternatives compared to the possible ways to run the paper machine
and compared to the usual number of cases in CBR applications. Anyhow, according to
the test results the collection of example cases seems to fit the most common process
situations. Of course, changing process conditions and new ways to run the process will
later on increase the importance of retaining new learned example cases in the case base.
(Ahola et al. 2004b.)
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Fig. 53. Test results and error with the indicator in another test period (Ahola et al.
2004b).
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5.2.6 Importance of variables
The importance of different variables was evaluated according to the same method that
was used in Case 1 presented in chapter 5.4.7. The order of importance in Case 2 based
on variable occurrence is as follows (only the 10 most important variables are presented):
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Headbox Pulp Temperature
1-Press Saveall Water
Pulp To Bleaching pH
1.Felt Air Permeance
Bleaching Tower Return pH
White Water Temperature
White Water Ash
Slice Opening Vertical Motion
Couch Roll High-Vacuum-%
10. Headbox+Slice Opening Shower Water Temp

In addition to the information about the most important variables, this analysis also
pointed out 11 variables that were not selected into any equation and therefore were
useless in describing web break sensitivity levels.

6 Discussion
In this study, the break sensitivity of the paper web was predicted based on the
identification of different operating situations. A sensitivity indicator was developed as a
case-based reasoning-type application with a linguistic equation approach and fuzzy
logic. The case base of the system contains models of operating situations with different
amounts of breaks. A new case is presented to the system as a collection of on-line
measurements. The indicator compares the new case to the examples in the case base and
uses the information of the best-fitting case to estimate the current situation. As an output
the system gives the numerical value for the predicted number of breaks based on the
information related to the best-fitting case in the case base.

6.1 Why case-based reasoning?
This study began as a methodology study aimed at finding reasons for web breaks. The
runnability of a paper machine is a well-studied domain, and finding new correlations
between variables and web breaks would have been a highly ambitious task. Different
statistical methods were tested, but reliable correlations between single variables and web
breaks did not exist, and therefore new reasons for breaks were not identified.
The second stage in this study was the classification and modelling of break situations
to find differences between operating situations leading to breaks. The break situations
were classified based on the number of breaks a day, which is a basic measurement of
paper machine runnability (Roisum 1990). The use of linguistic equations provided the
possibility to handle variables together in groups so that modelling of a single operating
situation was based on combined interactions of variables. Modelling of different cases
with different numbers of breaks gave different models, and this was the basis for
continuing the study. The need to identify different operating situations together with the
nature of the papermaking process were the main reasons for directing this study towards
a case-based reasoning application.
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6.2 Preliminary treatment of data
Development of the sensitivity indicator was carried out based on actual measurements
from a paper machine. The measurements were used as they were to retain the
information content of the application and, on the other hand, to keep the application as
simple as possible. Only simple filtering was added to the indicator software to make
rapid changes slower and to cut outliers from the data. A more effective preliminary
treatment method might have been better, but it would also have been more complicated
and time-consuming, so it was left for future development. This same filtering is
performed when the measurement data are treated for analysis and modelling and when
the indicator is connected to the automation system at the paper mill.
To model different operating situations, the measurement data were collected from a
paper mill. Depending on the automation system, the data were in different formats.
During this study, the data were in the form of ASCII files on DAT tape, in CD format, on
Iomega zip 100–disks and some data were also delivered via the Internet. Now the total
amount of measurement data obtained from the paper mills for this application is about
10 GB, stored in different formats. In the early stages the data were also used in Excel
Worksheet format, but later the main tool for analysis was Matlab®. The modelling for
this application was done with actual data, and so far the amounts of data have been so
small that data transportation has worked well enough within the CD format. The data
handling program (CHS) collects the example data sets from both CD directories and
directories on a hard disk. For future applications, data acquisition could be performed
using a direct connection via the Internet, unless network safety becomes a bigger
problem than it is nowadays. Anyhow, DVD format will replace CDs in the near future
with their larger data storage capacity.
Selection of variables is more or less based on expert knowledge. This is an important
part of the development, and this knowledge should be used when available. Anyhow, the
number of variables can become a problem when all possible variables are taken into
account. Case-based modelling can take time from a couple of hours to a couple of days,
when the number of variables varies from 20 to 70. Some variables can be left out of the
modelling based on an importance analysis of variables presented in chapter 5, but when
the criteria for importance is kept too high, some important case models might be lost. In
future applications, for example principal component analysis (PCA) and independent
component analysis (ICA) might give useful information about variable selection in
addition to expert knowledge.
Expert knowledge is also essential in analysing delays between variables. The
correlation method used in this application operates correctly only when there is a clear
correlation between variables. The delays obtained using this approach are only rough
approximations, unless they are compared with expert knowledge. Delays at the paper
mill vary considerably, depending on machine speed and many other reasons, so
calculated delays are only at the right level, not precise. This is the main reason why the
case delays were similar between variables in case 2 instead of the different delays in
every operating situation in case 1. Until a more reliable delay analysis method is found
or developed, delays will also be handled in this way in the future.
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Correlation analysis was used to define interactions between variables in case 1. This
was a part of the basic statistical analysis and it provided some information about
dependencies between the variables. The most important part of this analysis was that
interactions vary in different operating situations, and this was the basis for different case
models. Due to different interactions, different variables also became important in
different operating situations. In case 2, a separate correlation analysis was not
performed, but correlation analysis is included in the analysis tool that made variable
grouping for modelling.
Linguistic equations turned out to be a functional way to build a case base for an
application that learns from previous process cases. A case model with a large number of
variables could be handled in compact form so that the most essential patterns of the
process situation are extracted. The linguistic equations approach has been tested in many
applications before and it is found to be a reliable tool in modelling non-linear
multivariable processes. This study was also a test environment for the linguistic
equation-based FuzzEqu toolbox that was developed during indicator development. One
version of the toolbox was tailored for the case-based reasoning application, but the same
ideas and methods are also used in other studies and applications of the Control
Engineering Laboratory. This CBR tool is, of course, suitable and available for other
CBR-type applications, too.

6.3 Importance of variables
The collection of variables in case 2 contained similar variables as in case 1. Only a
couple of the variables of case 1 were not taken into account in case 2. Anyhow, the
actual names of the variables could have been a little different. The main interest was in
the process before the actual paper machine.
The importance of variables was analysed based on the occurrence of variables in case
models. As mentioned in the previous chapter, this can also be a useful tool for revealing
less important variables not included in the models. For the operating personnel, the list
of importance might give some new information about which variables are responsible
for different operating problems. There is also some difference in the collection of
important variables between cases with a different number of breaks.
The user interface of the latest indicator (Fig. 31) presents the six variables that best
describe the current operating situation. These are simply the variables of the two bestfitting equations of the best-fitting case. In addition, the most important variable of the
best-fitting case model is also presented with an 8-hour trend value. The variables are
presented with their current measurement values marked with colours as normal, low or
high and very low or very high. This information gives process operators some useful
information on the current process situation and what is the reason for the current break
sensitivity level.
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6.4 Performance of the indicator
The main research interest in Case1 was the development of methodology. Methods for
data analysis and modelling were developed and tested. A continuous indication of web
break sensitivity was reached in the testing periods, but not much attention was paid to
the reasoning of break sensitivity. A weighted average was used to calculate the output
from the application, and due to this the variation in break sensitivity was filtered. The
small changes in web break sensitivity and the directions of these changes gave some
promising results, but the level of predicted break sensitivity did not reach adequate
accuracy until the reasoning method was changed in Case 2. It would be interesting to
model the case base of Case 1 with updated tools and use the latest reasoning method to
test the performance with Case 1 data sets. The results might be slightly different than
those reported within this study.
The latest version of the indicator gives a reliable, continuous indication of break
sensitivity. The prediction is given for the next 24 hours, so there is time enough to carry
out some parameter changes if required by the variation in the process situation.
The user interface of the indicator is presented in Fig. 31 in Chapter 4. The indication
of break sensitivity is presented with real breaks, which was found to be the most
informative way to present predicted break sensitivity. The general performance of the
indicator is on the display all the time. A single number would not give any information
about the development of the operating situation. For example, an increase in web break
sensitivity would be much more useful to notice before the number of breaks starts to
grow. Also, the information about the most important variables might be useful to the
operators. The levels of membership in different break categories in the middle of the
screen are more or less for deeper analysis of indicator performance, and this information
will not be available in the final user interface.
The case base of the system is now rather small, and this can cause situations when
there are no similar examples in the case base compared to real process operation. In this
kind of situation, all the cases get small membership levels in the case base, and then it is
possible that the best-fitting case is selected incorrectly. Now performance is reliable, but
when some process parameters change the case base has to be updated. Usually casebased reasoning applications contain hundreds or thousands of example cases, so there
should be plenty of room for additional cases also in the case base of this application.

6.5 Updating the indicator
System updating is a straightforward task, although time-consuming when the whole case
base is changed. A single model with 73 variables takes only a few minutes to build. The
same time is required for validation and tuning, altogether 15 to 20 minutes. Updating the
system with 40 cases could take the working hours of two days. However, automation of
these tasks should make this time shorter.
So far, updating of the case base has been completely manual. Visual inspection of the
selected new cases, and possible evaluation with expert knowledge, was more important
than building an adaptive system. It is possible in the future that new cases are selected
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and modelled automatically based on some evaluation criteria, so the system would learn
by doing the task it was planned to do.
The application update at the paper mill is simple and fast. The m-files of the indicator
and the new case base can be saved on a single 1.44 MB floppy disk and downloading at
the mill takes only seconds. In case 2, the indicator at the paper mill was updated via the
Internet, and this might be the usual way in the future. After the first implementation
there is no use to travel to the paper mill just to transfer some small files. Also the results
of the indicator can be collected for analysis through remote connections.

6.6 Implementation in another paper machine
The aim of this study was to test how easily this application can be implemented in
another paper machine. The basic structure of the indicator is the same, but even paper
machines producing the same grade of paper are usually operated with different
parameters, so the same cases will not fit the new process situations. At the new mill, the
first task will be the acquisition of data for the modelling of a new case base.
In this case the indicator application was developed in Case 1 and the implementation
in a new paper mill was relatively easy with the same methods. The connection to the
automation system was one problem and the number of variables was another. The DDE
connection was found to operate well in Case 1, but in Case 2 the connection was built
through an OPC interface. This took some time, but the connection operated well enough
by the time of the first on-line tests. The number of variables in case 2 was 3 times the
number of variables in Case 1. It was found that this increase in the number of variables
increased the time required for modelling by four times. In Case 1 measurement data
were already available when the project started, but in Case 2 data acquisition had to be
organised before modelling could start.
The optimal implementation time, if the connection to the automation system is
operating, would be about half a working day at the mill, supposing that modelling of the
case base is done in advance with data from the paper machine. On-line testing would, in
its simplest form, require a single laptop computer containing the application with an
updated case base and a connection to the automation system at the paper mill.

6.7 Usability of the indicator
The development of the indicator was the main purpose of this study. The indicator is
able to operate on-line and it gives a continuous indication of break sensitivity. Break
sensitivity is presented to the operators with the information of actual break occurrence.
This way the operators have information about break sensitivity for the next 24 hours,
predicting coming operating situations if the papermaking process stays as it is now. It
the prediction is good there is no need to do anything. If the prediction is many or a lot of
breaks, there would be time enough to avoid the poor operating situation. The
information about the most important variables helps in decision-making when the
operator is trying to avoid a poor operating situation. Another way to use this application
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is in off-line analysis of past operating situations. Data sets from a certain paper machine
could be analysed with the indicator to find changes in operating situations and to learn
from them. In such a case the indicator could also operate as a diagnostic tool. Poor
operating situations are pointed out with possible reasons that lead to that situation.
The performance of the paper machine could be analysed off-line or on-line. If on-line
measurements are available, performance analysis could be done through remote
connections by the management personnel or possibly by the paper machine supplier.

6.8 Future development
In the future this study will continue with more accurate selection of variables. The
importance of the variables will be evaluated with experts so that only the most important
factors will be taken into account when analysing paper machine operation. This will also
reduce the time needed to update the case base. In addition, selection of the most
representative example cases will be an important task to optimise.
The next stage in indicator development should be productiation. The basic methods
and operations were found to operate as planned, but the application itself is now more or
less at the prototype level. If suitable partners for co-operation are found and financing
could be organised, this stage could start together with the final fine adjustments of the
methods.
The basic methods of this indicator could also be used in other diagnostic applications.
At the paper mill, prediction of holes in the paper is one possible target application. A
paper hole indicator might be very similar to the web break sensitivity indicator and
would use the same variables. There are, of course, many processes in addition to
papermaking that might use performance analysis or a diagnostic tool based on casebased reasoning.

7 Conclusion
In this study case-based reasoning was applied in the evaluation of web break sensitivity
in a paper machine. The application was built using a linguistic equations approach and
basic fuzzy logic. The case base of the system contains models of example cases with
different numbers of breaks. A new case is presented to the system as a collection of online measurements. The indicator compares the new case to the examples in the case base
and uses the information of the best-fitting case to evaluate break sensitivity. The latest
version of the indicator operates with a case base of 40 example models. Although the
size of this case base is rather small, the results were considerably good compared to real
break sensitivity.
The indicator combines the information of on-line measurements with expert
knowledge and provides a continuous indication of break sensitivity. Web break
sensitivity defines the current operating situation at the paper mill and gives new
information to the operators. Web break sensitivity is presented as a continuous signal
with information about actual web breaks as an 8-hour trend. The trend shows how the
situation has developed and the current value provides a prediction for the next 24 hours
if the situation stays as it is now. Together with information on the most important
variables, this prediction gives operators enough time to react to the changing operating
situation.
This study presents a tool for predicting web break sensitivity at paper mills. From the
methodological point of view, a new tool for building case-based reasoning applications
for other purposes was also tested and found to be suitable for diagnostic applications.
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