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 ABSTRACT 
 
Modern industrial processes are increasingly complex and managed with limited 
personnel resources. In order to ease the task of process management new networked 
communication and monitoring technologies have been developed and implemented 
in production plants. To a great extent this has been enabled by technological 
advances in electronics, communications and software techniques. The technological 
advances have resulted in an increasingly decentralized periphery and improved the 
possibilities in embedded data processing. On the other hand new integration 
techniques have resulted in improved integration of previously separate process 
assets. The integrated process assets and added intelligence form more manageable 
and compact units which improves the accessibility and usefulness of process data. 
 
The theoretical part of the thesis discusses process monitoring methods and the trend 
of decentralization in the process industry. Several related methods and technologies 
are introduced and the evolution of process automation discussed. In the applied part 
two subprojects and their results are presented. The first subproject concentrates on 
the development of a large scale process monitoring application. The application was 
designed to be generic so that the chosen methods don’t limit the implementation 
area to any specific processes and the deployment costs would be reasonable. The 
application was then deployed in a pulp drying process. The second subproject 
studies the possibilities of exploiting the features of intelligent field devices in 
process monitoring by incorporating field device level diagnostics into the developed 
monitoring concept. 
 
The results of these projects were mixed. The results of the first subproject were very 
promising and all the participants were pleased with the developed application. The 
monitoring application learned the typical behaviour of the process and is a good tool 
for pointing out problem areas in the process. The results of the second subproject 
were not as good due to lack of interesting events in the process providing excitation 
for the monitoring system. The problem was a result of “too well” functioning 
machinery and thus nothing could be done about it. However it could be established 
that intelligent field devices can be used as a part of developed monitoring concept. 
The results of the subprojects suggest that such monitoring and performance 
measurement systems are useful tools but further work is needed, especially in the 
integration of separate information sources. 
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1.  INTRODUCTION 
 
In recent years process industries have had to improve efficiency and product quality 
in response to tightening competition. In order to improve efficiency manufacturers 
have decreased the number of personnel operating and maintaining the processes 
while at the same time the requirements for higher production rates and quality have 
increased. Also modern industrial processes are increasingly challenging to manage, 
e.g. the interactions are typically strong and the amount of buffer capacity small due 
to reduced inventory and use of recycle streams and heat integration [Tho07]. Thus 
increasingly large and complex production lines are managed by fewer personnel. 
This may not be a problem in steady-state operation, but during abnormal situations 
the personnel often have to operate under considerable strain and perform quick 
corrective actions based on available process data. The burden of operating 
personnel is already quite high also in day-to-day operations as it is and besides the 
routine tasks there is not much time for other activities, such as optimization of 
processes or work routines. Also, often the information needed to manage the 
processes is based on years of experience and the know-how is only available in the 
minds of operators and process engineers which is problematic in many ways. For 
example training and breaking-in of new operators can be difficult. 
 
In addition the basic set up of the whole delivery chain has changed so that 
increasingly products are no longer manufactured into stock but just in time to fulfil 
orders. This is more efficient in terms of bound capital but it also makes the whole 
delivery chain more sensitive to disturbances as there is limited buffer for 
disturbance attenuation. This emphasizes the importance of operational reliability. 
The problem with limited buffer capacity has always been present in power plant 
environment where changes in power demand have to be met almost immediately 
and failure to do so may cause a collapse of the power grid. In order to improve 
reliability in such critical processes monitoring systems that are able to detect 
incipient faults and equipment wear early on should be utilized. In case of a failure 
the system should point to the origin of the problem to aid the maintenance activities. 
 
Tighter production and life cycle management demands have also had an effect on 
the delivery projects of equipment suppliers as new machinery is designed more 
accurately to minimize investment and operating costs. This means that new 
production machinery is designed to achieve a specified production level with 
minimal hardware investment and no designed reserve capacity. This has resulted in 
larger unit sizes and higher production rates and so has further emphasized the 
importance of performance and operational reliability. These factors set several 
demands for competitive machinery such as quick start-ups, high utilization rate, 
operational reliability, high end-product quality and energy efficiency. Deviations 
from these result in lower production levels and eventually lower profits. 
 
Another effect of the changing marketplace is the automation and device suppliers’ 
shift of focus from traditional delivery projects towards life cycle services which is 
an increasingly important part of modern business models. Life cycle management in 
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process industry includes among other things design, start-ups, support services and 
maintenance but also continuous optimization and process development throughout 
the product life cycle. Whereas traditionally after delivery of a project the end-users 
have been responsible for operating, maintaining and optimizing the equipment 
mostly by themselves, nowadays various partners are increasingly involved in day-
to-day operations of the plant [Mil04, LaB05]. An example of this is outsourcing of 
maintenance and optimization activities. Such partnership agreements require the use 
of various performance measurements to verify the results. Also tools for remote 
monitoring are often required as the partners usually have several clients in different 
locations and the personnel can’t be on-site all the time. 
 
These factors have made controlling and managing of whole delivery chains more 
challenging. Thus it is becoming obvious that new tools are needed for refining 
process data and providing decision support. On the other hand new technologies 
open up new possibilities to respond to the challenges. As a result of the new 
technologies process industries and process equipment suppliers are increasing the 
intelligence level of process equipment and management tools. Applications such as 
fault detection, fault diagnostic and performance monitoring systems are used to 
support process and life cycle management. These are useful for both the equipment 
suppliers and the end-users [Mil04, Roe07, Har03]. 
 
This chapter provides background on the topic. The first part discusses various 
process monitoring methods, the trend of decentralization and its implications. Then 
the projects from which the results were obtained from are shortly described. Finally 
the research problem and the applied part of this work are shortly presented after 
which the contributions of this thesis are listed. 
 

1.1 Process monitoring and system integration 
 
Recent developments in control systems, electronics, communications and software 
technologies have opened up new possibilities in the field of process monitoring and 
diagnostics [Pek04, Mil04, Lab05]. Collecting process data has become easier but 
still the used process data itself poses some challenges. Whereas previously a major 
problem with process monitoring used to be limited availability of process data 
caused by technical limitations, the problem nowadays is what to do with large sets 
of collected data. The size of the data sets is many times so large that it is easy to 
lose track of what is the essential and informative part of the mass. The exploitation 
of process databases is a critical component in successful operation of industrial 
processes over the long term but until fairly recently rarely had anything been done 
with them due to the nature of these data sets. The data sets are often enormous, the 
data is highly correlated and noncausal in nature, the information contained in any 
one variable may be small due to low signal-to-noise ratios and measurements are 
often missing on many variables. The data is often information-poor as the processes 
are typically operated at constant or nearly constant operating points and due to 
complexity and operating costs it is not usually possible to excite the system in a 
required mode to get the missing information. It is also typical that relatively few 
process disturbances or independent process changes routinely occur and the 
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hundreds of measurements on the process variables are only different reflections of 
these few underlying events [Kou02, Efe09]. 
 
Enabled by technical developments the equipment suppliers started to increase the 
intelligence level of their products by adding embedded intelligence in field devices 
as early as the 1980’s. I.e. they started to deliver intelligent field devices, for 
example intelligent valve positioners. However, until the fieldbus technologies 
started to emerge in the 1990’s the exploitation of the new features was very limited 
due to limitations in field device level communications [Peko04]. One of the goals of 
intelligent field devices is to ease the effort of providing life cycle services, such as 
maintenance, in an increasingly demanding environment. Typically these 
“intelligent” functions include simple tasks like event counters and cumulative 
indicators to indicate the amount of wear but also more sophisticated functions such 
as self diagnostics and commissioning tools are used [Pek04, Har03, LaB05, Roe07, 
Mil04]. For example in the case of intelligent valve positioners faults like loss of 
supply pressure or electronic failure can be detected immediately. Also more 
incipient and harder-to-detect faults such as stick-slip behaviour can be detected and 
diagnosed more effectively. 
 
Even though systematic exploitation of intelligent field devices benefits both the 
equipment suppliers and the end-users, in general the exploitation of this new 
information seems to be limited at the moment. The process industries can be 
conservative in their equipment acquisitions but in addition the features of already 
acquired and commissioned intelligent field devices often remain unexploited in 
practice. Human resistance against adapting new techniques and working routines 
are often blamed but also the limitations of current tools are acknowledged. 
 
The process monitoring/diagnostic methods considered in this work can be classified 
into three general categories which are quantitative model based methods, qualitative 
model based methods, and process history based methods [Ven03c]. Out of the 
various process monitoring methods, the research and application of process history 
based methods such as Principal Component Analysis (PCA) [Pea01, Hot47] and 
Partial Least Squares [Wol82], seem to have been the most active in recent years 
[Ven03b]. Even though there are clear advantages in more holistic approach to 
process monitoring, in general the implemented industrial monitoring applications 
seem to be limited to smaller process entities (e.g. headbox of a paper machine). 
There is, however, some work done in the area of plant-wide monitoring 
applications, see for example [Tho07, Bau08, Tha09, Tho99, Tho01 Haa00, Jia07]. 
 
In general, there is not much literature on actual real life industrial applications of 
diagnostic systems and there seems to be a general lack of overall penetration of 
diagnostic systems in process industries. From industrial application viewpoint, the 
majority of monitoring/diagnostic applications in process industries are more 
concerned with fault detection than detailed analysis and are based on process 
history based (sometimes also called data based- or data-driven methods) approaches 
due to relatively easy deployment. Thus, even though quantitative model-based 
approaches such as observers have made an impact in mechanical and aeronautical 
engineering applications, they have had very little impact in process industries due to 
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relatively minimal advantage over simple statistical approaches when considering the 
increase in required deployment effort. Furthermore, model-based approaches have 
been predominantly restricted to sensor and actuator failures. The impact of 
qualitative model-based approaches in terms of applications has also been minimal. 
Many of the academic demonstrations of these models have been on very simplistic 
systems and implementing them for industrial systems is plagued with problems 
related to computational complexity and generation of spurious solutions. Like with 
the analytical approach (quantitative models) most applications of qualitative models 
have been limited to systems with relatively small amount of inputs, outputs and 
states as constructing the fault models can require a large amount of effort. Recently 
graph-based approaches have been researched upon quite extensively. They have 
been applied in safety studies and tools are being developed for using these types of 
models in real-time decision making. [Ven03b, Chi01] 
 
The introduction and increasing popularity of intelligent field devices has further 
promoted the ongoing decentralization in automation systems. As a result the 
evolution of automation systems is taking the next step from the nowadays popular 
Distributed Control System (DCS) structure towards the Field Control System (FCS) 
structure where the functionality is increasingly distributed to the lower levels of the 
functional hierarchy, i.e. functionality is distributed to individual field devices 
[Geo04]. Decentralization offers certain benefits but also presents some 
disadvantages. For example higher flexibility with the plant design and extensions of 
a plant is gained by the use of independent and reusable modules but the complete 
system may be more complex and difficult to handle [Par08]. As intelligent field 
devices possess features enabling more autonomous behaviour, this kind of 
decentralization can also be seen as transition towards industrial use of autonomous 
agent technologies even if the standardized agent terminology, communications etc. 
are not used in the implementation. 
 
One of the problems introduced by high degree of decentralization is the lack of 
centralized control and global information repository requiring more communication 
to coordinate all the entities in a system [Par08]. Thus systematic and efficient use of 
distributed process assets requires integration of the automation system parts into a 
seamless entity. On the plant-floor level the proliferation of various fieldbuses and 
devices can make this tricky. Thus device integration techniques like FDT and 
EDDL have been developed and are gaining popularity [Zuc03, Ben08, Nie04]. 
Integration is also needed on the higher levels of the functional hierarchy where 
integration of information systems, such as Manufacturing Execution System (MES) 
and Enterprise Resource Planning (ERP), is essential for efficient management of 
various levels of an enterprise. This way the essential management information is 
available throughout the enterprise in more or less real-time enabling quick decisions 
based on the available data. 
 

1.2 Research problem and project goals 
 
There were two research problems in this thesis. The first research problem was to 
define requirements, desirable features, architecture and tools for a generic large 
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scale industrial monitoring system and to test it in a pilot-plant application. The 
hypothesis was that the set requirements can be met and the main points of the 
desirable features achieved by using the defined architecture and tools. In the second 
part of the thesis the developed generic monitoring system was extended to the field 
device level. The second research problem was to study if and how intelligent field 
devices can be exploited as a part of the developed monitoring concept. The 
hypothesis was that the information produced by the intelligent field devices can be 
better utilized if it is combined with information from the other parts of the 
monitoring application. The research results were accrued in industrial research 
projects carried out in real life process environments. 
 
The main project goal in the first part was to create a generic large scale monitoring 
application based on the requirement definitions and to deploy it in a pulp drying 
process in a way that satisfies the customer’s needs. There are several factors that 
have to be addressed in development of such large scale applications and the greatest 
challenges seem to be usability, reliability and economical aspects. Especially the 
economical feasibility of the application must remain one of the main criteria which 
is a great challenge as the involved development, set up and maintenance activities 
are often very time consuming and expensive. In fact, most of the existing 
monitoring/diagnostic techniques would do poorly on the issue of ease of 
deployment [Ven03b] and therefore fail in the requirement of economical feasibility. 
Previously attempts have been made to solve the problems related to economical 
feasibility for example by using the minimum-variance controller for the evaluation 
of controller performance [Haa00]. Also the use of default parameters for different 
generic types of control loops (e.g. liquid flow and temperature control) has been 
suggested [Tho99]. Recently methods using process data to derive a qualitative 
model of the propagation path in the form of a causal map [Bau08] and methods 
combining readily available information about the connectivity of the process with 
the results from causal measurement-based analysis [Tha09] have been studied. 
 
In order to gain better understanding of the problems related to large scale process 
monitoring the challenges and desirable features of monitoring systems were studied 
using literature (e.g. [Das00, Ger98, Jel06, Tho99, Haa00]) and own experiences 
[Huo04, Hie05, Huo06, Leh06]. As a result a set of requirements and desirable 
features for a large scale process monitoring application was created and updated 
during the projects. As the developed application was to be constructed using 
existing tools where applicable and developing new solutions where necessary, the 
created requirement and desirable feature set was studied in respect to the available 
monitoring tools and the needs of the target process. The most appropriate tools were 
then chosen and applied in the first project. 
 
The generic monitoring application developed in the first phase consists of 
monitoring modules on several process levels. The highest of these is the plant level 
where performance indicators representing the performance of the whole machine 
are used. The next level consists of subprocess level indicators and the lowest level is 
the control loop level. In this phase device level monitoring was not applied due to 
unsuitable field devices at the plant. Considerable effort was put into the usability 
aspect by building a web based reporting portal for remote access. 
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The chosen tools were process history based as they were the most suitable to 
accommodate the set of requirements. As the developed application is a commercial 
product intended for large scale process monitoring, economical feasibility was a 
crucial criterion for the selection. A modified K-means clustering algorithm [Hie03] 
was chosen for the tasks of fault detection and operating point identification. 
Although scaling of inputs and selection of some algorithm parameters is needed, the 
clustering algorithm meets the economical specifications. The algorithm, once 
properly set up, is good for detecting abnormal situations but is somewhat lacking in 
diagnostic properties. Although the algorithm informs about the contribution of each 
variable to the clustering residual, much know-how and engineering work is often 
needed to determine the root cause. 
 
Another chosen method was the conditional histogram algorithm [Fri03] which is a 
versatile tool for process monitoring and is applicable with relatively little work. The 
method compresses process data sorted according to identified operating points and 
is therefore also a very useful tool for process development. The critical part for the 
algorithm is the configuration work as there are several parameters to consider and 
the refined information provided by a poorly configured application offers little 
value. In this respect the configuration must often be done on trial-and-error basis 
but there are tools available to assist the configuration work provided that there is 
sufficient amount of process data available in the configuration phase. The 
previously mentioned clustering algorithm can be used for identifying the operating 
points and by so used as an input generator for the conditional histogram algorithm. 
 
A commercially available control loop level performance monitoring application was 
also used. The LoopBrowser algorithm [Mar99b] is used for detecting decreased 
performance in individual control loops, for example oscillations and increase in 
control error and controller activity. As the algorithm is designed to monitor 
individual control loops and ignores process interactions, its use as a part of a large 
scale monitoring application requires manual work or additional automation of 
diagnostics. However as a proven technique with easy deployment features it was a 
suitable component for the monitoring application. 
 
In the second part of the thesis the project goal was to find out how various events 
are observable in the extended monitoring system and to study how this information 
could be utilized in process monitoring. The applied part of this phase was carried 
out in a different factory where the control valves were fitted with ND9000-series 
valve positioners. These measure several variables indicating the performance, 
usage, wear and overall condition of the valve-positioner package [Met]. Even 
though the devices produce valuable information and the FDT technology provides 
access to the field device level data, simultaneous analysis of this data and other 
process data still requires manual work and therefore more development work is 
needed on this part. Also the limitations of fieldbus capacity and power supply 
limitations on the field device level at the moment limit the usefulness of this data. 
However, the positioners produce valuable information about their performance and 
overall condition even as a separate information source. 
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1.3 Project history and the author’s contributions 

 
The presented subprojects (chapters 4 and 5) were a part of the EMPRONET project 
whose goal was to study the use of embedded control and monitoring systems in 
production machine networks. The applied part of the thesis started with a subproject 
where the focus was on developing generic monitoring methods for large scale 
processes. The development and industrial implementation of the monitoring 
application had already started in a separate pilot project during 2004 when the first 
prototype was developed and implemented to a pulp drying process as a master 
thesis work [Huo04]. At the start of the pilot project there were only limited tools 
available that would refine raw data from the pulp drying process to a more suitable 
form. Therefore much of the deeper know-how of how to operate the process was 
only available in the minds of the plant personnel and new methods for measuring 
and monitoring the pulp drying process were needed. The goal was to develop a 
generic performance monitoring and diagnostic application for large scale processes 
and to implement it to a pulp drying process. The project served also as pilot project 
for some prototypes of process monitoring modules. Therefore the use of these 
prototypes and already existing tools in general were favoured where applicable. One 
of the more general goals was to accumulate know-how and experiences of how to 
utilize the process monitoring methods. The project of 2004 created a framework for 
a generic large scale process monitoring application that was used in the first 
subproject. 
 
The results of the prototype were so promising that the pulp producing company 
ordered the application to another plant and the first commercial application was set 
up during 2006. The application was based on the framework developed in the pilot 
project and was further developed by Metso Automation, Metso paper and Tampere 
University of Technology in co-operation with the plant personnel. Metso Paper and 
the plant personnel brought the process knowledge while the other participants were 
responsible for the technical side. The author and a thesis worker at the Tampere 
University of Technology were responsible for the implementation of the application 
using remote connections to the process database server at the plant. Metso 
Automation was consulted for technical assistance when needed and feedback was 
given to the research & development team for improving the existing tools. Metso 
Paper and plant personnel were consulted for technical and process details while 
developing the system, e.g. what and how to measure, what process measurements 
were directly available etc. The empirical results were gained mainly through 
analysing the information produced by the monitoring application and then 
consulting the plant personnel and experts at Metso Paper concerning the most 
interesting observations. The analysis was done utilizing remote connections, using 
both online (real-time) and offline features of the application. Utilizing the online 
features was mostly monitoring warnings and alarms given by the application. The 
online interface also gives information regarding the major contributors to the 
noticed abnormal situations but offline analysis was also often needed. This was 
done by examining the process database and also by transferring databases of the 
monitoring tools (conditional histogram and clustering tools) for further analysis. 
The analysis of conditional histogram database required tools that were deemed too 
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valuable for use outside the Metso Corporation. Therefore these analyses were done 
by forwarding the database to the system developers and waiting for results. 
 
The author’s contribution to the project involved participating in the design of the 
monitoring system, compiling a list of requirements and desirable features for a large 
scale monitoring application, implementing parts of the application, participating in 
the application set-up and configuration, coordinating the project at the Tampere 
University of Technology, guiding the thesis worker, outlining possibilities for future 
development and in some parts analysing the results. Also a master thesis work 
[Leh06] was completed during the project. The project and related issues are also 
described in [Huo06, Leh07, Huo07]. 
 
The second subproject was a continuation to the previous research projects and 
further development of the monitoring concept. The motivation was to study 
exploitation of field device level diagnostics information in the developed 
monitoring concept and to deepen the understanding of how and when various 
changes in the monitored process (stock preparation of a paper machine) can be 
observed in the developed monitoring system. The research data was received from a 
paper mill where the machine and the hardware are fairly new and modern. The 
machine in question is one of the first paper machines to utilize intelligent valve 
positioners extensively throughout the plant so in this respect it is a good place to 
carry out this research. Altogether there were data available from some 350 
intelligent positioners. Due to limited online access to the process database the study 
was conducted by transferring large sets of process data from the process database 
and examining this data in offline mode. Interesting findings were then presented to 
process experts and possible scenarios explaining the observations were analyzed.  
 
The author’s contribution to the second project involved participating in the design 
of the monitoring system and process data analysis, implementing parts of the 
monitoring system, participation in setting up and configuring the system, planning 
data collecting, implementing data analysis routines, participating in the result 
analysis, coordinating the project in the Tampere University of Technology, guiding 
the thesis worker and outlining possibilities for future development. A master thesis 
work [Leh08] was completed also during this project. The project is also described in 
[Huo09a, Huo09b]. 
 
The results from the developed monitoring applications were good although there 
were also some problems. The application developed in the first part has then 
become a commercial monitoring system and has received positive feedback from 
the end-users. Especially the feedback concerning the usability of the system has 
been good. From the system suppliers point of view the developed application forms 
a framework which enables relatively fast and cheap delivery of a similar monitoring 
system for various processes. This is enabled by the generic nature of the chosen 
methods and developed configuration tools that speed up the deployment phase. The 
results of the second phase were more limited due to various difficulties. However 
the project verified the usefulness of field device level measurements and gave some 
ideas of how to further exploit this information. Further development work under 
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more controlled testing environment would be needed to improve the effectiveness 
of monitoring. 
 

1.4 Contributions 
 
The contributions of this thesis are listed below: 
 

1) A new application for large scale process monitoring and its implementation 
on a pulp drying process are presented. 

2) Present a set of requirements and desirable features for large scale process 
monitoring applications. 

3) A study concerning the use of intelligent field devices as a part of larger 
process monitoring system is presented. 

4) Review the advanced process management tools used in process industry. 
5) Discuss decentralization, its implications and system integration in process 

industry. 
 
The thesis is organized as follows: Chapter 1 introduces the topic while chapter 2 
presents various advanced monitoring methods along with embedded intelligence in 
modern field devices and the basic concepts of life cycle management (contribution 
4). The trends automation systems and their implications on process management are 
discussed in Chapter 3. As an essential part of the currently ongoing trend of 
decentralization, fieldbus technologies and state-of-the-art integration techniques are 
also briefly described (contribution 5). Some of the described techniques are then 
utilized in chapters 4 and 5 which describe the applied parts of the thesis. Chapter 4 
focuses on the first research problem and presents a commercial large scale 
monitoring application implemented on a pulp drying process (contributions 1 and 2) 
while chapter 5 describes a project seeking an answer to the second research problem 
(contribution 3). The results are then analyzed and compared to the research 
problems and project goals in chapter 6. Chapter 7 provides a summary of this thesis. 

  



 

2.  PROCESS MONITORING 
 

The review of process monitoring methods presented in this chapter forms the fourth 
contribution of the thesis. The focus in this work was on “more advanced” 
monitoring methods utilizing inherently available process data and often requiring 
complex calculations. Therefore more traditional methods using specific health 
assessment measurements, such as vibration and acoustic emission analysis, are 
omitted from the scope of this work. These are often associated with prognostics 
(ability to computationally predict future condition, i.e. the time between very early 
detection of incipient faults and progression to actual system or component failure 
states [Hes05]). Detailed review of this area was also left out of this thesis. The 
reason was that even though some prognostic applications have been reported 
especially in the field of aviation, the related technology and theory seem to not be 
mature enough for large scale deployment in process industry where the challenges 
are quite different. Although component/parts prognostic techniques have been 
developed and investigated extensively, the techniques such as neural networks, 
time/stress measurement devices, vibration monitoring, etc. are by their very nature 
equipment-specific and very few applications have been implemented. Moreover, 
they are primarily point solutions and are often too expensive and risky for system 
application [Su99]. 
 
Before continuing some definitions used throughout this thesis should be made. In 
the context of this work a common definition of process management is used: 
process management is the ensemble of activities of planning and monitoring the 
performance of a process. Process management is the application of knowledge, 
skills, tools, techniques and systems to define, visualize, measure, control, report and 
improve processes with the goal to meet customer requirements profitably [Wik09]. 
This definition is used especially in the context of business processes [Bec03], but it 
is also applicable to the management of industrial processes. Life cycle management 
is similar but focuses more on longer-term planning and includes cost elements 
throughout a product’s life cycle. There are a number of approaches to the concept of 
product life cycle depending on the perspective and temporal context. The meaning 
and importance of the concept varies according to the point of view but both the 
manufacturer and the buyer benefit from properly implemented life cycle 
management [Bli03]. The definitions of ‘monitoring systems’ and ‘diagnostic 
systems’ (alternatively ‘process monitoring’ and ‘process diagnostics’) typically vary 
depending on the source. In some sources ‘monitoring systems’ include only fault 
detection, in some sources it includes fault diagnostics also. In this text the terms 
‘monitoring system’ and ‘process monitoring’ include all monitoring methods 
possessing fault detection features regardless of presence of diagnostic properties. 
The terms ‘diagnostic system’ and ‘process diagnostics’ imply the presence of both 
fault detection and fault diagnostic features. In the context of monitoring and 
diagnostics applications ‘system’ and ‘application’ mean essentially the same thing. 
Also, in the context of field devices the terms ‘intelligent’ and ‘smart’ mean the same 
thing. The terms ‘preventive’ and ‘predictive’ are also often used ambiguously. In 
this context ‘predictive maintenance’ is considered to be a subgroup of ‘preventive 
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maintenance’. The use of the term ‘predictive’ in the context of maintenance implies 
that more advanced methodologies than in, say for example age-based maintenance, 
are used for predicting the need for maintenance. Therefore age-based maintenance 
would fall in the preventive maintenance but not in predictive maintenance category. 
 

2.1 Reliability, product life cycle and maintenance 
 
The increasing development and use of new management tools in process industry is 
a response to the challenges of modern production where the role of dependability is 
increasingly important. Dependability is comprised of many factors throughout a 
product’s life cycle. The term dependability is a collective term used to describe 
availability performance and its constituent factors: reliability performance, 
maintainability performance and maintenance support performance [Ake06]. These 
are defined in [Sun88] as follows: 
 

• Availability performance is defined as the ability of an item to perform its 
required function at a stated instant of time or over stated period of time. 

• Reliability performance is defined as the ability of an item to perform a 
required function under stated conditions for a stated period of time. 
Reliability depicts the failure sensitivity of an item. 

• Maintainability performance is defined as the ability of an item to be retained 
in or restored to a stated condition within a stated period of time, when the 
maintenance is performed in accordance with prescribed procedures and 
resources. 

• The concept of maintenance support performance is most often interpreted to 
only stand for the ability or skills of the maintenance organization, which is 
only a limited definition. Maintenance support performance is also 
characterized by administrative and logistic delay, fault detection, spare parts 
shortage etc. 

 
These are affected by several factors throughout the products life cycle, starting from 
the design and manufacturing phases. E.g. maintainability is in practice a feature 
fostered into the item during design/development and cannot be transplanted into an 
item later [Sun88]. Thus, it is important to effectively manage the whole life cycle of 
equipment from investment planning and design phases to decommission. 
 
There are a number of approaches to the concept of product life cycle depending on 
the perspective and temporal context. The concept is quite different in meaning and 
importance from the point of view of the manufacturer and that of the buyer [Bli03]. 
As seen by the user or the buyer of the product, there are five phases in a product’s 
life cycle: imagination, definition, realisation, use (or operation), disposal (or 
recycling). The first three phases are the same from the perspective of the 
manufacturer and the user, but the last two are different. When the user is using the 
product, the manufacturer will probably need to provide some kind of support. Later, 
for various reasons, the manufacturer will stop producing the product. Later still, it 
will stop supporting the product. The company “retires” the product - gradually 
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reducing support levels, and eventually no longer providing any service. Not only are 
the last two phases different for the manufacturer and the user, but there is no simple 
chronological relation between them [Sta04]. Regardless of the perspective life cycle 
costing provides important information for long-term planning for both parties. Such 
an analysis includes not only the initial cost of the item but also operation and 
maintenance costs, replacement costs and many other cost elements. For the 
manufacturer these would include design, research and development, production, 
warranty costs, and all other costs incurred in producing and selling the item, 
amortized over units produced and time. For the buyer costs include initial cost, cost 
of all replacements, both under warranty and after expiration of warranty, and all 
other costs associated with use of the item over time. Furthermore, there are again 
many approaches from the manufacturer’s point of view. For example, rather than 
look at a single product, one can view the life cycle from a broader perspective, with 
the product life cycle embedded in that of the product line and this, in turn, 
embedded in the technology life cycle [Bli03]. 
 
The word ‘product’ has many meanings and implications within Product Life cycle 
Management (PLM). The individual product used by the customer may be just one of 
an identical batch of thousands, or it may be a unique product. The product may be a 
successor or derivative of another product. It may be one of a product range or 
product line, and these may be parts of a product family. Once the product is known, 
its life cycle can be defined and the structure of the “extended enterprise” that 
participates in the life cycle management can be defined. This may include 
contractors, subcontractors, suppliers, partners, supplier’s suppliers, customer’s 
suppliers, customer’s customers, etc. All of these organizations may be at different 
locations at any one moment in time, and they may all have different business 
architectures and owners. PLM manages the product across its life cycle in this 
extended and often complex environment. Once the organizational structure has been 
defined, the next component to address includes the activities, tasks and processes - 
the things that have to be done. After the tasks have been clarified, it is possible to 
define how to do them and people can be assigned to carry them out as a function of 
their skills, knowledge and competence. After these issues the information 
requirements for the product can be defined. This is then used to identify information 
systems to support the activities of developing and supporting the product. [Sta04] 
 
PLM first appeared in a book in ‘Product Lifecycle Management: Paradigm for 21st 
century Product Realisation’ [Sta04]. PLM aims to maximise the value of current 
and future products for both customers and shareholders. Most important, PLM 
enables a company to maximize product value over the life cycle and to maximise 
the value of the product portfolio. PLM is also important because it gives 
transparency about what is happening over the product life cycle and therefore 
enables a company to be in control of its products across their life cycle. The benefits 
of PLM throughout the product life cycle are many, for example getting products to 
market faster in the beginning-of-life, providing better support for their use during 
the middle-of-life and managing their end-of-life better. Use of the term PLM 
implies that the activity of managing products across the life cycle is clearly-defined, 
well-documented, proactive, and carried out according to a particular design to meet 
specific objectives of increasing product revenues, reducing product-related costs, 
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and maximising the value of the product portfolio. PLM has a holistic approach to 
the management of a product which distinguishes it from atomistic activities such as 
Product Data Management (PDM). In contrast, in the pre-PLM paradigm 
organizations didn’t manage products in a joined-up way across the product life 
cycle which has several drawbacks. For example, product development and product 
support were often carried out in different parts of the organization even though they 
addressed the same products. With PLM, the organization manages the product in a 
coherent, joined-up way across the life cycle. PLM brings together what was 
previously separate. [Sta04, Sta07] 
 
PLM is just one of the major business activities of a company and must interface 
seamlessly with other business activities and systems such as Supply Chain 
Management (SCM), Customer Relationship Management (CRM) and Enterprise 
Resource Planning. The interfaces that are required and the shape of the PLM 
activity in a particular organization, influence, and are influenced, by enterprise and 
inter-enterprise organisational structures and cultures, human resource issues, project 
management approaches, information structures and flows, work methodologies and 
techniques, standards, and information and communications systems. Many informal 
and formal standards may need to be respected during the activities in the life cycle. 
Some may be company-specific, some may be industry specific, some may be 
globally applicable. For example Java 2 Enterprise Edition and Microsoft .NET 
Framework may be used. SOAP (Simple Object Access Protocol) and XML 
(eXtensible Markup Language) may be required. There are also industry-specific 
standards such as the Petroleum Industry Data Exchange (PIDEX) standards. [Sta04] 
 

Out of the life cycle stages of monitored products the operational life is the most 
relevant one for this research. The bathtub curve is widely used in reliability 
engineering to depict the reliability of a device or a system in three stages of the 
operational life [Smi01]. The first part is the decreasing failure rate, known as early 
failure or infant mortality phase. This can also be considered as commissioning 
phase. The “dead on arrival” products are caused by defects designed into or built 
into a product but faulty mountings also increase failure rates. The second part is the 
constant failure rate, known as random failures. This period is often called “normal 
life” or “useful life” and is characterized by a low, relatively constant failure rate 
with failures that are considered to be random cases of "stress exceeding strength". 
The third part is the increasing failure rate, known as wear-out failures. The wear-out 
period is characterized by an increasing failure rate with failures that are caused by 
the "wear and tear" on the product over time. Maintenance moves the product to the 
left on the failure rate function. The need to identify the optimal time for 
maintenance is evident from picture 1; one should carry out maintenance actions 
before the failure rate increases too much, but one should not move to a higher 
failure rate by early maintenance unless there is a specific reason [Geo]. 
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Figure 1 Bathtub curve [Wik08] 

 
There has been some criticism towards the bathtub curve. For example in it’s 
simplest form it does not recognize retirement, i.e. fewer operating hours per 
calendar time unit for a part in question. Retirement before wear out causes failure 
rate functions to decrease whereas with constant operating hours the rate would 
increase. Unreported failures could also cause failure rate functions to decrease, for 
example if product is replaced by a different product or if the product is repaired by a 
third party [Geo]. Also the use of bathtub curve on products consisting of several 
maintainable parts is more complicated. In such cases repair of only the failed part 
leads to randomized part ages and a pseudo-Poisson process for the system as a 
whole. More information on the application of bathtub curve can be found for 
example in [She99] and several books on the subject of reliability engineering. 
 
Even though prognostic methods are not discussed in detail in this thesis, it is good 
to understand the relationship between predictive prognostics and diagnostics. One 
way to explore this is to envision an initial fault to failure progression timeline with 
three points; incipient fault, failure and catastrophic failure. Recent diagnostics 
technologies are enabling detections to be made at much earlier incipient fault stages 
than with more traditional diagnostic systems. In order to maximize the benefits of 
continued operational life of a system or subsystem, component maintenance will 
often be delayed until the early incipient fault progresses to a more severe state but 
before an actual failure event occurs. This area between very early detection of 
incipient faults and progression to actual system or component failure states is the 
realm of prognostics while diagnostic capabilities have traditionally been applied at 
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or between the initial detection of a failure and complete system catastrophic failure 
[Hes05]. The approaches to prognostics include e.g. experience-based prognostics 
(e.g. fitting statistical distributions to data from legacy systems and using this 
information for future prediction), evolutionary prognostics (gauging the proximity 
and rate of current condition to known degradation or faults), feature progression and 
artificial intelligence based prognostics (using artificial intelligence, e.g. neural 
networks, to predict fault or feature progression), state estimator prognostics (using 
tracking filters, e.g. Kalman filters, to extract states and using state transition 
equations to predict their future values) and physics based prognostics (a technically 
comprehensive modelling approach) [Byi02]. 
 
Maintenance is a significant part of product life cycle management in process 
industry. In general there are two primary types of maintenance. Corrective 
maintenance comprises of actions (repair or replacement) taken to restore an already 
failed product or system to an operational state while preventive maintenance actions 
are intended to increase the length of lifetime and/or reliability. Preventive actions 
range from minor servicing, such as lubrication, to major overhauls generally 
requiring shutdown of an operational system. Preventive Maintenance (PM) is 
further divided in [Bli03] as follows: 
 

• Clock-based maintenance: PM actions are carried at set times. 
• Age-based maintenance: PM actions are based on the age of the component. 
• Usage-based maintenance: PM actions are based on usage of the product. 
• Condition-based maintenance: PM actions are based on the condition of the 

component. This requires monitoring of variables characterizing the wear 
process which in turn often have to be estimated. Sometimes also called 
predictive maintenance. 

• Opportunity-based maintenance: A component is maintained as opportunity 
arises for example due to maintaining of other components in the system. 

• Design-out maintenance: This involves carrying out modifications through 
re-designing the component resulting in better reliability characteristics. 
[Bli03] 

 
Besides these basic maintenance strategies there are also higher level methodologies 
related to maintenance such as Reliability Centered Maintenance (RCM) [Aug99], 
Total Productive Maintenance (TPM) [Sei88] and Total Quality Management (TQM) 
[Oma04]. These are not discussed further here but they include a variety of factors 
outside the actual maintenance activities like personnel involvement, training and 
work practices. 
 
From the point of view of this work and life cycle management the most relevant 
part of maintenance is condition based maintenance during the operational life but to 
some degree opportunity-based maintenance strategy is also inherently present in 
process industries. On one hand successful condition-based maintenance strategy is 
clearly an improvement over more traditional methods and therefore is an area of 
interest. On the other hand maintenance in large industrial plants often has to be 
opportunity-based as there are no equipment redundancies and the equipment must 

 



16  Chapter 2. 

be out of service during the maintenance. This is why maintenance shutdowns, 
preferably scheduled, are often used to maintain a number of devices even if not all 
of them require immediate maintenance. Therefore one of the future interests in 
maintenance management improvement will probably involve improved prognostics 
to help determine whether the monitored item is likely to remain operable until the 
next planned shutdown. 
 
As the process industries aspire to step up from traditional maintenance strategies 
towards more efficient predictive maintenance, new methods and applications are 
needed for monitoring purposes. For example ‘Reliability Centered Maintenance 
Guide for Facilities and Collateral Equipment’ [NAS00] mentions age exploration as 
an important part of a Reliability Centered Maintenance strategy. Adequate “open 
and inspect” interval of a process device can vary significantly depending on the 
process environment and usage of the device. Monitoring and determining when 
maintenance actions are actually needed is a challenging task, especially in large 
plants with plenty of different equipment in varying process environments often 
requiring extensive customizing of the monitoring tools. This is also one of the 
challenges of this thesis. 
 
Due to the recent technological developments the traditional concepts and 
terminology of maintenance are changing.  Advances in networking, sensor and 
integration technologies have resulted to a range of Internet-based services provided 
by the process device manufacturers. Forward-looking manufacturers have started to 
develop network capabilities and integrate Internet-based services with their 
products, transforming them into platforms for service delivery. As a result of these 
new technologies, closer customer relationships will be formed throughout the 
product’s lifetime. “Service” usually means “repair” or “maintenance” today, but 
might mean something quite different with the opportunities presented by pervasive 
networking. With the rise of the life cycle management philosophies and new 
technologies the device suppliers need to consider how factories will be run in the 
future and the implications of this fundamental transformation to their business 
models. Machinery and equipment manufacturers need to change their existing 
business models and internal structure to deal with the new relationship with the 
customer. This growth in the importance and value of customer relationship is 
prompting a need to form partnerships with Information Technology (IT) or Internet 
services suppliers, application service providers and other industries. As a result, 
manufacturers need to change their concept of Customer Relationship Management 
from one that effectively ends with the sale to one that promotes an ongoing 
involvement with the customer and builds on continued service to develop valuable, 
revenue-generating relationships. The manufacturers will also need to re-evaluate 
their corporate governance, decision-making control and supply chain strategies in 
this new environment given the increased high-technology content in their products. 
By taking advantage of the developing technologies new services can be created and 
product differentiation achieved. [Mil04] 
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2.2 Intelligent field devices 
 
The evolution of computers and the false presumptions related to it are illustrated in 
the article ‘The Future of Information in Intelligent Devices’ [Mil04] by using the 
movie ‘2001: A Space Odyssey’ as an example. The movie is placed in a spaceship 
equipped with a computer, HAL, whose intelligence seemed to embody the 
inevitable evolution of the computer. Instead, reality moved in an entirely different 
direction. Rather than ever more centralized large-scale intelligence represented by 
HAL, technology has evolved towards highly distributed, intelligent networked 
devices. A major reason is the cost benefit ratio of intelligence as reasonable 
computing power can now be achieved quite cheaply - but a machine like HAL 
would be extremely expensive.  The result is that small computers and micro 
controllers are being embedded even in the simplest devices to add value and provide 
additional intelligence [Mil04]. 
 
In process automation this development is called distribution of functions or 
decentralization. Decentralization has had a significant effect on process automation 
and also has implications for this work as the applied part involves extensive use of 
intelligent field devices. Intelligent field devices are generally considered to be field 
devices embedded with a processor capable of data processing. The intelligence 
means that the device is not only a passive device but besides the usual measurement 
and control functions there exists additional functionality such as self diagnostics and 
signal processing. Intelligent device can be for example a measurement or a control 
device, a distributed I/O or a communication device such as a gateway link [Pek04]. 
 
Although first applications of intelligent field devices appeared already in the 
1980’s, technically real possibilities for self diagnostics first appeared in the first half 
of the 1990’s. However back then the devices were not able to inform the users about 
possible problems through fieldbuses (a bidirectional and digital communications 
network used in the industry to carry information between field devices and control 
systems) but instead separate wiring was required. At the same time programmable 
devices with improved communication capabilities first started to appear on the 
markets. At this point, however, the device suppliers had their proprietary protocols 
for communication between higher level applications and the field devices. This 
resulted in closed architectures and inability to freely choose a device from other 
manufacturers to be deployed in an existing fieldbus. Also in the 1990’s an open 
protocol, HART (Highway Addressable Remote Transducer), gained some 
popularity in the process industry. In the early HART systems commissioning and 
maintenance of intelligent field devices was done on separate programming 
equipment with which the status and condition of the devices could be read. 
However the automation system rarely included a program capable of exploiting 
these features. Later ever increasing numbers of intelligent field devices has been 
appearing on the markets. However their use requires support for the various fieldbus 
standards and therefore the suppliers have separate devices for the most common 
fieldbuses. [Pek04] 
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2.2.1 Benefits of intelligent field devices 
 
The benefits of intelligent field devices are many but their efficient utilization 
requires the use of fieldbuses. The fieldbus used by the devices can be any open 
digital communication technology. Intelligent devices connected to a fieldbus can 
collect, process and transmit data to other entities connected to the fieldbus. The use 
of embedded processor enables among other things pre-processing of measurements 
and improved control accuracy as the control can be executed locally in the device. 
Bidirectional communication of the fieldbus enables further functions such as 
centralized condition monitoring and executing device calibrations through the 
fieldbus. [Pek04] 
 
Among the more popular recent adoptions in downtime reduction and improving the 
efficiency of maintenance has been the use of combination of intelligent field devices 
and asset management software. People in the power industry have for years 
appreciated the advantages of control systems that provide simple access to a wide 
variety of intelligent field devices for the purposes of configuration and 
commissioning, diagnostics and monitoring, calibration management and automated 
documentation. As the operations professionals are now recognizing the broad 
opportunities the number of plants implementing such technology is increasing. 
Asset management software enables quick and easy device configuration in 
commissioning phase and thereafter promotes the use of predictive maintenance by 
automating documentation and providing access to diagnostic information and 
calibration routines.  Successful implementation will not only result in significant 
savings in start-up and maintenance costs but also in improvements in asset 
performance and process stability over time. [LaB05] 
 
In the commissioning phase the new tools improve cost-efficiency and reduce the 
number of human errors. The sheer volume of device configuration and initial 
calibration tasks alone on a greenfield or a capital project often represents savings 
potential sufficient to justify the relatively modest incremental costs of intelligent 
devices and asset management software. Often the configuration of transmitters and 
valves is checked multiple times before startup, and calibration is verified at least 
once. These necessary activities will become quicker, easier and less error-prone by 
using asset management software from a workstation rather than by physically 
visiting and revisiting each device in the plant, using multitude of varying user 
interfaces. Additionally, all such activities made through asset management software 
can be automatically documented without any extra labour or risk of errors. [LaB05] 
 
The benefits achievable in later stages of a plant life cycle are more allusive than the 
benefits of faster commissioning. Generally this requires an appreciation that 
intelligent devices need to be managed, and that current work practices in the heavy 
industries need to evolve from routine and corrective maintenance to a culture of 
predictive maintenance. Even though traditional maintenance strategies such as 
corrective (maintenance after failure) or clock-, age- or usage-based maintenance 
(maintenance after certain amount of use whether it is needed it or not) have 
advantages in simplicity and implementation costs they are not effective in modern 
manufacturing. In recent years the western countries have spent approximately five 
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times more on maintaining existing assets than on expansions and new facilities. 
Even with major investments in maintenance, equipment failure is still the biggest 
contributor to refinery production losses. The benefits of predictive maintenance 
become even more evident when studying the work orders issued for instrumentation 
and valve maintenance in the oil and gas industry (in the USA) where half the 
maintenance work orders result in no action taken. This is a huge (and unfortunately 
typical) waste of the routine and reactive practices common in the heavy industries 
today. Evidence is available to support that predictive maintenance is a better 
approach and that proper management of intelligent field devices is essential for 
successful implementation [LaB05]. 
 
One of the most useful aspects of intelligent field devices is the use of condition and 
operating environment monitoring. The devices are designed to operate in certain 
operating conditions, such as limited temperature, and deviations from these 
conditions can lead to false operation or equipment failure. This can be avoided if the 
device can monitor its own surroundings and inform operators about critical 
operating conditions or approaching device failures through a fieldbus. Malfunctions 
can also occur as a result of an internal fault of a device. This can be detected by 
using self diagnostics which nowadays commonly appear as embedded functions in 
intelligent field devices. As the devices constantly provide this information, fault 
detection and diagnostics can be improved. E.g. device diagnostics with timestamps 
can help in locating faults as typically a fault will propagate with a small delay in the 
process complicating the analysis [Pek04]. Efficient condition monitoring utilizing 
self diagnostics of intelligent field devices promotes the use of predictive 
maintenance strategy and minimizes the risk of unexpected failures. As a result the 
useful life of the devices can be extended as they can remain in use beyond 
conservative clock-, age- and usage-based maintenance periods. Also unnecessary 
maintenance actions can be avoided as the maintenance can be done based on the 
actual condition of the device. 
 
It is important to keep in mind that there are two separate groups of beneficiaries - 
users of the intelligent devices and their manufacturer. In some cases the benefits 
will coincide but will not always overlap. For example, new intelligence provided by 
the devices may allow the manufacturer to provide better customer service or 
improved maintenance, but in other cases, such as extracting usage information in 
order to make a better product that the user might never purchase, the benefits will 
accrue primarily to the manufacturer. The users benefit from faster commissioning 
and predictive metrics that assist maintenance. Data gets refined as deployed systems 
provide key process insights and allow users to better understand their processes and 
improve them. This generates a need for even greater access to similar data from 
other machines that support the process. The ability to “drill down” when additional 
information is needed will provide a significant resource for making process 
improvements. Access to local historical data enables users to optimize and tune the 
local process for better results through better understanding of process fundamentals. 
This information can help understand the effects of process variables such as 
differences in materials, environment, personnel and machine wear. Once such 
differences are analyzed, predictive metrics can be created to help prevent the 
problem recurring. If knowledge integration is at an adequate level, smooth flow of 
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information in real time from the plant floor up to the business management systems 
will also make higher level managing easier. For example quarterly reports may be 
replaced by daily reports. [Mil04] 
 
The manufacturer’s benefits include e.g. easier process and device improvements by 
using data collected by the intelligent devices. In contrast previously the act of 
getting the process data has often been the most time consuming and costly part of 
the continuous improvement cycle.  Having all the data readily available compresses 
the cycles in the improvement process enabling agility and responsiveness to market 
pressures and better implementations. Also useful, although a sensitive area, is the 
ability to collect information about customer’s use patterns. This may provide 
manufacturers and their sales and support chain with useful marketing and product 
information via a live connection into the factory floor. This will also lessen the need 
to conduct customer surveys during future product planning and design. However, a 
discreet supplier will ensure that they have procedures for protecting the user’s 
proprietary information before going ahead. It must be kept in mind that visionary 
adopters are the least likely to want to exchange information on their usage with 
outsiders since they will be seeking a competitive advantage in adopting a 
proprietary improvement in their manufacturing or processing methods. In some 
cases data stored in the backend of the device may also provide legal protection to 
the manufacturer. It will now be easier to prove when a malfunction took place and 
in many cases why, which will simplify processing warranty claims and even settling 
issues of legal liability. The Possibility to use remote diagnostics is also a major 
opportunity. The ability to monitor and service an intelligent device remotely and 
ahead off technical problems is a clear practical advantage. Perhaps more important 
than anything else is the boost that the network dimension gives to the device in 
terms of brand differentiation. In the future the public relations value brought by the 
manufacturer’s association with cutting-edge technology concepts is likely to be a 
significant value. As regards to product differentiation, integration with enterprise-
wide systems sets a product apart augmenting the core functions of the product. 
[Mil04] 
 
Even though systematic use of intelligent field devices offers several potential 
benefits, the exploitation of their features still seems to be limited in practice. The 
process industries can be conservative in their equipment acquisitions and thus still 
somewhat reluctant to invest in fieldbus based automation and intelligent field 
devices. Also many of the existing features of already acquired and deployed 
intelligent field devices remain unused in practice. People in the process industry see 
human resistance (sticking to old work routines) as one of the main reasons. 
Furthermore often the organizations have not set anyone responsible for learning and 
systematically using the diagnostic features. Also the lack of new practices and easy-
to-use tools are acknowledged. Thus, further work is needed both on the part of the 
suppliers and end-users. Better tools and further refined process information are 
needed for the management of field devices. 
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2.2.2 Intelligent positioners 
 

Intelligent field devices come in variety of forms such as measurement sensors and 
operating devices. A common intelligent device in process industry is the valve 
positioner which is a device used for transforming the control signal of a controller 
into the corresponding desired position of a control valve. Typical control loop is 
consistency control where dilution flow is controlled by manipulating the valve 
opening to achieve a desired consistency in the main flow. Other common positioner 
applications in the process industry are emergency shutdown (ESD) valves and 
fan/damper actuators. 
 
As predictive maintenance strategies that in the past appeared to be costly are now 
being seen as opportunities, many control valve users look for ways to determine 
which valves need service and more importantly which do not. As a result plant 
shutdowns involving removal of a full bank of control valves from the line for 
servicing are nowadays no longer necessary in many cases. Depending on the 
criticality of the process area, control valves need to be monitored in real-time or at 
periodic intervals to identify changes in performance early enough which helps avoid 
unplanned downtime and the associated expenses. Smart valves (valve, actuator and 
intelligent positioner) using diagnostic technology are helpful in the deployment of 
such predictive maintenance strategy. [Roe07] 
 
Intelligent positioners use embedded sensors and on-board microprocessors to 
conduct a multitude of diagnostic tests and manage digital communications to/from 
host systems. The manufacturers apply the sensors in different ways in an attempt to 
differentiate their design and depending on the manufacturer there are variations of 
tests conducted and the information collected and communicated to the host system. 
Diagnostic information available from most manufacturers includes: 
 

• Final control device tracking parameters for monitoring total (accumulated) 
travel and the number of reversals (cycles). 

• Positioner health parameter tests to provide alerts of memory, 
microprocessor, and/or sensor problems and to permit operator alarms or, for 
more severe problems, unit or process shutdown actions. 

• Final control device alerts to communicate travel deviations, travel to 
high/low limits, and/or when preset accumulated travel and cycle targets are 
exceeded. 

• Dynamic error band tests to check hysteresis and deadband-plus-slewing in 
final control devices. Drive and output signal tests vary the transducer 
setpoint at a controlled rate and plot final control device operation to 
determine dynamic performance. 

• Pre-defined final control device maintenance and signature tests. 
 
Some digital fieldbus protocols also include pre-defined step tests for checking 
and/or establishing a final control device performance “signature” (e.g. in the case of 
FOUNDATION Fieldbus three pre-defined tests). Additionally manufacturers may 
include a dynamic step test designed to determine the current performance signature 
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of the final control device. The present signature can be compared to the benchmark 
signature to determine when repairs and/or calibration will be required [Har03]. 
 
A typical problem in control valves is excessive static friction which often results 
into sticking valves having deadband and stick–slip behaviour. Deadband arises 
when a finite force is needed before the valve stem starts to move while stick–slip 
behaviour happens when the maximum static friction required to start the movement 
exceeds the dynamic friction once the movement starts [Tho07]. This kind of 
behaviour is typical also for fan/damper actuators in combustion processes, 
especially on waste fuel and coal-fired units where mechanical positioners become 
subject to sticking as components become soiled. When sticky positioner 
components are combined with loose or worn actuator linkages the actuator "hunts" 
for the proper position and causes the associated process variable to be always above 
or below setpoint. The result of hunting can be observed as poor control, additional 
wear and tear on moving parts, and/or other unnecessary cost and waste. Intelligent 
positioner technology can be applied for detecting and analysis of such abnormal 
events. Several intelligent positioner manufacturers also offer retrofit kits that allow 
replacement of mechanical fan/damper positioners with intelligent technology 
[Har03]. 
 
Some fairly sophisticated diagnostic and control methods utilizing intelligent 
positioners have been proposed for control valves. For example as early as mid 
1990’s diagnostic and control loop tuning methods utilizing smart valve positioners 
were proposed [Pyö95, Pyö97, Laa97]. These are model based methods requiring 
identification of model parameters of the positioner-actuator-valve package and thus 
resulting in some memory and processing power requirements for the device. This 
poses some problems for distributed on-line implementation especially since the 
typical way of using the same wiring for data transfer and power supply limits the 
available power in the field devices. Also the microprocessor technology of the era 
was quite limited compared to today’s technology and the data transfer capabilities 
from the field devices were more limited than they are nowadays. Some of these 
limiting factors have been alleviated since then but the limitations in power supply 
and communications might still limit distributed on-line deployment of such 
methods. More recently Bartyś has tried using embedded Neural Network methods 
for modelling of positioners while acknowledging the limited computational power 
and memory resources of embedded microcontrollers [Bar09]. 
 
Better maintenance and safety practices are also required for emergency shutdown 
(ESD) valves. Partial-stroke testing is often used to ensure that ESD valves within 
safety systems are capable of operating on demand. Intelligent ESD valves can 
become part of an automated partial stroke testing solution with automated proof of 
performance designed to meet regulatory requirements [Har03]. Partial stroke testing 
means partial movement of the safety valve without interfering with the operation of 
the process. Successful movement is intended to prove that the valve can be 
operated. However, the validation of the partial stroke procedure cannot be generated 
by the software of the valve positioner. Normally the positioner software used in the 
field is not certified according to IEC 61508. The problem is in the restricted electric 
power available in field instruments, which limits the available computing power. 
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This limited computing power poses restrictions on the use of software tools, object-
oriented programming, etc. Certified positioners on the market are available, but they 
are certified only for shutting down the valve in case the electric power at the input 
terminals of the positioner fails completely. This obstacle can be overcome by using 
additional instrumentation. For example a positioner with an inductive limit switch 
integrated into the positioner housing can be used as the signal of this limit switch 
does not depend on the software [Kar05]. 
 
Nuclear plant environments are unique as they have all the problems inherent in 
conventional plants, but also add in requirements for air operated valve testing, 
radiation, need for precise control and accident conditions. Traditional positioners 
have been used for many years but they have limitations on aiding the plant to track 
the performance of the valve and withstand the harsh operating environment. The 
combination of high temperatures and high radiation virtually rule out conventional 
smart positioners in many locations. E.g. the electronics needed for the digital 
portion of the device will be damaged by relatively low levels of radiation and will 
not withstand the effects of a LOCA (loss of coolant accident) event. Thus the 
electronics must be located in a mild environment and some other method adopted to 
get signals to and from the control valve. Special arrangements are needed to allow 
the electronics to be moved away from the valve without sacrificing accuracy or 
exposing the unit to environmental damage. [Mil06] 
 

2.3 Advanced monitoring and diagnostic methods 
 
The standard process controllers are designed to maintain satisfactory operating by 
compensating the effects of disturbances and changes occurring in processes. While 
many types of disturbances can be compensated by these controllers, faults occur in 
the processes which cannot be handled adequately. Such faults in a dynamical 
system are defined as a deviation of the system structure or the system parameters 
from the nominal situation. In structural deviations the set of interacting components 
of the plant or the interface between the plant and the controller are changed by the 
fault. Examples of such structural changes are blocking of an actuator and loss of a 
sensor. Parametrical changes, on the other hand, yield deviations of the dynamical 
input/output properties of the plant. Wear and leakage are some of the typical 
parametrical changes. In contrast to disturbances and modelling uncertainties, faults 
are more severe changes whose effect on the plant cannot usually be suppressed by a 
fixed controller. To be able to handle such abnormal events adequately, the faults 
need to be detected, diagnosed and removed [Chi01, Bla03]. This section focuses on 
methods for detection and diagnosis of process faults which enable the removal of 
faults, i.e. Abnormal Event Management (AEM). 
 
Industrial statistics have shown that even though major catastrophes and disasters 
from chemical plant failures may be infrequent, minor accidents are very common, 
occurring on a day to day basis. For example in 1995 it was estimated that the 
petrochemical industry alone in the United States incurred approximately 20 billion 
dollars in annual losses due to poor AEM [Nim95]. Thus, people in the process 
industries view the automation of AEM using intelligent control systems, and 
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thereby providing human operators assistance, as the next major milestone in control 
systems research and application. Early detection and diagnosis of process faults 
while the plant is still operating in a controllable region can help avoid abnormal 
event progression and reduce productivity loss. [Ven03c] 
 
Efficient process monitoring will also promote the transition from traditional and 
ineffective maintenance strategies towards condition-based maintenance strategies. 
The goal of stepping up from the traditional maintenance strategies to condition-
based maintenance strategies is to reduce maintenance costs with improvements, or 
at least with no reduction, in reliability. The implementation costs of condition-based 
maintenance strategy are higher but the rewards are potentially great. The savings 
come e.g. from avoiding equipment failures, unnecessary shutdowns, unnecessary 
maintenance work and large stocks of spare parts. 
 
There are several methods developed for process monitoring but the procedure is 
often the same. The first phases are fault detection and fault identification. The last 
parts are fault diagnosis and process recovery. Fault detection means determining if a 
fault has occurred. Early detection of emerging problems may provide invaluable 
information with which serious process upsets can be avoided. Identification means 
identifying the most relevant variables for diagnostic purposes. Diagnostic part 
determines which fault has occurred, i.e. the reason for abnormal observations. In 
process recovery the fault effects are removed. Not all these have to be implemented 
or automated. For example diagnostic part can be left for the operators. [Chi01] 
 
A case of a valve with increased stiction can be used as a simple example of 
diagnosis and recovery. Due to the presence of noise, varying setpoint and the 
difficulty of maintaining a data base of all possible patterns for a match, automated 
analysis of the process data can be problematic. Often the challenge in analysis of 
valve problems is to determine and quantify the type of fault present using only 
controller output and controlled variable signals. The major difficulty is that the 
process dynamics (e.g. integration in a level control loop) interfere with the analysis 
[Tho07]. Several of the analysis methods are reviewed in depth in [Hor07] and 
compared on a benchmark data set. Also, Hägglund describes a method for detection, 
estimation and compensation of dead band caused by backlash in control loops in 
[Häg07]. Gerry and Ruel [Ger01] have reviewed methods for combating stiction on-
line including conditional integration in the PI algorithm and the use of a dead zone 
for the error signal in which no controller action is taken. For a short-term solution 
the oscillation should disappear in a non-integrating process if the controller is 
changed to P-only. While the oscillation may not disappear in an integrating process 
its amplitude may decrease. Also changing the controller gain changes the amplitude 
and period of the limit cycle oscillation. This observation can also be used for 
detection of a faulty control valve. More sophisticated control solutions for friction 
compensation can be found e.g. in [Pii06, Kay00, Häg02, Häg07, Sri05]. 
 
Although monitoring and diagnostics functionalities are not generally restricted by 
the reliability limitations of control operations, the applications suffer from other 
limitations. With respect to supporting process automation functionalities, systems 
have been suffering from decisions that were made in the past, e.g. alarm handling 
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and processing is based on a rather simple approach developed when the first digital 
control systems were introduced. The strong emphasis on reliability and performance 
requirements in automation systems has resulted in systems that, especially in 
monitoring operations, are not sufficient any more with larger and more complex 
processes. Furthermore, devices and control systems as well as their monitoring have 
been built for continuous steady usage and their operation has been optimised for a 
steady state. Not enough attention has been focused on operations in change 
situations in terms of monitoring. These situations have been traditionally treated as 
special cases handled with special attention. However, this is not the case any more, 
as systems have become larger and more complex, and there are not enough 
personnel available on-site to handle the change situations. Fortunately with digital 
communication and almost fully software-based operation there are no big barriers 
any more to what functionalities may be developed and thus offered to users. This 
will result in a whole new set of functionalities and services for users working with 
process automation. New software technologies have been taken into use in the 
implementation of automation systems which are becoming increasingly distributed, 
networked and complex software systems. [Sei06, Pir08] 
 
Monitoring/diagnostic algorithms are often classified into three general categories 
which are quantitative model based methods, qualitative model based methods, and 
process history based methods. In model based methods the model is usually 
developed based on some fundamental understanding of the physics of the process. 
In quantitative models this understanding is expressed in terms of mathematical 
functional relationships between the inputs and outputs of the system. In contrast, in 
qualitative model equations these relationships are expressed in terms of qualitative 
functions. Process history based methods on the other hand don’t assume a priori 
knowledge about the model, instead (theoretically) only the availability of large 
amount of historical process data is assumed. Various methods are then used to 
transform the data and present it as a priori knowledge to a diagnostic system. These 
methods can be used on several levels of the process hierarchy, e.g. for monitoring of 
individual devices or complex plants. [Chi01, Ven03c, Che99, Ger98, Gu04] 
 

2.3.1 Quantitative Model based methods 
 

Relying on an explicit model of the monitored plant, all model based fault detection 
and identification (FDI) methods (and many of the statistical diagnostic methods) 
require two steps. The first step generates inconsistencies between the actual and 
expected behaviour. Such inconsistencies are called residuals and they reflect the 
potential faults of the system. The second step chooses a decision rule for diagnosis. 
The check for inconsistency needs some form of redundancy. There are two types of 
redundancies, hardware redundancy and analytical redundancy. Hardware 
redundancy requires redundant sensors and the procedure checks for inconsistencies 
between these sensors measuring the same thing. This is simple but the extra 
hardware requires more space and results in additional hardware costs and weight. 
On the other hand, analytical redundancy (also termed functional, inherent or 
artificial redundancy) is achieved from the functional dependence among the process 
variables and is usually provided by a set of algebraic or temporal relationships 
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among the states, inputs and the outputs of the system. Analytical redundancy can be 
divided into direct and temporal redundancy. [Ven03c, Ger98, Che99, Chi01] 
 
A direct redundancy is accomplished from algebraic relationships among different 
sensor measurements. Such relationships are useful in computing the value of a 
sensor measurement from measurements of other sensors. This value is then 
compared with the measured value from that sensor and a discrepancy indicates a 
possible sensor fault. A temporal redundancy is obtained from differential or 
difference relationships among different sensor outputs and actuator inputs. With 
process input and output data, temporal redundancy is useful for sensor and actuator 
fault detection. The essence of analytical redundancy in fault diagnostics is to check 
the actual system behaviour against the system model for consistency. 
Inconsistencies expressed as residuals can be used for detection and isolation 
purposes. The generation of residuals requires an explicit mathematical model of the 
system. Either a model derived analytically using first principles or a black-box 
model obtained empirically may be used. Also, statistical methods are often required 
for the decision making. [Ven03c, Ger98, Che99, Chi01] 
 
Process faults usually cause changes in the state variables and/or changes in the 
model parameters which can be seen as increased residuals. Based on the process 
model, one can estimate the unmeasurable state or model variables by the observed 
outputs and inputs using state estimation and parameter estimation methods. Kalman 
filters or observers have been widely used for state estimation [Fra89]. Least squares 
methods provide a powerful tool by monitoring the model parameter estimates online 
[Ise89].  Also techniques relying on parity equations for residual generation have 
been developed [Cho84]. Parity equations are obtained by rearranging or 
transforming the input-output models which are relatively easy to generate from 
online process data and easy to use [Ven03c]. 
 
There have been efforts to design residual generators capable of generating residuals 
which are conducive to fault isolation. Two such methods are the directional residual 
approach [Ger95] and the structural residual approach [Ger90]. The directional 
residual approach generates residual vectors which are confined to a fault specific 
direction that allows isolating faults from their locations in the multidimensional 
residual space. The structured residual approach produces residual vectors so that 
each residual element responds selectively to a subset of faults. It is required that 
only a fault-specific subset of the residual components is nonzero in response to a 
fault. Equivalently, the residuals corresponding to a specific fault will be confined to 
a subspace of the entire residual space. That allows forming of binary fault 
signatures, or so called residual structure for fault identification since each residual is 
completely unaffected by a different subset of faults. [Ven03c, Ger98, Che99, Chi01] 
 
Many of the FDI methods use discrete black-box plant models and assume linearity 
of the plant. This assumption of linearity can complicate their implementation on 
nonlinear processes. The main difference between the first principles and the black-
box models is that the parameters in the former bear certain physical meanings which 
can be very useful in diagnostic procedure or controller design while the latter’s 
parameters can’t usually be directly associated with known physical variables. The 
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first principles models are obtained based on a physical understanding of the process. 
Factors like mass, energy and momentum balances as well as constitutive 
relationships (such as equations of state) may be used in the development of model 
equations [Ven03c, Chi01]. 
 
Model based methods offer good performance in the FDI procedure if the process 
and possible faults are known well enough. The main advantage of the approach is 
the ability to incorporate physical understanding of the process into the process 
monitoring scheme. In other words, when detailed analytical models are available, 
significant performance advantage over data-driven (process history based) measures 
can be achieved. However, often the modelled processes are complex and/or 
nonlinear requiring development of complex models. Sometimes the dynamics of the 
process are not known well enough to construct a first principle model. These factors 
will easily result in an inaccurate model or creating the model will become too 
expensive. This is why model based methods are often limited to only small and well 
known process entities [Chi01, Ven03c]. Though quantitative model-based 
approaches such as observers have made an impact in mechanical and aeronautical 
engineering applications, they have had very little impact in process industries. This 
might be due to inherent nonlinearity of chemical processes and thus relatively 
minimal advantage over simple statistical approaches when considering the effort 
required in model construction. Furthermore model-based approaches have been 
predominantly restricted to sensor and actuator failures [Ven03b]. The difficulties in 
developing the models make the feasibility of model based methods poor also in 
respect to his this work. However, readily available and easily obtainable models 
might be utilized. E.g. the model for valve-actuator-positioner used in [Pyö97] could 
possibly be deployed and duplicated for large scale use. Development of first 
principle models in this research was not seen reasonable. 
 

2.3.2 Qualitative model based methods 
 
The performance of model based methods depends much on the accuracy of the 
models. As mentioned before, creating the models is often problematic limiting the 
usefulness of the quantitative methods. Some of these problems can be avoided by 
using qualitative models as the method does not require development of detailed 
models. Instead the understanding of process relationships is expressed in terms of 
qualitative functions. [Ven03a, Chi01] 
 
The development of knowledge-based expert systems was the first attempt to capture 
knowledge to draw conclusions in a formal methodology. An expert system is a 
computer program that mimics the cognitive behaviour of a human expert solving 
problems in a particular domain. It consists of a knowledge base, essentially a large 
set of if-then-else rules and an inference engine which searches through the 
knowledge base to derive conclusions from given facts. It was a popular research 
subject in the 1980’s, see e.g. [Ven88, Hen84], but unresolved problems caused the 
activity to decrease later. One problem is that the size of the deduction tree grows 
rapidly with the behavioural complexity of the system. Other problem concerns the 
knowledge presentation. The knowledge in an expert system can be shallow (based 

 



28  Chapter 2. 

on heuristics and expert testimony) or deep (based on structural, behavioural or 
mathematical models). The problem is that while shallow-knowledge systems are 
easier to develop, they don’t have any understanding of the underlying physics of the 
system and therefore fail in cases where a new, undefined condition is encountered. 
On the other hand deep knowledge systems are significantly harder to develop. Ways 
to deepen the knowledge of an expert system include the use of governing equations 
based on physical laws to provide a set of constraints on the process variables and 
causal reasoning via signed digraphs [Ven03a, Chi01]. 
 
Signed digraphs (SDG) can be used to represent cause-effect relations or models, see 
e.g. [Iri79, Che07]. Digraph is a graph with directed arcs between nodes while SDG 
is a graph in which the directed arcs have a positive or negative sign attached to 
them. The directed arcs lead from the ‘cause’ nodes to the ‘effect’ nodes. Each node 
in the SDG corresponds to the deviation from the steady state of a variable. SDGs 
have nodes which represent events or variables and edges which represent the 
relationship between the nodes. They are much more compact than truth tables, 
decision tables, or finite state models. SDGs provide a very efficient way of 
representing qualitative models graphically and they have been the most widely used 
form of causal knowledge for process fault diagnosis. The drawbacks of the SDG 
implementations include lack of resolution, potentially long computing times and 
single fault assumption [Ven03a, Chi01]. 
 
Fault trees are used in analyzing the system reliability and safety. Fault tree is a logic 
tree that propagates primary events or faults to the top level event or a hazard, see 
e.g. [Sta02, Ves81]. The tree usually has layers of nodes. At each node different 
logic operations like AND and OR are performed for propagation. A general fault 
tree analysis consists of system definition, fault tree construction, qualitative 
evaluation and quantitative evaluation. Before the construction of the fault tree, the 
analyst should possess sufficient understanding of the system. In fact, a system 
description is also a part of the analysis documentation. A real-time version of a fault 
tree model is called symptom tree model. A variation of a symptom tree model called 
the weighted symptom tree model tries to solve the problem of more than one fault 
candidate by attaching trained weights to symptom-fault pairs [Ven03a, Chi01]. 
 
Qualitative physics or common sense reasoning about physical systems has been an 
area of major interest to the artificial intelligence community. Qualitative physics 
knowledge in fault diagnosis has been represented in mainly two ways. The first 
approach is to derive qualitative equations from the differential equations termed as 
confluence equations, see e.g. [Sim77]. Essential thing to note here is that qualitative 
behaviour can be derived even if an accurate mathematical model cannot be 
developed. Detailed information, such as exact expressions and numerical values, is 
not required. As an example, consider predicting level in a simple tank process after 
steady-state has been reached. As the inlet flow rate increases one can predict using 
qualitative reasoning that level would also increase (at least initially) without 
knowing the numerical values of cross sectional area of the tank, the outlet and so 
on. Also a method called precedence ordering [Soy73] has been used to order the 
variables from the view point of information flow among them. The central idea is 
that the information flow among these equations is not simultaneous, i.e. a 
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recognition of the presence of asymmetry (partial or complete precedence order 
among the variables) in the equations. This asymmetry shows the channels of 
information flow and thus represents causality. The other approach in qualitative 
physics is the derivation of qualitative behaviour from the ordinary differential 
equations. These qualitative behaviours for different failures can be used as a 
knowledge source, see e.g. [Sac88] where piece-wise linear approximations of 
nonlinear differential equations are examined through the use of a qualitative 
mathematical reasoning to deduce the qualitative properties of the system.  [Ven03a] 
 
Like with the analytical approach (quantitative models) most applications based on 
qualitative models have been limited to systems with relatively small amount of 
inputs, outputs and states as constructing the fault models can require a large amount 
of effort [Chi01]. Also, many of the academic demonstrations of these models have 
been on very simplistic systems and implementing them for industrial systems is 
plagued with problems related to computational complexity and generation of 
spurious solutions. Therefore the impact of qualitative model-based approaches in 
terms of applications has been minimal. Still, graph-based approaches have been 
researched upon quite extensively and they have been applied in safety studies and 
tools are being developed for using these types of models in real-time decision 
making [Ven03b]. The feasibility of qualitative models is limited to small process 
entities with well known fault characteristics also in the context of this research. For 
example further development of fault diagnostics for the valve positioner might be 
feasible in the future. In more general sense development of easy-to-duplicate 
qualitative model structures for common processes and devices seems feasible as the 
models don’t need to be very exact or precise. For example, power plants often have 
similar process constructions and common features that might be exploited by 
developing generic models for the most common cases. 
 

2.3.3 Process history based methods 
 

In contrast to the model-based approaches where a priori knowledge about the 
process is needed, in process history based methods available historical process data 
is transformed and presented as a priori knowledge to a diagnostic system. This is 
known as feature extraction. The extraction process can be either qualitative or 
quantitative in nature. Two of the major methods that extract qualitative history 
information are the expert systems and trend modelling methods (e.g. Qualitative 
Trend Analysis, QTA). Methods that extract quantitative information can be broadly 
classified as non-statistical or statistical methods. Neural networks are an important 
class of non-statistical classifiers while principal component analysis, partial least 
squares and statistical pattern classifiers form a major component of statistical 
feature extraction methods [Ven03b]. 
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Figure 2 Classification of process history based methods [Ven03b] 

 
Qualitative feature extraction 
 
Rule-based feature extraction has been widely used in expert systems for many 
applications, e.g. [Ven88, Hen84]. An expert system is generally a very specialized 
system that solves problems in a narrow domain of expertise [Ven03b]. The main 
difficulty of using shallow knowledge expert system is in knowledge acquisition. 
Expert systems are usually better at collecting and archiving cases than in expressing 
the experience and cases explicitly into production rules. One way to solve this 
problem is to use machine learning techniques in which knowledge is automatically 
extracted from data [Chi01]. Therefore expert systems with machine learning 
capabilities can be considered also in the process history based monitoring category. 
The main components in an expert system development include knowledge 
acquisition, choice of knowledge representation, coding of knowledge in a 
knowledge base, development of inference procedures for diagnostic reasoning and 
development of input-output interfaces. However, there are limitations in the expert 
system approach as knowledge-based systems developed from expert rules are very 
system specific and difficult to update [Ric87]. The advantage though is the ease of 
development and transparent reasoning [Ven03b]. 
 
Alternative approach in qualitative feature extraction is the abstraction of trend 
information, QTA, see e.g. [Che90]. Qualitative abstraction allows a compact 
representation of a trend by representing only the significant events. Qualitative 
trend representation often provides valuable information that facilitates reasoning 
about the process behaviour for tasks such as diagnosis. In a majority of cases 
process malfunctions leave a distinct trend in the monitored variables. These distinct 
trends can be suitably utilized in identifying the underlying abnormality in the 
process and also be used for efficient data compression [Ven03b]. The basic idea of 
QTA is to identify predefined primitives from a given time window of time series 
data and to use the series of identified primitives for analysis. Although QTA 
provides quick and accurate diagnosis, the increase in computational complexity 
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with the increase in the number of sensors used for diagnostics may prohibit its real-
time application for very large-scale plants [Mau05]. QTA approach specializes 
more on diagnosis than detection and hence might be a useful tool where diagnosis is 
of importance. Also, QTA approach seems to be robust to routine variations in 
process operations. However, the time taken to customize and implement might be 
more than with approaches such as PCA [Ven03b]. This limits the feasibility of QTA 
applications especially for large scale monitoring. 
 
Quantitative feature extraction 
 
The quantitative approaches essentially formulate the diagnostic problem-solving as 
a pattern recognition problem. Statistical methods, such as Bayes classifier which 
uses the density functions of the respective classes, use knowledge of a priori class 
distributions to perform classification. Approaches like PCA, on the other hand, 
extract information about major trends in the data using a small number of relevant 
factors. Neural networks assume a functional form for the decision rule thus 
parameterizing the classifier. [Ven03b] 
 
The basic concepts behind traditional univariate SPC methods (see e.g. [Mon91]) are 
still valid today but if applied to multivariate processes, the use of univariate control 
charts may be misleading. Therefore there is a demand for multivariate statistical 
techniques, such as PCA and PLS (partial least squares), which are powerful tools 
capable of compressing data and reducing the dimensionality while retaining 
essential information and making it easier to analyze than the original data set. They 
are also able to handle noise and correlation to extract information effectively. The 
main function of these multivariate statistical techniques is to transform a number of 
related process variables to a reduced set of uncorrelated variables to ease the task of 
process monitoring. To establish an “in-control” model for monitoring purposes, χ2 
distribution and/or T2 statistics are used. With an “in-control” model established 
based on historical data during normal operation, process monitoring is achieved by 
comparing the factors against this nominal model. Also so called Q index (squared 
prediction error) is often used to indicate the error of the reduced model [Chi01, 
Tep99, Mar02]. Several variations of these methods have been proposed, such as 
variants able to deal with batch processes and non-linearities and recursive versions 
for time-varying processes [Ven03b, Lan02, Mar99a]. 
 
Fault diagnosis can be cast in a classical statistical pattern recognition framework as 
it is essentially a classification problem. The Bayes classifier [Fuk72] is an optimal 
classifier when the classes are Gaussian distributions and the distribution information 
is available. Distance classifiers, such as the Bayes classifier, use distance metrics to 
calculate the distance of a given pattern from the means (centers) of various classes 
and classify the pattern to the closest class. The most basic distance based classifier 
simply uses the Euclidean distance. This classification is exact only when the classes 
are spherically symmetrical with the same covariance. More appropriate distance 
measure for a Gaussian distribution is a scaled form of the Euclidean distance which 
transforms the problem (ellipsoidal distribution) to a spherically symmetric form 
before classification is be done. The development of such density functions is a 
challenging problem and has received considerable attention from researchers. One 
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of the most popular non-parametric techniques for density estimation is Parzen 
windows [Par62]. Among the process history based approaches, statistical approach 
seems to have been well studied and applied. The reason for this might be that with 
the current state-of-art in applications, detection seems to be a bigger concern than 
detailed diagnosis. Hence, statistical approaches that are easy to build and which do 
very well on fast detection of abnormal situations have been successful in industrial 
applications [Ven03b]. 
 
It has been shown that a neural network (NN) is a universal approximator capable of 
approximating any continuous function [Hor89]. It is this universal approximation 
capability that is the most readily exploited property of the neural networks and has 
made multilayer perceptron a choice for modelling nonlinear systems and for 
implementing general-purpose nonlinear controllers [Hun92]. Also the application of 
neural networks for the problem of fault diagnosis has received interest, see e.g. 
[Cyb89, Car88]. The methods using NN for the fault detection can be classified 
based on how the NNs are employed. This division can be made into the following 
three groups: NN models of the system employed for residues generating (work as 
process model), NN employed for residues evaluation (work as classifier) and NNs 
exploiting these two approaches simultaneously [Bah09]. Neural networks used for 
fault diagnosis can also be classified according to the architecture of the network 
(such as sigmoidal and radial basis) and the learning strategy (such as supervised and 
unsupervised learning) [Ven03b, Chi01]. In supervised learning strategies, after 
choosing a specific topology for the neural network, the network is parameterized in 
the sense that the problem at hand is reduced to the estimation of the connection 
weights between network nodes. The connection weights are learned by minimizing 
the mismatch between the desired output and the actual output of the network. The 
most popular supervised learning strategy in neural networks has been the back-
propagation algorithm and there are a number of papers that address the problem of 
fault detection and diagnosis using back-propagation neural networks. Most of the 
work on improving the performance of standard back-propagation neural network for 
fault diagnosis is based on the idea of explicit feature presentation to the NN, e.g. 
[Fan93]. Data processing and filtering is shown to lead to significant performance 
improvement and reduced training time [Ven03b]. 
 
Even though supervised NN approaches have several benefits, there are certain 
problems in applying them. One of the key practical problems is the generalization 
issue - the ability of a network to perform well in new situations. For accurate 
modelling of the plant the network needs to be trained with data which covers the 
entire range of possible network inputs. However, it may be difficult to obtain this 
data. In such situations it will be important for the network to be able to detect 
situations in which the inputs fall outside the regions where the network received 
training data [Hag99, Kar04]. For example in [El-98] a rule based approach was used 
for dealing with situations where the control signal exceeds their permissible limit. 
While there is little that can be done to improve the NN performance outside the 
range of the training data, the ability to interpolate between data points 
(generalization properties) can be improved by appropriate network training 
[Hag99]. Another common problem with using neural networks is that they act 
essentially as a black-box. The information stored in a neural network is a set of 
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numerical weights and connections that provides no direct clues as to how the task is 
performed or what the relationship is between inputs and outputs. This limits the 
acceptance of such NNs since in many applications in science and engineering it is 
demanded to use techniques based on analytical functions that can be understood and 
validated [Fan05]. The described limitations of supervised NNs explain the 
reluctance of the industry to adopt neural networks into widespread use. 
 
The NNs using unsupervised estimation techniques are popularly known as self-
organizing neural networks as the structure is adaptively determined based on the 
input to the network. The objective of the unsupervised methods, such as self 
organizing maps [Koh84], is to give credit for patterns that are similar. The similarity 
measure is usually a distance measure. Whenever a pattern is seen that is not similar 
to any of the previously formed classes, a new class is formed and the pattern is 
retained as the defining pattern for the new class. In these kinds of architectures the 
crucial elements are the chosen distance metric and the threshold for similarity 
[Ven03b, Chi01]. Clustering on the other hand is a technique to group samples so as 
to maximize separability between these groups. Clustering algorithms specify the 
number of groups (no new classes are formed) and maximize an objective function 
that is a measure of separability of these groups. This way clustering becomes a well-
defined optimization problem. Clustering procedures need a measure for estimating 
similarity between different data points so that credit can be assigned for similar 
patterns. Also representative patterns are needed against which the similarity of other 
patterns can be checked [Ven03b]. The most popular clustering algorithm proposed 
in the literature is the K-means [Dud73] clustering algorithm. The essential 
difference between these unsupervised estimation techniques and statistical pattern 
recognition is that the latter uses a priori class information to design a classifier 
while the former allocates samples to groups without this information. There are a 
number of papers on neural network applications in process fault diagnostics and it is 
not possible to provide an exhaustive review of all the approaches here. 
 
Naturally there are several practical aspects concerning the process history based 
methods. Modern process plants produce large amounts of process data and often 
have large volumes of historical data stored in databases. The exploitation of this 
data offers a huge potential for improvements in the operation of any industrial 
process over long term but due to the nature of this data the possibilities have not 
been fully exploited. The success of applied process history based methods is not 
only strongly dependent on the amount of the process data, but also the data quality 
is important. The data sets are often enormous but the data is highly correlated and 
noncausal in nature. The information contained in any one variable is often small due 
to low signal-to-noise ratios and measurements may be missing on many variables. 
Many research efforts have recently focused on developing data based models by 
using latent variable methods such as principal component analysis (PCA) and 
partial least squares (PLS). These methods address the above problems in a 
straightforward manner and provide analysis tools that are relatively easy to present 
and interpret [Kou02]. 
 
From industrial application viewpoint, the majority of monitoring/diagnostic 
applications in process industries are based on process history based approaches and 

 



34  Chapter 2. 

are more concerned with fault detection than detailed analysis. This is due to the fact 
that process history based approaches are easy to implement, requiring little 
modelling effort and a priori knowledge. Further, even for processes for which 
models are available, the models are usually steady-state models as it would require 
considerable effort to develop dynamic models specialized towards fault diagnostic 
applications [Ven03b]. These are also the reasons why the chosen methods for the 
applied part of this thesis were process history based. Especially the features of 
quantitative feature extraction methods make them attractive alternatives for the 
applied part of this thesis. The favourable features in the ease of deployment make 
them suitable for large scale use. For example the valve-actuator-positioner package 
could be modelled with relative ease using a suitable NN or the NN could be trained 
to identify the most common faults. However, such black-box approach would not be 
as useful for diagnostic purposes as the first principle model used in [Pyö97]. 
 
Finally, the authors of [Ven03a], [Ven03b] and [Ven03c] want to emphasize that no 
single method is necessarily adequate to handle all the requirements for a 
monitoring/diagnostic system. Though all the methods are only as good as the 
quality of information provided, some methods might better suit the knowledge 
available than others. Some of the methods can complement one another resulting in 
better diagnostic systems. Integrating these complementary features is one way to 
develop hybrid methods that could overcome the limitations of individual solution 
strategies. Hence, hybrid approaches where different methods work in conjunction to 
solve parts of the problem are seen as attractive. For example, fault explanation 
through a causal chain might be best done through the use of digraphs, whereas, fault 
isolation might be very difficult using digraphs due to the qualitative ambiguity. 
Analytical model-based methods might be superior in this respect and hence, hybrid 
methods might provide a general, powerful problem-solving platform [Ven03b]. The 
benefits of hybrid systems were acknowledged during the research. Thus the 
monitoring application developed during this thesis is a hybrid system consisting of 
multiple process history based methods complementing each other. For example the 
operating point of a process can be identified by clustering and this refined 
information can then be used by other methods for more accurate analysis. 
 

2.3.4 Plant-wide disturbance detection 
 
Besides the division based on the used monitoring methods, monitoring applications 
can also be examined from the perspective of the complexity and size of the 
monitored process. The challenges of monitoring are clearly different when 
comparing monitoring of e.g. a single control loop and larger process entities. The 
division between small and large scale processes is of course vague but the 
differences in the challenge are significant. Monitoring of simple single-input-single-
output (SISO) control loops is well established in the process industries but the SISO 
approach has shortcomings as the control loops are typically interconnected. The 
basic idea of process control is to divert unwanted variability from key process 
variables into places capable of accommodating the variability such as buffer tanks. 
Unfortunately this is not often accomplished and it just appears somewhere else. This 
is increasingly the case in modern industrial processes which have strong process 
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interactions due to characteristics such as low buffer capacity and increased use of 
recycle streams and heat integration [Tho07]. 
 
A plant-wide approach means that the distribution of a disturbance is mapped out 
and the location and nature of the cause of the disturbance are determined with a 
high probability of being right first time. The alternative is a time consuming 
procedure of testing each control loop in turn until the root cause is found. Some key 
requirements are detection of the presence of one or more periodic oscillations, 
detection of non-periodic disturbances and plant upsets and also determination of the 
locations of the various oscillations/disturbances in the plant and their most likely 
root causes. [Pau03, Qin98] 
 
Detection 
 
In timescale plant-wide disturbances can be classified into slowly developing (e.g. 
catalyst degradation or fouling of a heat exchanger), persistent and dynamic (e.g. 
plant-wide oscillations) and abrupt (e.g. a compressor trip). In the article ‘Advances 
and new directions in plant-wide disturbance detection and diagnosis’ [Tho07] the 
main subdivision of plant-wide disturbance detection is between oscillating and non-
oscillating behaviour. An oscillation significant enough to cause a process 
disturbance can be seen in both in the time domain and as a peak in the frequency 
domain suggesting that either might be exploited for detection. By contrast the time 
trends affected by a non-oscillating disturbance often look somehow similar but in a 
way that is hard to characterize because of the multiple frequencies which are 
present. The frequency domain readily reveals the similarities in the spectral content, 
however, and therefore spectra are useful for detection of non-oscillating 
disturbances. The third class in the division is dynamic disturbances with non-
stationary behaviour. For instance, an oscillation may come and go or may change in 
magnitude. This localization in time suggests that wavelet methods would be best for 
such cases. [Tho07] 
 
Oscillation detection methods fall into three main classes namely those which use the 
time domain, those using autocovariance functions (ACF), and spectral peak 
detection. Most of the methods are off-line and exploit off-line advantages, such as 
the use of the whole data history to determine a spectrum or autocovariance function. 
One online method is the oscillation monitor of [Häg95] which has been 
implemented in the ECA400 PID controller (Alfa Laval Automation) and in the 
LoopBrowser [Mar99b] control loop performance monitoring application (Metso 
Automation). The latter is also used in the applied part of this research and is 
presented in chapter 4. Several methods, e.g. [Häg95, Häg05, Tho97, For99, Mia99, 
Sal05], are capable of detecting an oscillation one measurement at a time, but due to 
control loop interactions more is needed for plant-wide detection than the detection 
of oscillations in individual control loops. Recognition that an oscillation in one 
measurement is the same as the oscillation in another measurement is needed, even 
though the shape of the waveform may differ and when interferences such as other 
oscillations are present [Tho07]. 
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Persistent non-oscillatory disturbances are generally characterized by their spectra 
which may have broad-band features or multiple spectral peaks. The plant-wide 
detection problem not only requires a suitable distance measure by which to detect 
similarity, but also determination and visualization of clusters of measurements with 
similar spectra. Spectral decomposition methods have been used to distinguish 
significant spectral features from broad-band noise that spreads all across the 
spectrum [Tho07]. Decomposition methods include principal component analysis 
(PCA) [Tho02], independent component analysis (ICA) [Xia05] and non-negative 
matrix factorization (NNMF) [Tan07]. 
 
Diagnosis 
 
After detection the disturbance must be diagnosed. The main distinction of data-
driven root cause diagnosis is between linear and non-linear root causes. Alternative 
approaches use process insights and knowledge. The diagnosis problem consists of 
two parts. First the root cause of each plant-wide disturbance should be distinguished 
from the secondary propagated disturbances which will be solved without any further 
work when the root cause is addressed. The second stage is testing of the candidate 
root cause loop to confirm the diagnosis. [Tho07] 
 
Typical non-linear root causes of plant-wide disturbances include control valves with 
excessive static friction, on-off and split-range control, sensor faults, process non-
linearities and hydrodynamic instabilities such as slugging flows. Sustained limit 
cycles are common in control loops having non-linearities, for example the stop–start 
nature of flow from a funnel feeding molten steel into a rolling mill. Valve 
diagnostic methods can be seen as a separate subdivision of root cause diagnosis for 
non-linear causes. [Tho07] 
 
A non-linear time series means a time series that was generated as the output of a 
non-linear system. Also a distinctive characteristic is the presence of phase coupling 
between different frequency bands. Non-linear time series analysis concepts are 
covered e.g. in the book ‘Nonlinear time series analysis’ [Kan97]. For example 
surrogate data testing is used to detect non-linearity. In surrogate data testing a new 
data set is created having the same power spectrum as the time series under test but 
with the phase coupling removed by randomization of the phase. A key property of 
the test time series is then compared to that of its surrogates and non-linearity is 
diagnosed if the property is significantly different in the test time series. To make 
better use of phase information in signals also the bispectrum and the related 
bicoherence have been used to detect the presence of non-linearity in process data, 
see e.g. [Cho04a, Cho04b]. 
 
Root cause diagnosis based on non-linearity has been reported on the assumption 
that the measurement with the highest non-linearity is closest to the root cause 
[Tho05, Tho03, Zan05]. The assumption that the non-linearity is strongest in the 
time trends of measurements nearest to the source of a disturbance is based on 
disturbance propagation. The plant acts as a mechanical filter and as the limit cycle 
propagates to other variables the waveforms generally become more sinusoidal and 
more linear because plant dynamics destroys the phase coupling and removes the 
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spectral harmonics which characterize a limit cycle oscillation. Empirically non-
linearity measures do very well in isolation of non-linear root causes. However, a full 
theoretical analysis is missing at present. The waveform in a limit cycle is periodic 
but non-sinusoidal and therefore has harmonics which can be used in detecting non-
linearity. However it is not always the case that the time trend with the largest 
harmonic content is the root cause because the action of a control loop may split the 
harmonic content of an incoming disturbance between the manipulated variable and 
the controlled variable [Tho07]. 
 
After non-linearity the most common root causes are poor controller tuning, 
controller interaction and structural problems involving recycles, i.e. linear root 
causes. The detection of poorly tuned SISO loops is routine using commercial 
Control Loop Performance Assessment (CLPA) tools, but determining whether an 
oscillation is generated within the control loop or originates from an external source 
has not yet been solved satisfactorily using only signal analysis of routine operating 
data [Tho07]. Promising approaches to date require some knowledge of the transfer 
function, e.g. [Xia03]. There has been little academic work to address the diagnosis 
of controller interactions and structural problems using only data from routine 
process operations. Some progress is being made by cause and effect analysis of the 
process signals using a quantity called transfer entropy which is sensitive to 
directionality to find the origin of a disturbance, see e.g. [Bau05, Bau07, Bau04, 
Sch00]. The outcome of the analysis is a qualitative process model showing the 
causal relationships between variables [Tho07]. 
 
The methods using process insights and knowledge can also be seen as 
complementary, rather than just alternative, methods to data-driven methods. After 
all qualitative process information is implicitly used in diagnosis when an engineer 
considers the results from a data-driven analysis. An interesting possibility is to 
capture and make automated use of such information resulting in a qualitative model. 
Qualitative models include signed digraphs (SDG) [Mau04, Sri06, Ven03a], 
Multilevel Flow Modelling [Pet00] and Bayesian belief networks [Wei05]. Enhanced 
diagnostics using signal-based analysis if a qualitative model is available has been 
shown in [Chi03] and [Lee03]. Thornhill and Horch [Tho07] believe that qualitative 
models of processes will in the future become almost as readily available as the 
historical data. The technology for generating such models is already in place in 
Computer Aided Engineering tools such as ComosPT (Innotec) and Intools 
(Intergraph). XML has recently started to be used in such intelligent PI&D (Piping 
and Instrumentation Diagram) tools for export and exchange of process drawings and 
PI&Ds. This development offers new possibilities for qualitative modelling and large 
scale monitoring as the plant topology in a process diagram can now be exported into 
a vendor independent XML-based data format, giving a portable text file that 
describes all relevant items, their properties, the connections between them and the 
directions of those connections [Fed05, Tha09]. Especially recently published 
methods using process data to derive a qualitative model of the propagation path in 
the form of a causal map [Bau08] and methods combining readily available 
information about the connectivity of the process with the results from causal 
measurement-based analysis to reduce spurious solutions [Tha09] seem interesting. 
 

 



 

3.  SYSTEM INTEGRATION 
 
The introduction of decentralized periphery has changed factory automation and 
stamps today's plant structures. Besides the reduction of the wiring expenditure, it is 
the subdivision of the whole system into small manageable applications that has lead 
to reduction in expenses compared to a construction with central periphery. Big and 
difficult to maintain control programs in the central units give way to smaller, 
decentralized applications in intelligent field devices [Sch03]. Such decentralized 
periphery requires bidirectional communications and integration of process assets 
which have a central role in gaining full potential from decentralized automation 
systems. 
 
The communications in control systems have evolved from analog signals to 
proprietary fieldbus systems with proprietary field devices, and more recently 
towards open systems utilizing open fieldbuses which enable direct communication 
between devices from different suppliers [Ron99]. The ability to connect to 
intelligent devices has become a necessity but this poses a dilemma for the 
equipment manufacturers.  Providing an “open platform” system for user access 
exposes them to potential support problems, increased support costs and possibly 
even unhappy customers.  If the device took extensive customer support to use, the 
company would never make any money and the customer would never recommend 
the company and their products to others. On the other hand providing a secure 
method of analyzing machine metrics can lead to higher user satisfaction and more 
sales [Mil04]. 
 
There has been a lot of work done in the area of communications and system 
integration by several communities in the form of interface standards. However there 
are still lots of different fieldbus standards and communication protocols for 
connecting field devices to control systems requiring additional layers of integration. 
E.g. Microsoft has done much work to standardize the way systems communicate by 
providing layers of network infrastructures that let systems share data in a secure 
way.  This will foster the ability of systems to share information with each other 
while limiting the access via standard security measures [Mil04]. These issues are 
discussed in this chapter and form the fifth contribution of the thesis. 
 

3.1 Communications and hierarchy in automation systems 
 

The automation technology has evolved from mechanical and pneumatic systems to 
analog electronic systems and later to various generations of digital computer based 
systems. Although still is use today, the limitations of analog technologies, 
specifically the one-way communication, make it unsuitable for modern process 
control. A significant milestone in process data transfer was reached when open 
HART technology was introduced. In HART technology a digital message is sent 
“on top” of traditional analog signal so that the analog information is not disturbed. It 
was thought that this was only an interim period in a move towards fully digital 
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fieldbuses but the technology still has a significant position in the process industry 
[Ron99]. Besides the HART fieldbus, Profibus and FOUNDATION Fieldbus are 
now the most common fieldbus techniques in process automation. Wireless 
communications, nowadays popular in personal computer use, are up-and-coming 
techniques also in the process industry. As a result the ISA100 committee (part of the 
Instrumentation, Systems, and Automation Society, ISA) was formed in 2005 to 
establish standards and related information that will define procedures for 
implementing wireless systems in the automation and control environment with a 
focus on the field level. 
 
Fieldbus is a general concept used to describe a bidirectional and digital 
communications network that carries information between field devices and control 
systems. It is a data-communication channel which has a transmission path, a 
topology and a data transfer protocol. A modern fieldbus is fully digital system in 
which a large part of the functionality is transferred to the field devices themselves, 
i.e. the functionality is distributed. At the same time the amount of data transfer has 
grown on a new level. Compared to the traditional wiring and analog data transfer 
the users of a fieldbus have to have a protocol defining how the resources of the 
shared transmission path are shared. There are several proprietary protocols and the 
industry has long wanted a unified standard. Use of open standard fieldbuses 
guarantees interoperability of devices from different manufacturers and so enables 
their use in the same system. Fieldbuses can be divided into sensor buses (e.g. CAN, 
ASI), device buses (e.g. DeviceNet, Profibus DP) and process buses 
(FOUNDATION Fieldbus, Profibus PA). [Ron99] 
 
The interconnected information systems and process assets in process control form a 
functional hierarchy which can be seen as an increase of comprehensiveness of 
information when climbing the hierarchy levels. The higher hierarchy level possesses 
the essential information from the lower level and gives instructions to the lower 
level. Going down the hierarchy the information and instructions become ever more 
detailed and the timeframes shorter. There are several hierarchy models used for 
describing data transfer and information content in process control, although these 
are somewhat vague and not well established [Ron99]. The joint committee of the 
American National Standards Institute (ANSI) and the ISA, provides standard 
models and terminology for inter- and intramanufacturing enterprise integration in 
the ANSI/ISA-95 standard. The model of ISA95 standard defines hierarchical levels 
at which decisions are made and addresses the interfaces between the levels. It is 
based on the Purdue Reference Model for Computer Integrated Manufacturing. In the 
standard the functional hierarchy levels numbering starts from level 0, which is the 
production process itself and ends in level 4, Business logistics [Whi06, ISA99]. 
 
Business Planning and Logistics level (4) 
 
The highest level of the hierarchy is Business Planning and logistics level. This level 
is sometimes also referred as Global Management Level or Enterprise Level and is 
mainly used by administrative information- and production management systems 
utilizing the Internet. Level 4 activities include business and logistics functions, such 
as collecting and maintaining large amounts of data, e.g available inventories, 
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inventory usage, schedules etc. Activities also include optimizations of scheduling, 
preventive/predictive maintenance and inventory. [Whi06, ISA99, Ron99] 
 
There are several software packages available for managing information flows. ERP 
software systems are designed to improve and unify the functions of an enterprise, 
the goal is to integrate modules of an organization into a unified system using a 
unified database, see e.g. [Kla00]. ERP purports to support all business functions of 
an enterprise, especially procurement, material management, production, logistics, 
maintenance, sales, distribution, financial accounting, asset management, cash 
management, controlling, strategic planning, and quality management. ERP also 
often supports industry specific functions like patient management in hospitals or 
student administration at universities. The concept of ERP is somewhat vague, and 
some functionalities are sometimes excluded. 
 
Manufacturing Operations Management level (3) 
 
The next level is the Manufacturing Operations Management level, sometimes also 
called Management Level or Plant Level. The activities include for example 
reporting on area production including variable manufacturing costs, collecting and 
maintaining area data (e.g. production, inventory, manpower, raw materials, spare 
parts, energy consumption), performing off-line analysis, personnel functions such as 
work period statistics, establishing detailed production schedules, optimizing 
individual production areas while carrying out the production schedules of the level 
4 functions and modifying production schedules to compensate for plant production 
interruptions. [Whi06, ISA99] 
 
Manufacturing execution systems (MES) are located on this level between the 
enterprise level (ERP) and the Process Control System (PCS). MES is a production 
floor control system used for manufacturing operations. It is the bridge connecting 
ERP and PCS, and the key of integrated automation system based on ERP/MES/PCS 
concept, see e.g. [Qiu04, Cha07, Wan07]. MES optimizes the whole production 
process, collects large amounts of real-time data from the production process and can 
handle unexpected events in real-time. With the bidirectional communication of the 
ERP and PCS levels, MES gains corresponding data from the two layers and feeds 
back processing results and production instructions in order to realize productive 
plan dispatch and management. MES includes functions like resource allocation, 
operations scheduling, production dispatching, document control, data collection, 
labour management, quality management, performance analysis, process 
management, product tracking, intelligent maintenance etc. The scale of the 
implemented MES depends on the software supplier. 
 
Process Control and Field levels (2 and 1) 
 
Levels 1 and 2 are responsible for the actual control and operating of the plant. Level 
2 consists of monitoring, supervisory control and automated control of the 
production process [Whi06, ISA99]. The process Control Level connects control 
rooms, process stations, data management- and engineering stations. Human-
machine-interfaces (HMI) are deployed using graphical presentations of process 
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parts and measurements. The operator can observe the course of a process through 
trends and alarm displays. PLCs (Programmable Logic Controller) or process 
computers control and optimize processes in the control level. Feedback control, the 
definition of optimal setpoints, logical sequences and interlockings are executed on 
this level. 
 
Level 1 is responsible for sensing the production process and manipulating the 
production process. Sensors are used for measuring the process variables and 
actuators perform the commands from the control level. Field level is also the part of 
an automation system that is responsible for transferring data between the 
automation system and field devices through fieldbuses. [Whi06, ISA99, Ron99] 
 

3.2 Decentralization 
 
The purpose of automation, among other things, is to reduce the number of routine 
tasks done by humans in processes where deficiencies of humans may cause 
mistakes. This can be done by replacing human operators where the tasks can be 
modelled or described by algorithms, i.e. the interface between human operators and 
machines is moved higher up in the hierarchy. On the other hand there is a serious 
effort in trying to lower the hierarchy, i.e. to move tasks done by automation to the 
field devices near the process. This has been enabled by the developments in 
communications but also in the size and cost of embedded electronics [Ron99, 
Pyy07]. As a result nowadays various functions are embedded in individual field 
devices and more and more of the automation systems’ functions can be decomposed 
and distributed to the lower levels of the functional hierarchy. 
 
The theoretical aspects of decomposing complex systems into smaller hierarchical 
entities have been studied in the literature. The theory of hierarchical systems was 
established in Mesarovic, Macko, and Takahara's work called ‘Theory of 
Hierarchical, Multilevel Systems’ [Mes70] which provided a set of theoretical 
principles. This work was continued in ‘Control and Coordination in Hierarchical 
Systems’ [Fin80] which focused on more practical aspects. There are at least five 
basic ways to decompose modelling and control problems, namely decomposition 
into physical components, decomposition into goals, decomposition into operating 
regimes, phenomena-based decomposition and decomposition in terms of 
mathematical series expansions. These approaches have distinct but also overlapping 
characteristics and must therefore be combined in a number of natural ways. E.g. 
both component-based and operating regime-based decompositions must be 
combined with either series expansion-based or phenomena-based models or 
controllers since the local models or controllers, or component sub-models must at 
some point be represented in terms of equations based on series expansions or 
phenomena. In other words the first three approaches are mainly used to break down 
the problem by introducing high level representations that bring the problem to a 
higher and more user friendly level but at some point the problem can not be 
decomposed further. At this point one must deal with the sub-model or sub-controller 
in terms of low level representations. The task of optimal decomposition is difficult 
and the optimal structure rarely obvious. Despite the developed theories, so far 
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heuristic approaches have been prevalent in process automation even though they 
cannot directly guarantee that the overall solution meets the specifications [Mur97, 
Jut79]. 
 
The decentralization in process automation can be said to have started with the use of 
minicomputers in the 1960’s but the first real Distributed Control Systems were 
introduced in the 1970’s. In a DCS programmable digital control functions are 
distributed to PLCs or PC-stations, often called process stations. Analog and digital 
field devices connect to these through I/O systems. In order to reduce cabling, 
connections from sensors in the field are collected into separate remote I/O systems 
which are then connected to the process stations through data lines. Such networks 
relaying simple sensor information are called sensor networks. The control signals 
are computed in an automation system consisting of process stations, each of which 
has its own process area to control. These process stations can also have a data 
transfer connection between them. These internal data connections of automation 
systems are called control networks. Operating of process stations is done on a 
monitoring station which can be process station specific or may be shared by several 
process stations [Pyy07, Ron99]. A simple DCS architecture is presented in figure 3 
[Geo04]. Alternative names for the hierarchy levels are used in the figure. 
 

 
Figure 3 Distributed Control System structure [Geo04] 

 
After DCS the next step in the evolution of control systems is the Field Control 
System (FCS). In some sources it is also called Smart Distributed System (SDS), 
although the name has not become established. In FCS programmable functions have 
been extensively distributed from the process stations to intelligent field devices. The 
field devices no longer are only information producers or executors of commands but 
can execute their own software applications. A software application can even be 
distributed to several devices. This principle and the relating description methods are 
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standardized IEC in the IEC61499 document. Figure 4 depicts the evolution of 
control systems. The evolution is characterized by three basic generation changes. 
DDC: Direct Digital Control, DCS: Distributed Control System and FCS: Field 
Control System. Open Control Systems (OCS) has been mentioned as the step after 
FCS. The main feature of OCS is that the openness permits separating the design of 
software part from selection of automation parts. [Geo04, Ber01, Pyy07] 
 

 
Figure 4 Evolution of process control systems [Geo04] 

 
For implementation of an FCS environment a solution with bidirectional 
communications and deterministic features is needed. In some sources these are 
called fieldbuses and in some device networks. In an FCS environment there are two 
separate information flows; data- and event flow. The limitations of some buses in 
this respect have been noted in ISO and a shared responsive link consisting of double 
data link has been suggested as a solution in the ISO/IEC FCD 24740 -standard. The 
other data link would transfer the data flow and the other event flow. When 
designing a control system environment the solution is influenced by the possibilities 
to have parallel data links, possibilities to send prioritized and independent data- and 
event messages and also the possibility to supply power to the devices through the 
data link. In any case decentralization should not be an end in itself but the intended 
goals should be well defined and justified. [Pyy07] 
 
Even though fieldbuses offer several advantages such as savings in investments and 
design work, from the point of view of this research the main advantage is the 
bidirectional communication enabling the distribution of functions. From the end-
users’ point of view one significant advantage is the use of embedded device 
diagnostics which extends the scope of the user to the field device level and enables 
easier monitoring of the devices [Ron99]. Other benefits include easier management 
of the automation entity (division into smaller parts) and more accurate control 
(measurements can be manipulated and control signals computed locally) [Ron99]. 
Some fieldbuses already provide and support standardized function blocks for 
embedded control in positioners. Distributed intelligence also offers higher 
flexibility with the plant design and extensions of a plant by the use of independent 
and reusable modules. The independence of the modules enables component testing 
before commissioning and thereby accelerates the integration process [Sch03]. In a 
broader sense decentralization offers several other potential benefits. For example 
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some applications can be better solved using a distributed solution approach - 
especially those tasks that are inherently distributed in space, time, or functionality. 
Also, if a system is solving subproblems in parallel, the overall task completion time 
is potentially reduced. Any system consisting of multiple, sometimes redundant 
entities, offers possibilities of increasing the robustness and reliability of the solution 
due to the ability of one entity to take over from another failing entity. For many 
applications, creating a monolithic entity that can address all aspects of a problem 
can be very expensive and complex; in contrast, creating multiple, more specialized 
entities capable of sharing the workload offers the possibility of reducing the 
complexity of the individual entities [Par08]. 
 
The advantages of distributed intelligence are, to some extent, offset by some 
disadvantages. For example, even though the individual entity cost and complexity 
may be less, managing the complete system may be more difficult and complex due 
to the lack of centralized control or of a centralized repository of global information. 
Further, distributed intelligent systems require more communication to coordinate all 
the entities in the system. Increasing the number of entities can lead to increased 
interference between entities, as they must act without complete knowledge of the 
other entities’ intents. Systems of multiple entities will typically experience 
increased uncertainty about the state of the system as a whole [Par08]. Finally, 
despite the possibilities, the real life applications of distributed systems have 
unfortunately shown that they have been often designed and applied to please the 
designers and manufacturers instead of meeting the needs of the end-users. As a 
result the end-users often have to adjust to the acquired technology instead of the 
technologies adjusting to the needs of the end-users [Pyy07]. 
 
Relation to agent technologies 
 
In a sense high degree of decentralization and use of intelligent field devices can also 
be seen as a move towards industrial use of agent technologies even if the 
standardized terminology, communications etc. are not used in the implementation. 
Agent technologies in process automation have been studied quite extensively lately, 
e.g. [Sei06, Pir08]. Although agent technology in automation doesn’t have an exact 
definition, it is often associated with the following properties [Jen98, Woo99a]: 
 

• Intelligence: ability to make decisions based on observations and internal 
knowledge. 

• Autonomy: ability to solve problems without direct guidance. Also the ability 
to refuse a service. 

• Reactivity: ability to react to various stimuli. 
• Proactivity: ability to take initiative and to be goal-oriented. 
• Sociality: ability to communicate with other agents. 

 
Agents are decentralized, individual either physical or purely software entities with a 
powerful autonomous character, which enables them to make independent decisions 
and deliberated planning concerning their actions based on the nature of the 
environment they are responsible of. They are also characterized as intelligent due to 
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their flexibility and fast adaptability. Their actual power, however, comes with their 
social behaviour and their ability to organize and coordinate themselves in a 
hierarchical society. To achieve this agents are well equipped with communication 
skills. They cooperate through negotiations, which facilitate them to achieve optimal 
solutions for their society and environment. Such an agent society, also called a 
Multi Agent System (MAS), had originally purely software based background but is 
nowadays being used to extend current Process Automation Systems (PAS) [Cha03]. 
Clearly the current intelligent field devices don’t possess all the listed features of 
agents. However, given that the technical problems (e.g. limited processing power 
and fieldbus bandwidth) are solved, extensive use of intelligent field devices offers a 
potential platform for industrial implementation of agent technologies in the future. 
 
The most suitable application areas of agents in process industry consist of tasks 
requiring cooperative distributed problem solving. The limitations of current PASs 
lies in the inability to support complicated negotiations between distributed entities. 
Furthermore there is limited support for abnormal situation handling, e.g. device 
faults. Another problem is the lack of flexible connections between different 
automation systems and computational entities as they are mostly fixed, stable and 
defined at design-time. Especially the local decision making capability of 
autonomous agents could be used for particular automation functions, such as self-
diagnostics of intelligent devices, which could lead to more accurate analysis than 
with external diagnosis [Cha03]. Even with the need for additional coordination, the 
use of agents might reduce the amount of additional fieldbus traffic as a whole if 
more detailed diagnostic information is only transmitted on request. In an example 
situation an agent representing a mixing tank notices an unexpected drop in the level 
of the tank. The agent has knowledge of other agents representing inflows and 
outflows of the tank and thus can inquire the status of the corresponding devices. If 
the fault can not be determined from the results of the inquiry, a simple leak test 
could be executed by stopping the inflow and outflow. To avoid the invasive leak 
test, the inquiring agent could send a description of the situation asking for fault 
candidates from the other agents and try to determine the most likely cause from the 
answers [Syr05b]. The potential benefits of exploiting intelligent field devices as a 
platform in this simple example are evident. For example intelligent positioners and 
embedded software applications could be the agents representing the inflows and 
outflows. At the moment the existing technology poses restrictions on the embedded 
software in intelligent field devices but with future developments and proper 
execution this kind of interaction and autonomy will not only promote improved 
fault diagnostics but also active fault tolerance. 
 
Another important aspect relating to future requirements of a PAS is the increasing 
software orientation. Development of robust and scalable software systems for 
process automation is an ideal environment for agent application [Cha03]. E.g. 
agents can be seen as a way to combat software aging in applications that seldom 
accept downtimes. The software aging is defined as progressive performance 
degradation, mainly caused by exhaustion of system resources (e.g. resource 
deadlocks, memory leakage). The idea is that an agent population can be monitored, 
faulty agents isolated and reloaded in a healthy state, hence rejuvenated without 
interfering with the other parts of the application [Cap09]. It has also been claimed 
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that if data and resources are distributed, or if a number of legacy systems must be 
made to work together, agents are an appropriate technology for building such a 
system [Woo99b]. Typically, agents use match-making and brokering techniques 
(much like the SOA approach, section 3.3.3) and utilize semantic information 
[Pir08]. In the current research of MAS applications in process automation agents 
have been proposed as a society of intelligent controllers that are expected to operate 
at higher, non real-time control levels. MASs have been proposed to select suitable 
control algorithms and their parameters for continuous controllers of lower level 
automation. According to this approach agents are expected to have knowledge 
about the applicability of control algorithms and the knowledge is represented with 
rules that map from a situation description to a control algorithm. MASs have also 
been proposed as means to coordinate several continuous controllers and their 
modifications [Sei06]. It has been assumed that with this role MAS could enhance 
e.g. the flexibility and responsiveness properties of control functions. The MAS 
organisations of the proposed applications have usually been hierarchies consisting 
of three levels representing the whole system, subprocesses and equipment [Tic02]. 
 
Thus, it can be argued that agent technology might be suitable to a number of process 
automation functions. Multi agent systems are nowadays a popular subject in the 
research of Distributed Artificial Intelligence (DAI) and standardization of agent 
systems is being carried out by several organizations such as Foundation for 
Intelligent Physical Agents (FIPA) and Object Management Group (OMG) [Syr05a]. 
 

3.3 Integration standards in process industry 
 

After the popularity of the Windows platform several techniques have been 
developed to promote interface standardization but the first real milestone was the 
DDE (Dynamic Data Exchange) standard. It was lacking in some respects which in 
the mid ‘90s led to the development of OPC (originally OLE for Process Control, 
now open connectivity via open standards) which defines an interface for real time 
data transfer in Windows environment [Iwa06]. However, the scope of OPC is 
somewhat limited on the field device level which poses some challenges to 
management of field devices. Due to the limitations on the field device level, the 
configuration of field devices has traditionally been done with specialized tools often 
using their own communication protocols and sometimes even their own hardware. 
This has several disadvantages such as incompatibility of field devices, high number 
of user interfaces and version management and update problems [Zuc03, Kas04]. At 
the same time intelligent field devices and various management applications are 
becoming ever more integral part of automation systems and full advantage of these 
systems will be achieved only if the hardware, automation system and asset 
management applications are properly integrated. This is why new open integration 
concepts are welcome. Also the increased re-use of software components has raised 
the importance of standardized component interfaces [Rep06, Iwa06]. 
 
To effectively manage modern process assets the standardized interfaces have to 
properly reach the field device level and problems with numerous different fieldbus 
protocols have to be dealt with. One of the related hot topics in the development of 
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automation systems is the electronic management of structures of automation 
systems, devices and their functional configuration. Favourable technical 
developments have enabled storing of large files in the field devices and by so have 
further promoted decentralization and the need for new integration techniques. These 
files can contain for example life cycle information of a device and they can be 
managed through fieldbuses as long as the applications are equipped with 
appropriate services and the transferred messages are suitable for the protocol used 
[Pyy07]. This was the motivation for developing EDDL and FDT techniques. In the 
future increased need for integration of various management systems is evident also 
on the higher hierarchy levels of the functional hierarchy where Service Oriented 
Architecture (SOA) is one of the used methods. 
 
Although integration techniques were not the focus of this research, they were 
exploited in the applied part and have a central role in modern process automation. 
Also, future developments may result in integration of the developed monitoring 
systems and higher level management systems. These issues and currently used 
integration techniques are discussed in the following sections. 
 

3.3.1 OPC 
 
OPC is the technological basis for efficient link of automation components and it 
enables the integration of office products and information systems on company level. 
By using OPC process data can be presented e.g. in Excel sheet and stored in process 
history databases. The use of OPC technology means the manufacturers of OPC 
servers and clients are not limited as to the complexity, functionality and execution 
of their OPC component as long as the definitions for the interfaces, methods and 
implementation regulations are observed. The most diverse OPC components of 
different manufacturers can work together and no additional programming for 
adaptation of their interfaces is necessary. Thus OPC provides horizontal and vertical 
interoperability between software and hardware components in the automation 
industry and allows users to use products from different vendors [Iwa06, Zuc03]. 
 
OPC was developed in the 1990’s and has achieved the acceptance of manufacturers 
and users of industrial automation application. The series of OPC definitions started 
from OPC Data Access (OPC DA) protocol which is focused on transferring real 
time data. Later the definitions expanded to alarm information (Alarms and Events, 
A&E), history data (Historical Data Access, HDA) and other individual protocols. 
These protocols were designed to be independent from each other which sped up the 
establishment of the separate parts and enabled flexible addition of new application 
areas. Altogether there are nine OPC specifications at the moment and they are 
written under the guidance of the OPC Foundation that consists of more than 400 
companies. The foundation’s goal is to resolve the incompatibility problems by 
providing easy information connectivity throughout the enterprise [Aro06, Mat05, 
Zuc03]. The existing OPC specifications are based on Microsoft’s Distributed 
Component Object Model (DCOM) which poses some limitations to the client and 
server applications. E.g. these are required to be on the intranet (inside the corporate 
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firewall) and there is also lack of interoperability to platforms not COM/DCOM 
based [Iwa06]. 
 
Mutually independent protocols have enabled easy expansion to new application 
areas without changes to the other existing parts but in practise the definitions have 
become too separate and handling of different types of information as completely 
separate parts is not practical. In the end it is basically same kind of information that 
is being transferred, only the perspective is different. Thus there is a desire to 
combine these but the traditional OPC definitions do not support this very well. This 
has limited the use of OPC protocol and it has mainly been used on control room 
levels above the field device level. To some extent OPC has also been used above the 
control room level but the MES and ERP levels are not reached yet. Also there are 
hardly any OPC applications in the field devices themselves, but instead these still 
communicate with several separate protocols. [Aro06, Mat05] 
 
To solve the problems with separate definitions, the OPC UA (Unified Architecture) 
was defined which combines the separate definitions as a unified definition. The 
problems could not be solved by modifying the existing definitions due to the 
expiring DCOM technology. Therefore it was decided that a totally new definition 
was needed which also enables setting of more ambitious goals. The information 
models used in the previous definitions are combined in the new version so that 
properties of a single measurement can be handled as a part of a single information 
model. The basis of the new definition is a very abstract basic information model 
which enables flexible definition of information models for different application 
areas. OPC UA is not just another standard but entirely new and holistic architecture 
designed to replace the group of existing separate definitions. [Aro06, Mat05] 
 
The UA definition includes a data transfer protocol which is not tied to any specific 
technology such as DCOM. A binary protocol capable of faster transfer speeds than 
DCOM was included in the definition to ensure fast data transfer. Another basic 
protocol in OPC UA is Web Services technology which is based on the SOAP 
protocol. This is widely supported technology which enables easy integration with 
other applications. To improve data security the definitions of OPC UA include 
encryption methods. Also the reliability of data transfer has been improved by using 
so called heartbeat signals to monitor connections actively. [Aro06, Mat05] 
 
The transition towards OPC UA started with the development and release of the OPC 
XML DA specification which breaks the tradition of COM/DCOM communications 
on which the traditional OPC has relied. Web services and XML remove the 
limitation for data and information to be isolated behind a corporate firewall and 
therefore improve cross-platform connectivity over the Internet. In the short term the 
OPC Foundation still believes that for low level, high performance applications 
COM remains the clear choice. However for higher level communications over the 
Internet and for communications where performance is less important than flexibility 
XML and its related transports have a clear advantage. [Iwa06] 
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3.3.2 Field device integration 
 

Even though control systems manufacturers and systems integrators have made 
inroads to making process control data available through OPC technology, it 
concerns itself more with the free exchange of live process data between Windows 
based applications, and to a much lesser extent the configuration of the specific field 
devices providing the data. The basic reason for this is that OPC hides the 
communication network behind the interface. This is fine for basic operating 
applications that are only interested in the data behind the interface but configuration 
applications need information about the devices and network topology behind the 
interface. The device information can be accessed through OPC if additional Device 
Description Services (DDS) application is integrated into the OPC server or the 
client application may be double ended (meaning it can present itself as an OPC 
client to the main server and as an OPC server to other clients). However, these 
solutions are not in accordance with the OPC standard and still can’t publish 
information about the network topology. Therefore the configuration applications 
have in the past often been proprietary and connected straight to device networks 
instead of operating through OPC interface [Zuc03, Har02]. 
 
To tackle these problems there are currently two prevailing field device integration 
standards on the market, FDT/DTM and EDDL. In both of these the intelligent field 
devices have a device description file which typically contains information like 
device parameters and calibration information. Depending on the source a device 
description (DD) can mean a general device description without any links to the 
actual implementation technique (FDT or EDDL) or in some cases it refers strictly to 
a text based Device Description written in EDD language and used by the EDDL 
technology. In this text DD refers to the former. An EDDL file is a human readable 
text, defining device variables, structures and methods encapsulating device data. An 
EDDL file can be read by an interpreter which extracts the information needed to 
configure the described device [Pyy07, Kas04]. In FDT/DTM the field devices and 
related information are represented by software applications called Device Type 
Managers (DTM) which are more flexible than EDDL files [Pyy07]. DTM is a 
software component developed by the device manufacturer containing device 
specific application software [FDT07a]. The FDT specification defines a common 
interface to provide a separation of frame applications (FDT) and device drivers 
(DTMs). To gain access to devices an FDT frame application can load DTMs 
[Kas04]. 
 
FDT/DTM 
 
The purpose of FDT/DTM is to complement OPC by providing device manufacturer 
and fieldbus protocol independent access to intelligent field equipment data and 
thereby providing a convenient way to manage the life cycle of field assets. Whereas 
OPC focuses on transferring critical process and business information horizontally 
across the enterprise and vertically to and from the process control system, FDT 
extends this vertical integration down to the field equipment domain by providing 
OPC clients with vertical access to the data and information in the multiplicity of 
field equipment. The OPC and FDT technologies work together to expand the 
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availability of information. FDT enables control systems manufacturers and device 
manufacturers to develop plug-and-play data access plumbing that makes the field 
equipment information domain readily available to OPC clients. FDT-compliant field 
devices provide data and information to OPC servers, which in turn honor OPC 
clients' requests. The FDT specification, like OPC, is riding the open Microsoft 
technology road map. [Zuc03] 
 
FDT technology helps automation users avoid a situation where proprietary 
interfaces for field devices are needed and users of some systems can not benefit 
from applications of some other device vendors. FDT defines the interfaces between 
device applications, the control system platform and the physical fieldbus devices. It 
allows device vendors to create applications that have a common interface to the 
system and any system that supports these interfaces can integrate the applications. 
The applications have the same behaviour, look and feel in every system [Yok06]. 
Broadly speaking, the FDT system can be compared to a printer driver system in 
normal office applications. The printer is delivered with an according driver which 
implements standardized interfaces so that any office application can make use of it. 
In FDT, the hardware (the field device) is delivered with a driver called Device Type 
Manager (DTM), which has the standardized FDT interface. This enables any FDT-
enabled application (FDT Frame Application) to use it. In other words, the FDT 
specification simply standardizes the way data is exchanged between software 
components for field devices and control systems or asset management tools. 
Currently the supported protocols include FOUNDATION Fieldbus, HART, 
Profibus DP, Profibus PA, Profinet IO, DeviceNet, Ethernet IP, Interbus, AS-
interface and ControlNet [FDT07a, FDT07b]. 
 
The FDT technology consists of a frame application and three kinds of DTMs. 
 

• DTMs for a device class with direct access to a communication component 
are named Communication DTMs. 

• DTMs used for routing between different protocols (i.e. from PROFIBUS to 
HART) are named Gateway DTMs. These ensure that the details of the PC, 
network, interface cards, and pass through protocols of the host system are 
transparent to the Device DTM. 

• A DTM that represents a field device is called Device DTM. A Device DTM 
interacts with a Communication DTM or Gateway DTM to access its field 
device. 

 
These DTMs run in an FDT Frame Application (e.g. device configuration tools, 
control system engineering tools, operator consoles or asset management tools) 
which manage all device instances, store the instances’ data and take care of data 
versioning. The Device Type Manager (DTM) is a software component developed by 
the device manufacturer containing device specific application software and is 
typically supplied with the device. [FDT07a] 
 
As Microsoft Windows has established itself as the de facto industry standard, COM 
(Component Object Model) has been chosen to be basis of FDT. COM has proven 
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client-server architecture and manages the integration of software components into 
the FDT Frame Application. It also enables inter-process communication and 
dynamic object creation. However, the dependence on Windows technology can be 
considered the biggest drawback of FDT. As such, it is subject to the inevitable 
upgrades and operation system version changes which means that FDT platforms and 
device applications will also need to be updated occasionally and software upgrades 
require certain amount of regression testing of DTMs to ensure that a new 
functionality doesn’t break functionality of already existing functions. Despite these 
disadvantages, Windows technology’s advantages have increased the popularity of 
FDT. A major advantage is its versatile possibilities to implement complex functions 
whereas text based EDDL has limited possibilities for complex functionality such as 
complex algorithms and graphical presentations. [FDT07a, Nie04, Yok06, Pyy07] 
 
EDDL 
 
The Electronic Device Description Language was created to describe devices and to 
avoid the need for creating separate device drivers for every device type. This is 
achieved by providing rules of conversation for systems that interact with these 
fieldbus devices. EDDL is a device description language with which the suppliers 
can create a device description for the devices needing integration to the automation 
system. [Yok06, Zie06, Mäk06, Hak07] 
 
The DD files of EDDL contain a description of device parameters such as 
measurement limits and calibration information. Typically a DD describes the 
device, device variables, structures and how to access the information. A host 
application is needed for reading the DD file in order to learn how to retrieve and 
interpret information from the device. All software tools equipped with an interpreter 
accepting EDDL grammar can extract the device data out of the EDDL file. Besides 
the data storage there are several differences in the working mode of FDT/DTM and 
EDDL concepts. E.g. EDDL instances do not communicate with their devices while 
DTMs do. The way of storing data in EDDL means that an interpreter is needed and 
several layers of software must exist between the EDDL file and actual 
communication with a device.  On the other hand EDDL programming needs less 
effort to learn and handle than the development of DTMs does. [Kas04, Zie06, 
Yok06] 
 
EDDL is well suited for simpler applications and its benefits include operating 
system independence and therefore the chance to avoid update problems associated 
with Windows. The EDDL enhancements are also backward compatible, ensuring 
that existing DDs will continue to work and allow users to have a continuous 
forward migration path with no investment loss [Hel07]. However, as EDDL is a 
fairly simple language it offers somewhat limited features compared to the 
FDT/DTM. As in all engineering decisions, the toolset should be chosen based on 
the product requirements. If the application is simple and can be accomplished with 
EDDL, this is a reasonable choice and has some benefits, including a degree of 
platform independence [Yok06]. 
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The data transfer in both FDT and EDDL techniques uses fieldbuses also used for 
operative use of automation. Even though the collection and use of device 
management data is periodic, due to the bursty nature of the communication it may 
interfere with the main task of the fieldbus. In some cases it may be necessary to use 
a second line of communication alongside with the operational fieldbus to ensure the 
deterministic properties of the system. However there seems to be no such 
applications available that support this [Pyy07]. Both the EDDL and FDT/DTM 
organizations are currently working with the OPC Foundation to ensure 
compatibility with the OPC UA applications [FDT06, Aro06]. 
 
Other techniques 
 
The two established device integration technologies, FDT and EDDL, exhibit 
different focuses, although they also possess many overlapping features. This has led 
to a situation where both technologies have competed on the market instead of 
complementing each other. To overcome the limitations a new concept, FDI (Field 
Device Integration), is being developed that combines the advantages of EDDL – 
platform independence, ease of use, and robustness – with the advantages of FDT – 
unlimited functionality, extensibility, and market differentiation – in a clearly 
structured client-server architecture with open communication. The basis for the 
technology was first presented to the public at NAMUR’s 2006 Annual General 
Meeting under the name FDD UA. [Ben08, Ben07] 
 
In addition to the presented field device integration techniques another concept 
called Tool Calling Interface (TCI) has been introduced recently. TCI defines a 
mechanism that allows an engineering tool to start a device specific standalone 
application for device operation. It is a very simple solution but as TCI only defines 
how to invoke the proprietary device tool automatically, it does not contribute to 
device integration since the device data and functionality are only available within 
the device tool. Asset Management application, for example, can not access device 
data via TCI even though it is precisely this type of open access to device data and 
functionality that represents one of the main goals for field device integration. 
[Ben08] 
 

3.3.3 SOA 
 

As the importance of information availability increases in process automation, 
system integration is increasingly important also on the higher hierarchy levels. 
Integration on the higher levels has traditionally been very expensive due to 
proprietary applications and interfaces. However, work has been done also in this 
area and SOA is one of the used techniques in the industry. It offers some features 
(loosely coupled, modularised, and service-based operation) similar to agent 
technology [Nik07, Pir08]. 
 
Traditionally the intelligence has been embedded only in the software applications 
and the task of the networks has just been to transfer information between 
applications. Therefore integration of new applications to existing ones has meant 
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negotiations with the owner of the existing applications and extensive integration 
work. The SOA approach avoids this by using techniques which “loosely” connect 
services and service users. SOA applications are independent from communication 
protocols, operating systems and software techniques. The service is disconnected 
from its interface so that it is possible to update the service without any 
modifications to the client applications. At the moment the most established 
solutions are WebService and XML based. [Fly05, Nik07] 
 
SOA offers a way to systematically define data structures and interfaces for software 
applications and therefore promotes creation of libraries of standardized solutions. 
Based on such a service-oriented architecture, a service consumer does not need to 
know about the characteristics of a service provider it is communicating with 
because the underlying infrastructure will locate the appropriate service provider on 
behalf of the consumer. In addition, the infrastructure hides as many technicalities as 
possible from a service consumer. [Fly05, Nik07] 
 
Key Service-Oriented terminology includes services, service provider, service 
consumer, service locator and service broker. Services are logical entities, the 
contracts defined by published interfaces while service provider is the software entity 
that implements a service specification. Service consumer is the software entity that 
calls a service provider; traditionally this is called a “client”. A service consumer can 
be an end-user application or another service. Service locator is a specific kind of 
service provider that acts as a registry and allows for the lookup of service provider 
interfaces and service locations. Service broker is a specific kind of service provider 
that can pass on service requests to additional service providers. Collaboration in 
SOA follows a “find, bind and invoke” model, where a service consumer performs 
dynamic service location by querying the service registry for a service that matches 
its criteria. If the service exists, the registry provides the consumer with the interface 
contract and the endpoint address for the service. [End04, Fly05] 
 
In an industrial environment SOA enables easier integration of existing applications, 
such as process automation systems and quality control systems, into production 
management systems. An example of a SOA application in process automation is the 
metsoDNA automation system where previously separate information- and 
automation systems are combined into a network of applications consisting of 
various modules. Integration with older systems in a genuine SOA application 
requires a WebService interface to be built after which the application can be 
connected. As a one time solution this is acceptable but greater benefits are achieved 
only if the interface is reusable. For this reason Metso Automation is employing a 
combination of traditional hub architecture and SOA, called SOA-hub architecture. 
This brings several advantages and the approaches complement each other. The 
service providers can offer WebService interface either integrated into the software 
or as a partner (or an adapter). When the interface is an adapter in a hub, significant 
savings can be achieved through better reusability. When comparing the amount 
work needed for creating a single interface and an adapter there is not much 
difference but if the adapter is designed properly, good reusability can be achieved 
by simply changing the adapter parameters. There are also advantages in security and 
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maintenance issues as all communications go through a single point. This enables for 
example creation of centralized filtering of messages going through the hub [Nik07]. 
 
The use of SOA-hub approach offers benefits for example in SAP environment 
integration where a well designed SAP adapter can be re-used in several SAP 
systems just by changing a few parameters. A SAP adapter uses the RFC (Remote 
Function Call) interface of SAP which offers the possibility to use the internal BAPI 
(Business Application Programming Interface) functions of the SAP. By using RFC 
interface one does not have to write any internal BAPI functions of the SAP system 
but all the functionality is based on the already existing functions. The use of small 
adapters enables also the use of more complicated operations as reading can be done 
using one adapter, the operations are done in the client application and the results 
can be fed back to the SAP by using another adapter. [Nik07] 
 

 



 

4. LARGE SCALE MONITORING APPLICATION 
 

As the focus in the applied part of the thesis was on developing generic monitoring 
methods for large scale processes, the requirements and desirable features for such 
an application were studied. A literature survey was conducted and the results of this 
survey were then combined with own experiences to form a set of requirements and 
corresponding features. These are described in the following section which forms the 
second contribution of the thesis. Related issues are also briefly discussed in 
[Huo07]. The application and some use cases are described in sections 4.2 and 4.3 
which form the first contribution of the thesis. Chapter 4 along with the analysis in 
section 6.1 also answers the first research problem. 
 

4.1 Requirements and desirable features 
 

In general, there is not much literature on industrial applications of 
monitoring/diagnostic systems. This could be due to the proprietary nature of the 
development of in-house systems, but there also seems to be a general lack of overall 
penetration of monitoring/diagnostic systems in process industries [Ven03b]. Many 
of the articles and literature on process monitoring applications seem to focus on 
performance of individual control loops (Control Performance Assessment, CPA). 
However, whereas the theoretical aspects of CPA algorithms have been discussed 
quite effectively in many publications the descriptions of industrial CPA applications 
and software packages are relatively scarce [Jel06]. Also, in general the scope of 
process history based (the most common approach for monitoring/diagnostics in 
process industry) systems as applied in the industry is mainly restricted to sensor 
failures and there are very few industrial applications in published literature that deal 
with parametric failures [Ven03b]. Often the cases in literature focus on monitoring 
of individual processes or equipment instead of larger entities. There are plenty of 
articles where a monitoring application and its specific target process are described 
but there are not many descriptions of wider scale applications. This is the case even 
though the use of more holistic approach holds greater potential for improvements. 
 
The overall lack of implemented diagnostic systems in process industries might be 
due to a gap between academic research and industrial practice. Adaptability of the 
systems and ease of deployment can be seen as two of the most important 
considerations from an industrial viewpoint but these are seldom addressed in 
academic research. As a result most of the techniques would do poorly on the issue 
of ease of deployment [Ven03b]. It is often the case that much of the attention is 
given for the performance requirements (e.g. fast fault detection) of the application, 
see e.g. [Das00, Ger98, Jel06]. This is naturally a very important aspect but more 
attention should be paid to economical and usability aspects as these have a 
significant role in whether the technology will be commercially successful or not. 
One should be able to show that the customer gets a reasonable return for the 
investment before anyone is going to invest in such projects. This is especially 
important for large scale process monitoring where the configuration work can be 
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extensive. Earlier attempts in this aspect include the use of minimum-variance 
controller for the evaluation of controller performance and using default monitoring 
parameters for different types of control loops to address the issue of amount of 
configuration work [Haa00, Tho99]. 
 
The importance of these issues was acknowledged and they received significant 
attention. It was determined that one of the primary goals was to develop a 
monitoring application with such features that allow it to be delivered to different 
kinds of processes with reasonable costs (i.e. with minimal customizing work) even 
as a part of normal automation delivery project. It was also concluded that probably 
the most problematic prerequisite for successful commercial monitoring applications 
is achieving economical feasibility while retaining acceptable performance level. 
The requirements are very demanding and in some cases contradictory. For example, 
in general the performance of monitoring applications depends on the quality of 
configuration and customizing work but on the other hand the economical aspects 
demand that the amount of setup work is reasonable. The main divisions in the set of 
requirements and desirable features are economical, performance and usability 
aspects. The most relevant parts for this thesis are summed up at the end of section 
4.1.4. 
 

4.1.1 Economical aspects 
 
To achieve economical feasibility the used methods should be easy to set up, 
configure and duplicate (reusability). The ease of deployment is also noted in 
[Ven03b]. In many cases it can be difficult to convince a customer even if the long 
term benefits would outweigh high initial costs. Therefore low initial costs can be 
seen as a door to wider acceptance and use of monitoring applications in process 
industry. The importance of easy set up and configuration increases if the application 
is meant for large scale monitoring with several different types of processes whose 
monitoring modules need separate configuration and customizing. Easy duplication 
is useful if there are several instances of identical equipment or the application is 
meant to be used in large scale, i.e. to implement it to several similar processes or 
devices in other facilities. These requirements can be achieved by appropriate choice 
of methods, e.g. number of monitoring parameters should not be excessive. 
Additional setup tools can be used to aid setup. 
 
The application maintainability issues are also very important as nowadays it is not 
uncommon to expand, rebuild or make changes in production lines for increased 
capacity. The design of the application should enable easy modifications and 
scalability. This can be achieved with modular structure so that changes in a module 
have minimal effect on other system modules. From the point of view of the 
monitoring algorithms and application maintainability industrial environment is very 
challenging even in normal every day use. Modern day processes are usually in a 
state of constant change and the monitoring application must be able to adapt to the 
changing environment as independently as possible. The need for adaptability and 
desire for modular structures are also mentioned in several sources, e.g. [Pir08]. 
After initial setup monitoring applications without adaptability are usually effective 
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for only a short period after which the performance starts to decrease. A good 
example of natural changes that the algorithms should be able to adapt to is seasonal 
changes. The monitoring methods should be able to adapt to naturally changing 
situations without false alarms but also without increase of missed alarms. This 
means that in many cases static alarm limits are usually not sufficient. 
 
Maintenance issues also include software updates and support for the chosen 
technologies. Software updates are usually unavoidable and must be easily 
manageable. As there are potentially several remote users, possibly in separate 
organizations, the software maintenance of the client machines can become a 
significant issue. IT-security issues must also be considered as the monitoring 
application often must be connected to other information systems and client 
machines [Mil04]. Therefore the software updates must be managed so that the client 
machines, where ever they may be, can not cause serious security risks. Achieving 
this is easier if major software updates are centralized and only concern the server of 
the application. As the expected lifespan of a successful monitoring application is 
long, sufficient consideration must also be taken when selecting software techniques 
so that the application can be effectively supported even years later.  
 

4.1.2 Performance criteria 
 

Commonly used performance criteria state that the number of missed and false 
alarms should be minimal. On one hand the application should in an optimal case 
always detect serious problem situations. On the other hand the alarms created by the 
application should always represent real problem situations because high number of 
false alarms decreases the efficiency of operating personnel and generally creates 
mistrust towards the application. These goals lead to a compromise determined by 
the chosen methods and their parameters. Use of properly verified methods is 
naturally preferred. Traditional process monitoring methods are based on different 
statistical approaches and include the use of distributions and different control charts 
such as Shewhart, cumulative-sum and exponentially weighted moving-average 
control charts [Mon91]. However, these traditional methods have a drawback in that 
they do not take into consideration the possibility of changing operating points which 
can cause the specification of good or normal performance to change. This is a 
typical situation in a modern industrial process where different grades and products 
are produced using the same equipment. Therefore the traditional univariate SPC is 
usually not sufficient for modern process industry [Hie03].  
 
As mentioned before the requirement of easy deployment is also related to 
performance. In general the performance of a monitoring application improves with 
the amount and quality of configuration work but excessive deployment costs can not 
be justified. For example model based methods often produce good results but their 
use is limited because creating the models is often too expensive, or in some cases 
impossible. On the other hand less detailed process modelling leads to problems with 
model inaccuracies [Chi01, Che99]. The requirement of adaptability is also related to 
the performance criteria as the definition of good or normal operation can depend on 
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operating point (e.g. grade changes, seasonal changes) and without consideration this 
can decrease the application performance significantly. 
 
The application should produce reliable, sufficiently precise and repeatable results. 
For the algorithms repeatability means that the same results should be achieved using 
the same data (given that with adaptive methods sufficient adaptation has already 
taken place). Besides the used algorithms these requirements also include the whole 
measurement chain and instrumentation in general. In practise this means that only 
reliable measurements should be used. Use of unreliable measurements, for example 
measurements having a tendency to drift, should be avoided where possible as their 
reliability is questionable in long run even if the performance is good during the 
application deployment. However alternative measurements are not always present in 
which case compensation of known measurement errors may be considered. This can 
be useful especially for slowly developing measurement errors if there are more 
reliable but otherwise not so suitable measurements available. An example of this is 
bias estimation and compensation in pulp consistency measurement by exploiting 
scanner measurements from a quality control system. When the needed 
measurements are not directly available from the monitored process the use of soft 
sensor approach may be considered as in many cases the interactions of process 
variables can be used to calculate the missing measurement indirectly. An example 
of soft sensor application is calculation of steam enthalpy from temperature and 
pressure measurements. 
 
The ability to handle nonlinearities is also an important performance aspect as real 
life processes are typically nonlinear. Nonlinearities will limit the usefulness of 
linear models to a specific operating point but on the other hand nonlinear models 
are often complicated to develop and use. One possible solution is to use several 
adaptive linear models corresponding to identified operating points. More discussion 
on performance can be found in [Das00] where the following desired features for 
monitoring applications are listed: 
 

• Early detection and diagnosis. 
• Isolability: discriminating between different faults. 
• Robustness: performance degrades gracefully instead of abrupt and total 

failure. 
• Novelty identifiability: ability to discriminate between normal and abnormal 

states and if abnormal state is caused by known or unknown malfunction. 
• Multiple fault identifiability: ability to identify multiple simultaneous faults 
• Explanation facility: ability to provide explanations how the fault originated 

and propagated to the current situation. 
• Adaptability: ability to adapt to changing environment. 
• Reasonable storage and computational requirement: trade-off between the 

computational complexity and system performance. 
 
Also a set of desired features for CPA algorithms collected from several sources is 
available in [Jel06] and these can also be considered as desirable features for any 
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large scale monitoring applications. These are somewhat similar to the list described 
in [Das00]. Notable differences in the requirements are: 
 

• No need for plant tests. 
• Non-invasiveness: the CPA procedures should run without disturbing the 

normal operation of the control loops. 
• Use of raw data: the use of archived (usually modified) data is not advisable. 
• Low error rate: low number of false and missed alarms. 
• Appropriate presentation of the results to the user (human–machine 

interface). 
 
It is worth noting that in this source the importance of usability and human-machine 
interface is mentioned. 
 

4.1.3 Usability 
 

Despite its importance usability seems to be a many times overlooked aspect in 
academic research. It is understandable that in academic research projects the 
usability aspect is not always seen as very important as the users in the development 
phase only include people who are familiar with the case and have direct access to 
the application without much consideration to security issues. However when 
developing commercial applications for industrial use the significance of these 
factors increases. As in this case the application is designed to be used by people 
from different organizations and different backgrounds the importance of usability is 
critical. This means that the application should be easy to use without any specific IT 
know-how besides basic Windows use. The usability aspects are important for 
monitoring tools in general because auxiliary applications with poor usability tend to 
have low utilization rate. The interface is the key to the user acceptance, and 
therefore must be intuitive and easy to use. A successful interface provides a 
summary of problem areas that may exist in the plant, as well as a detailed 
presentation of the data collected and the analysis done. Thus the level of 
information should be controllable; in a steady situation abstract reports are often 
enough, unlike in an abnormal situation, where specific details may be needed. 
Along with intuitive operation user configurability is also a desired feature [Jel06, 
Pir08]. 
 
Typical data sets collected from modern industrial processes are huge but monitoring 
and analyzing a process from raw data alone is difficult and time consuming. Due to 
the increased amount of available process data the collected information should be 
refined in a way that makes it easier to handle. In problem situations the interactions 
of process variables can create an overflow of alarms if the effects of interactions are 
not considered. The resulting bombardment of alarms can actually make the job of 
operators even more difficult as it is hard to analyze the importance and meaning of 
numerous alarms in a hurry. Thus, especially the exploitation of online (meaning that 
the observations are analyzed in real time) features of the application requires that 
the disturbance origin can be identified with reasonable accuracy and work. The 
ability to distinguish between fault/disturbance origin and propagated disturbances is 
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a very desirable feature particularly for larger scale monitoring applications. Besides 
abnormal and transient situations where the online features of the application are 
important the refined information can also be helpful in offline process analysis, 
optimization and development. Integrated offline analysis tools are needed to fully 
exploit these possibilities, especially in multivariable cases. 
 
To get a comprehensive overview of a process situation the application should 
integrate components of performance measurement, fault detection and diagnostic 
systems. This has several advantages for usability. In case the fault detection part 
detects deviations in the process it is useful to have tools for assessing the 
seriousness of the situation as this will help in planning the responses to the 
situations. The information can be used to determine if the problem needs to be dealt 
with immediately or if the corrective actions can be done during the next planned 
shutdown. On the other hand if there is a decrease in performance the diagnostic 
modules can be used for identifying the cause even if the situation has caused no 
actual alarms. A distributed setup of monitoring modules corresponding to the 
process hierarchy is intuitive and helpful in getting the overall picture of the process 
states. From the module hierarchy it is also easier to observe the effects of changes 
(process faults, re-tuning of control loops etc.) on different levels of the process 
hierarchy. This feature can also be useful for process development. Thus it can be 
argued that the modularity and module setup corresponding to the process hierarchy 
help fulfilling the requirement of intuitive system use. 
 
Transparency of the methods and algorithms is also a requirement as in science and 
engineering it is often demanded to use techniques based on functions that can be 
understood and validated. It also increases confidence for the results and the 
application in general. This can be a critical feature when trying to convince 
customers to invest in a monitoring application. For example the problem with lack 
of transparency typical for artificial neural networks hinders their usability as 
monitoring tools [Fan05]. 
 
It can be argued that the accessibility of the produced data is as important as the data 
itself, especially for the online features of the application. Even if optimal process 
monitoring methods are used, the application can not be very successful if the 
information is not available in the right place at the right time. Furthermore, as the 
users of the application can be located physically in different places, it is clear that it 
is not enough to just store the information in a local database and an interface for 
remote users is also required. Also connections to other systems are useful. If the 
online features play an important role in the application, information concerning 
critical faults should be made available to the operators as soon as possible to enable 
a quick response. This requires a functioning interface between the monitoring 
application and the automation system. Due to long life cycles of control systems in 
process automation, support connections to pre-existing information and control-
level systems are often required, meaning the system should provide integrated 
information access [Pir08]. Access to logged process events and process database is 
a desired feature especially for remote monitoring purposes. 
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While monitoring systems utilizing online features have certain real-time issues, 
monitoring systems mainly provide supportive information and are not directly 
involved in the control of processes. Therefore real-time issues are typically not as 
important and reasonable delays are not seen as problematic. The operators are 
watching the process in real-time while maintenance personnel are looking at things 
from a longer-term perspective trying to estimate the correct timing for maintenance. 
Furthermore, management personnel often focus on higher-level data that concern 
elements of the physical process less directly. Therefore, typically for monitoring 
systems that focus on supporting maintenance and life cycle management, processing 
can be performed in the background while utilization of online features places 
tougher requirements for the system [Pir08]. 
 

4.1.4 Other issues 
 
As the developed application is intended for large scale process monitoring (in a 
sense that it is suitable for large scale processes) but also for large scale deployment 
(in a sense that the application should be easy to deploy on several production sites), 
it would be useful if the measurements and calculations comply with some standards 
or common definitions to enable benchmarking. Benchmarking between different 
production lines can be a useful tool for comparing between different process or 
control solutions and in this way assist process development. Therefore standards for 
different processes should be defined and documented. Everything having a 
significant effect on a measurement results should be standardized and documented 
starting from the measurement instrumentation and hardware to the presentation of 
results. Required measurements should be listed but also related issues like sampling 
frequencies and filtering in the hardware should be documented as these can have a 
significant effect on the calculations. Also the calculation parameters like calculation 
frequencies and calculation windows should be documented too. If the process 
database uses data compression the compression parameters should be documented. 
Finally, there are typically several exceptional situations in the process usage which 
must be considered separately and the related practices need to be documented. For 
example the use of scanner measurements of a paper machine after a web break 
usually requires a certain amount of time before the scanner warms up and gives 
reliable results. 
 
In more general terms there are many potential pitfalls in the development of 
monitoring applications. There have been projects where good solutions for 
monitoring very specific processes or events have been achieved but the application 
has quickly made itself useless. This can happen after deeper understanding of the 
process has been achieved through process analysis and designing the monitoring 
application, e.g. creating a process model. Better understanding of the process can 
then result in changing the process setup and consequently in disqualification of the 
developed monitoring application as the specific problem no longer exists or the 
developed application no longer represents the actual process. Therefore from the 
point of view of a monitoring system supplier generic methods should be preferred 
and detailed and very specific models avoided. It should be remembered that 
improved data accessibility also poses additional risks as remote connections to 
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production sites potentially form security risks. Therefore the use of remote 
connections requires proper attention to the management of the connections. The 
involving intellectual property rights are also important issues. The end-users usually 
have a specific product and a certain way of producing it, a recipe. Even though this 
information is not usually particularly interesting for the partners, the end-users may 
be concerned that their know-how will leak through the monitoring applications. 
Furthermore, outsourcing of IT-services typically means that using remote 
connections further increases the amount of organizations involved in a project. For 
avoiding further problems responsibility issues between involved organizations 
should be clearly stated before starting a project. Unresolved responsibility issues 
can be difficult for example if the end-user (plant etc.) and a partner (automation 
supplier etc.) have separate subcontractors for maintaining remote connections and 
there is a difficult problem with the connections. In such cases it may occur that 
neither party wants to claim responsibility for a problem. The most relevant parts of 
the discussed requirements and desired features are summed up in table 1. 
 

REQUIREMENT FEATURE 
ECONOMICAL ASPECTS 

Easy deployment modular structure; number of parameters; 
setup tools 

Scalability and ease of modifications modular structure; number of parameters; 
setup tools 

Application maintenance adaptability; modular structure; software 
update management; server/client structure; 
supported software technologies 

PERFORMANCE ASPECTS 
Number of missed and false alarms use of verified methods; parameter 

compromise; ability to distinguish original 
and propagated disturbances 

Reliable and repeatable results use of verified methods; use of reliable 
measurements 

Ability to handle nonlinearities nonlinear and adaptive methods; 
identification of operating points 

USABILITY ASPECTS 
Ease of use intuitive GUI; module setup corresponding 

to process hierarchy; refined information; 
integrated components of performance 
measurement, fault detection and 
diagnostics; controlled level of information 

Data accessibility realtime GUI; reporting interface with 
remote connections 

Transparency no black-box methods 
OTHER 

Standards for benchmarking documentation of methods and practises 
Generic application no detailed and specific 1st principle models 
Table 1 Requirements and corresponding features 
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4.2 Description of the process and the monitoring system 
 
The main function of pulp drying is to modify the fiber properties and to reduce 
transport costs. The process itself is a lot like a basic paper machine. After the pulp 
manufacturing process the pulp is stored in mass towers from where it is taken to the 
headbox via two smaller tanks. The main function of the two tanks is to act as a 
buffer to filter out disturbances in pulp stock consistency. The pulp is diluted in 
several stages before the headbox so that the consistency drops from around 10-12% 
to around 1%. The headbox then dispenses the pulp stock as evenly as possible to the 
wire where the web formation takes place with the help of suction and pressing rolls. 
After formation the web goes through the dryer where it is dried with hot air. Usually 
there is a cooler after the dryer before the cutter and baling. The process was divided 
in to the following subprocesses: 
 

• Stock preparation. 
• Wet end (headbox, wire, rolls). 
• Dryer. 
• Cutter. 
• Baling, wrapping, binding. 
• Broke line. 

 

 
Figure 5 Pulp drying process 

 
The subprocesses are sequential, i.e. the pulp advances from one subprocess to the 
next and the performance of a subprocess can have an effect on the performance of a 
following subprocess. The exception to this is the broke line which is used in the 
event of serious quality or runnability problems to recycle pulp from the wet end or 
after the dryer (in which case the pulp has already been dried) back to the mass 
towers through the pulpers [Gul00]. The use of recycled pulp may cause further 
disturbances because the pulp properties change every time it is dried. Also the 
addition of broke pulp into the main pulp stock flow may disturb the main flow. 
These properties cause a disturbance feedback which can make isolating the original 
disturbance or fault difficult. 
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4.2.1 Monitoring modules 
 

The monitoring modules can be divided into performance measurements producing 
simple performance data and more complex fault detection and analysis modules. 
The performance measurements consist of several modules representing plant and 
subprocess level performance. The application hierarchy is described in more detail 
in section 4.2.2. Most of the performance measurements are relatively simple and 
static calculations merely producing information for the end users and in some cases 
for the fault detection and analysis modules. Thus most parts in the requirement list 
are more focused on fault detection and analysis modules where higher level 
functions, such as interpretation of the performance measurements, are carried out. 
However, the economical and usability requirement aspects are still relevant for each 
component. In this respect the ease of deployment for the performance measurements 
is assured by the use of a tag alias list and transparency is achieved with the use of 
the developed calculation environment (section 4.2.2). 
 
The economical aspects were the main driving forces in selecting the fault detection 
and analysis modules, i.e. before a method was considered it had to meet the 
economical requirements. There were naturally other requirements, such as adequate 
performance and ability to handle nonlinearities, to be met as well. For example 
traditional Statistical Process Control (SPC, e.g. Shewhart charts) was ruled out 
because even though it is easy to apply, it does not consider dependencies between 
process variables and therefore the number of false alarms would be unacceptable in 
a dynamic environment. Statistical projection methods were ruled out primarily due 
to technical reasons and difficulties with nonlinear processes. Model-based methods 
were not suitable because they require a process specific model and therefore are not 
within specifications. NN methods were not chosen because of their lack of 
transparency and unpredictable results with data from never before seen operating 
points and situations. The chosen methods are process history based and include 
conditional histograms [Fri03, Fri07] (also a basis for a tool called Multistate 
monitoring, MUST), cluster analysis [Hie03] and control loop monitoring tools 
[Mar99b]. 
 
Performance measurements 
 
In order to define meaningful performance indicators one must consider what are the 
purpose and goals of the measured processes. E.g., the main function of stock 
preparation is to deliver pulp stock flow to the headbox as evenly as possible. 
Disturbances in the pulp stock flow can cause runnability problems and even cause 
web breaks. A good measure for stock preparation performance is therefore relative 
standard deviations (standard deviation divided by measurement mean) of the pulp 
stock flow. The performance measurements were divided into plant level 
measurements and subprocess specific measurements. 
 
The plant level measurements are further sorted into usability, efficiency and quality 
measurements. The quality measurements don’t, however, measure the quality of the 
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end product but are instead more associated with the process runnability. After all, 
the produced pulp sheets are broken in a pulper before their eventual use and the 
quality of the end product is a property of individual fibers. This is created mainly 
before the drying process and can only be ruined in the drying machine by extreme 
conditions. Some of the measurements were directly available from the Quality 
Control System. 
 
Usability:  

- Time use: process up time (determined from the status of headbox mixing 
pump), process idle time (process running but no production). Definitions of 
calendar time and available time (see the OEE-definitions below this list) are 
used. The actual measurements are process up time in relation to available 
time and process idle time in relation to process up time. 

- Amount and duration of web breaks. 
- Broke line usage is measured as amount and duration of activations. These 

are also sorted according to production speeds resulting in a histogram 
presentation. 

 
Efficiency: 

- Overall Equipment Efficiency, OEE, indicator represents the performance of 
the overall process compared to its ideal performance. More detailed 
description below the list. 

- Production is measured as produced air dry tonnes of pulp per day [ADt/d]. 
- Energy consumption and efficiency are measured as energy consumption in 

the dryer [MW], relative energy consumption [GJ/ADt] and relative 
consumption of steam [t/ADt]. 

 
Quality:  

- Quality is measured as CD and MD profile variations of moisture in the end 
product. These can also be used for measuring performance of wet end and 
dryer although weak performance in the stock preparation can affect these 
measurements. 

- Other quality measurements are the profile variations of total weight and 
dryweight. These can also be used to measure the performance of stock 
preparation and wet end although the performance of the dryer can affect the 
total weight measurements. 

 
Overall Equipment Efficiency, OEE, indicator represents the performance of the 
overall process compared to its ideal performance. The indicator consists of three 
parts: availability, performance and quality rate. The overall efficiency is calculated 
as a product of these terms. For the calculation of availability the definition of 
intended operating time of the process is needed. For simplicity this can be replaced 
by calendar time but for more informative results factors like planned shutdowns, 
strikes and lack of orders should be considered as these factors affect the result but 
are not caused by the monitored process. The availability indicator itself is defined as 
the ratio of realized operating time and intended operating time. For the performance 
part the maximum production rate needs to be defined. This can be replaced by the 
design specifications of the machine but in such case the performance indicator can 
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be over 1 (or over 100%) if the machine can be operated at higher speeds than the 
specifications. The performance indicator is defined as the ratio of achieved pulp 
flow through the machine and the maximum production rate. In the case of pulp 
drying machine the quality factor is defined by the ratio of actual achieved 
production (pulp flow through the machine minus broke pulp) and potential 
production (pulp flow through the machine). All the time definitions such as 
available production time are based on Zellcheming 2005 standard [Zel05]. 
 
On the lower level the following subprocess performance measurements were used. 
The first two represent the stock preparation process. 
 

- Mass towers: relative standard deviation of pulp consistency was used. See 
details of using relative standard deviation below this list. 

- Feed from the machine chest: relative standard deviations of pulp flow and 
pulp consistency were used. 

- Wet end: CD profile variations in dry weight were used. 
- Dryer: the energy consumption measurements described in the plant level 

measurements were also used for the dryer performance measurement. 
- Cutter: the number of broke line activations and duration of them caused by 

the cutter were used. Similarly to the plant level measurements, these can be 
sorted according to productions speeds and more specific causes. 

- Baling: number and durations of disturbances caused by baling. These can be 
additionally sorted separate causes and individual devices. 

 
Using relative standard deviation instead of regular standard deviation removes the 
measurement units and enables easier comparisons. Also this way the undesired 
deviations are proportioned to their effect. For example in the case of consistency 
measurement the effects of standard deviation with magnitude of 0.5 are much more 
significant if the corresponding average is 2 when compared to a situation with an 
average of 4. Relative standard deviation is a good measure for processes that have a 
constant setpoint for most of the time. Calculating the standard deviation part from 
setpoint and measurement difference is more suitable for processes that have 
constantly changing setpoint. 
 
Conditional histograms 
 
The main purpose of the MUST algorithm [Fri03, Fri07], which is based on 
conditional histograms, is to monitor processes with changing definitions of 
acceptable performance. This definition can change with various operating points, 
e.g. production speed and grade changes. A simple example of changing operating 
points and their effects on a monitored variable is the outside temperature whose 
definition of normal clearly depends on the time of year. In this simple case where 
there is only one major affecting variable that can explain most of the normal 
variation to a certain degree, the definition of normal can be set manually for each 
operating point. E.g. the limits of normal variation can be set for every month or 
week of the year. However, if there are more major affecting variables or if the 
precision of the system simply needs improvement by adding more affecting 
variables, setting the limits manually becomes impractical very quickly. 
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The basic idea of conditional histograms is that the method learns the typical 
behaviour of a process by collecting normal-performance (reference) histograms 
representing normal situation for each operating point. In the figure 6 the month is 
the operating point. Essential part here is to set meaningful parameters (number, 
width and location of histogram bins) for the performance histogram and to identify 
the operating point of the process. Once these issues have been dealt with the 
algorithm learns the typical behaviour automatically and can detect changes in the 
monitored variable. In the figure the temperature measurements are classified into 11 
bins that have 5 °C intervals from -25 °C to 30 °C and the operating points are 
classified by the month. 
 

 
Figure 6 A conditional histogram presentation of temperatures in Helsinki [Fri07] 

 
The operating points are determined from the selected affecting variables by means 
of clustering or by using fixed crisp or fuzzy limits. The selection of affecting 
variables is important and deep process knowledge is needed here. Adequate 
configuration of operating point limits or clustering parameters (number of clusters, 
forgetting factor etc.) is equally important as this will determine how effective the 
algorithm is in separating different operating points. The configuration of 
performance histogram parameters is also very important because the algorithm 
should be able to construct a meaningful histogram based on the hits to the bins. For 
example, the information value of a histogram is minimal if all the data samples 
happen to fall into the same histogram bin. Due to the importance of successful 
configuration additional tools were developed to assist the deployment phase. After 
the configuration is finished the reference histograms representing the normal 
operating conditions are automatically constructed for every operating point from the 
process history data. A forgetting factor can be applied to increase adaptation. Thus, 
with these features the method meets the economical requirements. 
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When the application is in online use the current performance histogram of the 
monitored variable is first created for a given time period (e.g. the last 24h period). 
Then the corresponding operating points and their active times during the period are 
determined from the affecting variables. This information is then used to build a 
combined reference histogram from all the reference histograms by time weighing 
them according to the active operating points of the reporting period. Now there are 
two histograms, one representing the measured performance from the given time 
period and one representing the “normal performance”. These histograms are then 
compared to tell if the performance has changed and the user doesn’t have to be 
aware of changing operating points during the reporting period. This also makes 
creating and comparing reports from longer time periods easy. The comparison of 
the histograms produces a single number which tells how the process is performing 
compared to its normal behaviour. The number tells if the measured histogram 
contains smaller or larger values compared to the reference distribution. For 
periodically executed modules this number is stored into the database which allows 
the user to monitor the development of the situation. Thus it can be argued that the 
method meets the usability requirements. The performance aspects have been 
verified in earlier projects. 
 
Besides online monitoring the conditional histogram tool is also very useful as an 
analysis tool as it can store performance data from very long periods in a compact 
form and divided into different operating points. This tool will enable storing and 
using of large data sets in a convenient way, for example the effects of different 
variables on the performance variable can be analyzed. This of course requires that 
the configuration work has been successful. An example of this is given later. 
 
Cluster analysis 

 
One of the chosen methods was cluster analysis with a modified K-means algorithm 
described in [Hie03]. Generally speaking clustering is used to find similar sample 
groups, called clusters or classes, from a large data set. The learned cluster centers 
can also be used to represent the original data set resulting in significant data 
compression. In this application the cluster analysis modules are used for learning 
the typical process behaviour which can be used for identifying the process operating 
points but also for detection of deviations from normal behaviour. The information 
produced by the clustering modules can also be used for diagnostic purposes. 
 
The methods for clustering are iterative algorithms that try to place code vectors into 
sample space so that they model the data set as accurately as possible. There are 
several different algorithms in the literature. The algorithm used here has a prefixed 
number of code vectors and tries to minimize the quantization error E 
 

( ) ( )∑
=

=
n

i

cidE
1

2),(
2
1 vxV ,   (1) 

 

 



Large scale monitoring application  69 

where vc is the nearest code vector for sample x(i) and V is the matrice formed by the 
code vectors. The distance d between sample x(i) and code vector vc is usually 
determined by using Euclidean distance (2) or Mahalanobis distance (3)  
 
 d(x(i),vc)2=(x(i)-vc)(x(i)-vc)T  (2) 

 d(x(i),vc)2=(x(i)-vc)Rc
-1(x(i)-vc)T,  (3) 

 
where Rc is the covariance matrice of the samples [Koh01, Jai88]. This distance can 
also be used to tell how different a new sample is from a previously learned situation. 
Together with appropriate threshold the distance, also known as residual, can be used 
to detect abnormal situations and generate alarms. A contribution plot tells how each 
input has contributed to the distance and improves usability. Thus the method 
satisfies the usability requirements. 
 
Scaling of input signals is needed so that variables moving on numerically wide area 
don’t dominate the clustering process. Although scaling of the inputs is required, the 
configuration is simple due to configuration tools that assist the deployment phase. 
To tackle the problem of non-spherical clusters with a simple solution it can be 
assumed that sufficient amount of clusters is enough to represent non-spherically-
symmetrical clusters. The user simply specifies a sufficiently large number of 
clusters that will represent “in-control” situation after sufficient amount of learning. 
Other assumption is that the monitored process is in normal state most of the time 
and therefore the routine learns only the “in-control” model as the clusters with only 
few samples are omitted. The algorithm learns the normal positions of the clusters 
independently and as it can be assumed that the process is in normal operation most 
of the time, deviations from these normal positions can be interpreted as abnormal or 
new situations. The clustering modules have a forgetting factor to increase adaptivity 
and to lessen the effects of starting values. The number of clusters and the forgetting 
factor are user specified configuration parameters but choosing them does not 
present significant problems [Hie03]. Thus the economical requirements are met. 
The performance has been verified in earlier projects. 
 
Following is a simple example of the idea how to utilize clustering technique to 
detect a fault in a fictional process. For clarity the process has only two 
measurements and four operating points which can be found automatically by the 
data clustering method. The process data and the learned clusters (operating points) 
from normal operating conditions can be observed in figure 7. The clusters represent 
normal and acceptable behaviour of the process. The process can be monitored by 
the residual signal. In the case of a fault or abnormal situation the process 
measurements start to deviate from the clusters and the residual will increase. This is 
illustrated in the figure 8 where the process starts oscillating around operating point 
1. Typical reason for this kind of behaviour is sticking control valve. 
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Figure 7 Data from normal operation and the learned cluster centres 

 
In the residual plot of figure 8 abrupt but temporary spikes can be observed that cross 
over the alarm limit before the actual fault. These are caused by the changing 
operating points and are considered normal behaviour. Because the duration of such 
changes in normal situations is limited, alarms caused by changing operating points 
and random measurement noise can be filtered out. 
 

 
Figure 8 Data from abnormal operation, the learned cluster centres and the residual plot with 
corresponding alarm limit 

 
The algorithm learns typical areas in the measurement space and is able to adapt to 
slow changes in the process. The speed of adaptation has to be set so that the 
algorithm doesn’t adapt to actual process faults too quickly but can adapt to slower 
changes, e.g. seasonal changes. Even with the use of adaptation slowly developing 
faults can also be detected by monitoring movements of the clusters instead of only 
using the residual. 
 
Control loop performance monitoring tool 
 
A control loop monitoring application, called the LoopBrowser [Mar99b], was used 
as a part of the monitoring application as it was an already validated commercial 
application that fit well in the overall system architecture. The application produces 
data about the performance of a control loop and represents them by six indicators: 

 



Large scale monitoring application  71 

 
• Control Speed Index (CSI) is a measure of the speed of the control loop. It is 

based on a process model, target speed and maximum theoretical speed of the 
control loop. 

• Robustness Index (RI) is a measure of robustness of the control loop and is 
based on the same information as CSI. 

• Control Travel Index (CTI) is a measure of how much the controller is doing 
work. 

• Integral of Absolute Error (IAE) index is a dimensionless index scaled by a 
nominal value from the well-known IAE measure. 

• Variability Index (VI) is measured from the minimum and maximum error 
value during a period of time. The value is scaled by nominal variability 
determined from typical behaviour process data. The index reveals errors 
with large amplitude and short duration better than the IAE index. 

• Oscillation Index (OI) is a measure of how much the loop oscillates based on 
the Control Loop Performance Monitoring (CLPM) method [Häg94] for 
automatic detection of control loop oscillations. 

 
The CSI and RI indexes require a process model so their use was not considered in 
this context. 
 
The LoopBrowser application has installation tools to assist the configuration work 
and practically requires no maintenance after setup. Therefore the tool meets the set 
economical requirements. As it was previously designed as an independent tool, the 
LoopBrowser also has a separate reporting interface which can be used for creation 
of detailed control loop level reports. Besides the normal index calculation cycles, 
scheduled and manually executed summary reports can be created. In a typical report 
a summary of the control loop in question is shown representing the chosen reporting 
period. One part of the report presents the overall performance of the control loop 
and the rest is more detailed information about the causes of non-optimal 
performance. Also an online interface is available in which a graphical control 
measure called The Control Diamond is presented. The system also creates alarms 
from poorly performing control loops which can then be sent to responsible 
personnel by e-mail [Mar99b]. Although the application offers no real transparency, 
the produced information is intuitive and easy to interpret. Thus the application 
meets also the usability requirements sufficiently. 
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Figure 9 The LoopBrowser online user interface 

 

4.2.2 Application hierarchy and the server features 
 
The application is modular and the modules are functionally distributed, i.e. the setup 
of the modules corresponds to the physical process hierarchy. However, the current 
application is not hierarchical in functional sense. E.g. the time frames are not 
consistently shorter going down the module hierarchy levels and the levels are not 
interdependent (in most cases the higher level modules don’t use information 
produced by the lower level modules and the modules don’t control or intervene 
other modules). Thus there is no specific need for additional coordination between 
the modules. The decomposition into modules is purely heuristic and mainly based 
on the process hierarchy and available monitoring tools. E.g. some of the functions 
of intelligent field devices have inherent autonomy, are inherently distributed and are 
therefore seen as separate entities. However the characteristics of physical 
component and goal decomposition [Fin80] can be observed from the module 
hierarchy. 
 
Modularity has advantages which enable adding, removing and modifying the 
modules with causing minimal interference to the other modules. This increases 
adaptability and scalability of the application and enables implementation of the 
modules with any kind of method, for example model based methods if there is need 
for one. The module setup corresponding to the process hierarchy increases usability 
as the overall state of the process can be intuitively observed from the user interface, 
e.g. which subprocesses are affected by an abnormal situation. The position of an 
alarming module in the process hierarchy will help to identify the source of possible 
problems and also assess the severity of the situation as the propagation and effects 
of disturbances can be roughly observed on the process hierarchy levels. These 
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benefits and especially the need to utilize previously implemented modules where 
possible were the main reasons for choosing the system architecture. The modules 
and their position in the module hierarchy are presented in table 2. Also a simple 
example of a process hierarchy is presented in figure 10. 
 
The highest level of the application is the plant level which is represented by the 
plant level performance indicators, conditional histograms and a clustering module 
used to identify the operating point. The operating point identification is executed in 
1 minute cycles and the result is used in interpreting the performance indicators. 
Momentary production and energy consumption measurements are also calculated 
and stored in the relatively short 1 minute cycle because they also act as auxiliary 
variables to ease the load in generating long term reports. However interpretation of 
these indicators usually has much longer time span. Also many other auxiliary 
variables indicating things such as web break, idle running, broke percentage and the 
number of used mass tower are automatically calculated in varying but short cycles. 
The OEE-indicator uses many of the auxiliary variables and is automatically 
calculated in 24 hour cycles and 24 hour time window to create a trend. The usability 
measurements also use many of the auxiliary variables but have no specified 
execution cycles or calculation windows as they are calculated on request. 
Conditional histogram modules are periodically executed to interpret some of the 
plant level performance measurements and use 1-24 hour cycles and time windows. 
E.g. the quality measurements are received directly from the Quality Control System 
and are interpreted by conditional histogram modules in 1 hour cycles and 24 hour 
window. Some of the energy consumption and quality measurements are also used 
for subprocess performance measurements. Besides the time based executions the 
user can execute any calculation and create a report manually for any desired time 
period. Even though some of the calculations have much shorter execution cycles it 
can be said that the general time frame on the plant level is 1-24 hours. 
 
The next level is the subprocess level where clustering and conditional histogram 
modules are used besides the subprocess performance measurements. The relative 
standard deviations are calculated in 1 minute cycles and 10 minute windows. The 
cutter and baling measurements are only calculated on request when creating a report 
and thus have no specified cycle or calculation window. Again, the user can execute 
any calculations and report creation for any desired period. The conditional 
histogram modules are used for interpreting the performance measurements and are 
executed in 10 minute to 1 hour cycles and 1-24 hour windows depending on the 
monitored measurement. At this level the clustering modules are used for detecting 
abnormal situations and are executed in 1 minute cycles. The purpose of using 
clustering modules instead of only using conditional histograms is to enable faster 
fault detection. This is due to the fact that certain amount of process history data is 
needed to build a histogram which results, in a way, to averaging of the 
measurements. This will lead to slower fault detection even if the execution 
frequency is high. The general time frame on this level can be said to be from 1 
minute to 24 hours. 
 
The next level in the concept is the control loop level where the LoopBrowser 
modules are applied. The modules are executed in 1 minute cycles and the typical 

 



74  Chapter 4. 

time window needed for the calculations varies from 1-15 minutes [Met02] and thus 
the timeframe on this level is 1-15 minutes.  
 
The lowest level in the monitoring concept is the field device level where intelligent 
field devices with device diagnostics are used. However, this level was not 
implemented during the first project. The time frame of this level would be 4-24 
hours. It is obvious that the time frames in the module hierarchy don’t correspond to 
the assumption associated with hierarchical systems stating that higher levels have 
longer time spans than the lower ones. This was the case especially for the field 
device level data collection. The technical reasons behind this and the use of field 
device level monitoring is described in chapter 5. 
 

MODULE PURPOSE 

PLANT LEVEL 

Plant level performance measurement 
modules 

Overall plant performance measurements

Clustering module Operating point identification 
Conditional histogram modules Interpreting plant level performance 

measurements 
SUBPROCESS LEVEL 

Subprocess performance measurement 
modules 

Subprocess performance measurements 

Conditional histogram modules Interpreting subprocess performance 
measurements 

Clustering modules Identifying abnormal situations 
CONTROL LOOP LEVEL 

Control loop performance modules 
(LoopBrowser) 

Control loop performance measurements 

FIELD DEVICE LEVEL 
Field device level performance modules Field device level performance and 

ambient conditions 
Table 2. Monitoring and performance measurement modules sorted according to process 
hierarchy position 
 

 
Figure 10 A simple example of a process hierarchy and corresponding module hierarchy 
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Separate user interfaces for online monitoring and reporting/analysis purposes are 
provided on the server. The real-time interface (figure 11) gives an insight how the 
process is performing at the moment and gives alarms if there are significant enough 
deviations in the process. The tree structure of the module setup can be seen on the 
left as a set of “traffic lights” which change their colour according to the results of 
the module. In the figure a conditional histogram module is chosen for closer 
inspection. From the top part of the figure it is easy to see that the current measured 
distribution clearly has greater values than the reference distribution. This can also 
be observed from the performance index below which indicates that the change has 
started about three days ago. If this is a new acceptable and repeating operating mode 
the algorithm will adapt to it given enough time but for now an alarm is given. 
 

 
Figure 11 The online user interface with conditional histogram module selected. Below: the 
performance index, above: the reference distribution and the measured distribution 

 
The reporting interface is web based and easy to access. Ready made report forms 
are provided in the interface and a user only has to select a report and define the 
desired reporting period. The reports were designed in co-operation with the plant 
personnel and they contain refined information from the process hierarchy levels. If 
necessary, adding or modifying the reports can be done with little work. Once a 
connection to the server has been established a web report can be opened in client 
machine’s regular browser where it is presented in html or pdf format. Major 
software updates only concern the server and there is no need for any specific client 
programs. The client machines only have to make sure that their browsers are 
compatible with the server. A regular, fairly recent version of any common browser 
is sufficient making software update management easy. In the figure 12 an OEE 
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report for one month period is created. The module setup corresponding to the 
process hierarchy can be seen on the left side of the screen. 
 

 
Figure 12 A web based report of the OOE indicator 

 
The major modules, their relations and information flows are presented in figure 13. 
All of the monitoring modules use a common process database to read data and store 
results. Variables with fast dynamics that are used for the calculations are first stored 
in the process database’s temporary buffer to ensure precise results. To make sure 
the database does not fill too quickly the variables in the buffer are compressed after 
the calculations. Besides the common process database the clustering modules and 
conditional histogram (MUST) modules use internal databases to store their internal 
states. These can be used in offline process analysis with additional tools which are 
normally in restricted use (dashed lines on the left). These relatively small separate 
databases are typically analyzed by transferring them to client machines of process 
experts and analyzing them with the additional tools. Besides being independent 
tools the clustering, LoopBrowser and performance measurement modules are also 
used as input generators for other modules. The dashed lines representing this should 
go through the process database but are drawn directly for the sake of clarity. The 
separate LoopBrowser interface is shown in the figure alongside with the real-time 
graphical user interface (GUI) and the generic reporting module. The generic 
reporting module can create reports on any variables in the process database once the 
report is designed and executed in the reporting module. Data access module 

 



Large scale monitoring application  77 

provides remote access to the application. A VNC connection was used during the 
research to gain remote access to the server. 
 

 
Figure 13 Module information flow 

 
Most of the performance calculations and all of reports in the reporting interface are 
designed in a calculation environment which reads data from the process database, 
executes the calculations, stores the results to the database and/or presents them to 
the user. In figure 13 the calculation environment is included in the process database 
module. The calculation environment provides a reliable and transparent service for 
various calculation needs and the use of process history database allows storage and 
viewing of long time trends. Good transparency is achieved by a graphical interface, 
with a library of readymade function blocks and ability to program new function 
blocks. Adding of new calculations and possible modifications to the existing ones 
are also easy to carry out in the calculation environment. Visually and functionally 
the calculation environment resembles Matlab/Simulink environment. Simple 
calculations with faster execution cycles were implemented as SQL-scripts in the 
process database to avoid unnecessary computational load. 
 
Because the economical aspects were critical and the performance of the application 
is strongly dependent on successful configuration work, additional configuration 
tools were developed although these are not presented in figure 13. The clustering 
modules need the number of clusters and nominal values (mean, variance) of inputs 
for scaling purposes. LoopBrowser modules also need nominal values to distinct real 
oscillation from process noise. For conditional histogram modules the user need to 
set the number and location of histogram bins for constructing the histograms. Tools 
were developed that assist by visualizing the process data and by enabling fast trial-
and-error procedure. This of course requires that there is sufficient amount of process 
data already available in the database. To further assist the set up process for other 
pulp drying processes in the future, an alias-list of necessary measurements (tags) 

 



78  Chapter 4. 

was created. Therefore in an optimal case deploying the application to another pulp 
drying process and making the necessary connections only requires updating of this 
alias-list by changing the position tag names. In practice, of course, at least the 
nominal values need updating also and the user needs to verify that the 
instrumentation requirements for the new process are met. 
 

4.3 Use cases 
 
Some use cases of the application are presented in this section. The results are 
discussed in more detail in chapter 6. The first use case illustrates decreased 
performance detection in a multivariable environment using conditional histograms. 
In the figure 14 a conditional histogram module detected that the cross direction 
(CD) variations of the dry weight have increased compared to the historical results 
obtained from same operating conditions. The higher plot indicates the trend of 
momentary performance measurement and lower one presents the corresponding 
measurement histogram and the reference histogram. The difficult thing is not to 
detect the change in the momentary performance measurement but to determine if 
the change is acceptable due to changing operating point. In this case it was found 
out that the change was indeed a new situation caused by certain test runs made by 
the operators. Thus the decision of the algorithm to notify of this change was correct 
because this was a never before seen situation. 
 

 
Figure 14 Above: performance measurement data, below: reference and measured distribution 

 
The second use case illustrates how conditional histograms are useful for analysing 
affecting variables in a multivariable environment. The conditional histogram 
method can be helpful in analysing the significance of affecting variables for the 
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monitored variable. In the figure 15 is an example of analysis tools included in the 
conditional histogram toolkit applied on a performance indicator and four affecting 
variables. The plots can be used to visualize the effects of affecting variables on the 
monitored indicator but deeper process understanding is of course needed for further 
analysis. The vertical lines describe the values of each affecting variable during 
current reporting period and the dashed lines describe where a certain percentage of 
the measured indicator values have been historically in respect to the affecting 
variables. 
 

 
Figure 15 A conditional histogram analysis of a performance indicator with four affecting 
variables 

 
The next example shows the comparative results of the conditional histogram 
algorithm when the operating point is identified using different methods. The 
algorithm calculates a number (scaled 0 to 1) informing if the current histogram 
contains smaller or larger values compared to the reference distribution. In the 
example of figure 16 the lines are the trends of this comparison using the clustering 
method to identify the operating point (the blue line) and using crisp limits for the 
affecting variables to identify the operating point (the red line). The results are 
similar suggesting that both methods are usable for the identification of operating 
points. Some of the operating points identified by using the clustering algorithm are 
presented in table 3. Altogether 30 identified adaptive operating points were 
considered to be sufficient to represent typical operating of the machine. The tower # 
refers to the used mass tower, broke ratio refers to the amount of broke pulp going to 
the headbox and wrapping material refers to producing wrapping material for the 
pulp bales. Others are self explanatory.  
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Figure 16 Comparison of conditional histogram results 

 

Operating point 
name 

Tower 
# 

Dry 
weight 
[g/m^2] 

Broke 
ratio 
[%] 

Wire 
speed 
[m/s] pH 

Wrapping 
material 

Web 
break 

MT2, slow 2 1042,31 0,5 160,7 5,02 0 0 
MT2, fast, high dry 

weight 2 1094,12 1,0 192,8 5,08 0 0 
MT1, Wrapping 

material 1 1051,36 9,5 180,3 5,14 1 0 
Web break 3 832,95 97,3 136,4 5,50 0 1 

MT2, slow, lots of 
broke 2 1017,56 28,8 150,8 5,46 0 0 

Table 3 Some identified operating points  
 
In the next case a clustering module monitoring the headbox notifies of an abnormal 
situation where the pressure level in the headbox drops unexpectedly, figure 17. The 
change is controlled and initiated by the operators but nevertheless the monitoring 
module notifies of the new situation, as it is supposed to, before it learns the new 
operating point. When analysing the situation also quick periodical changes were 
observed in the pressure measurement. These however were so quick and seldom 
that the clustering algorithm had not been able to detect them. This points out that 
the method is not so suitable for detecting very quick and temporary disturbances. 
The reason for the disturbance was found out to be process interactions and actions 
were later taken to counter them. 
 

 



Large scale monitoring application  81 

 
Figure 17 Pressure drop and disturbances in the headbox 

 
The next case represents a problem noticed by a control loop level module. A valve 
shows signs of weak performance by causing oscillations, figure 18. The symptoms 
are a classic example of increased stiction in a valve. Due to the control error the 
controller’s integrator changes the control signal until the valve moves. Once the 
valve moves the controlled variable overshoots and the cycle starts again in the other 
direction. Later it was found out that the valve was also somewhat oversized. The 
scales of the signals are not the same in the figure. 
 

 
Figure 18 Setpoint (red), measurement (blue) and control (green) signals of an oscillating 
control loop. 

 
 
 

 



 

5. INTEGRATION OF FIELD DEVICE LEVEL DIAGNOSTICS 
 
The next chapter focuses on the second research problem by studying the 
possibilities of utilizing intelligent field devices as a part of the monitoring concept. 
The research problem is then answered in the analysis section 6.2 which along with 
sections 5.2, 5.3 also contains the third thesis contribution. The intelligent field 
devices extend the concept’s scope by forming the lowest module level where self 
diagnostic features and performance measurements of Neles ND9000H series valve 
positioners were used. The higher levels of the concept remained the same although 
the highest plant level was not implemented and was replaced by feedback from the 
process operators and other plant personnel. Also some parts of the higher levels 
were not as extensive as described in chapter 4. A master thesis work [Leh08] was 
completed during this research. Related issues are also discussed in [Huo09a, 
Huo09b]. 
 

5.1 Neles ND9000 valve positioner 

 
Neles ND9000 valve positioners and many of their features were utilized in this part 
of the work. The main features are presented in this section and the main components 
in figure 19. The principle of operation is as follows: the micro controller of the 
positioner (μC) reads the input (controller) signal, valve position sensor (α), pressure 
sensors (Ps, P1, P2) and spool valve position sensor (SPS). The difference between 
the input signal and the valve position sensor (α) measurement is detected by the 
control algorithm and a new value for prestage (PR) coil current is calculated based 
on the information. Changed current to the PR changes the pilot pressure to the spool 
valve which in turn moves the spool and the actuator pressures (P1, P2) change 
accordingly. The spool opens the flow to the driving side of the double diaphragm 
actuator and opens the flow out from the other side of the actuator. The increasing 
pressure will move the diaphragm piston. By using a control algorithm the μC 
modulates the PR-current from the steady state value until a new position of the 
actuator according to the input signal is reached. [Met] 
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Figure 19 The principle of operation [Met] 
 
The positioner has several embedded performance-, process condition- and 
“mileage” measurements. The performance indicators measure variables such as 
control deviation of the valve (controller output vs. actual valve position) in steady- 
and dynamic states separately, figure 20. The time spent in these states during the 
last 24 hours is also measured which is essential for detailed analysis. The mileage 
measurements indicate the usage and wear of the device by calculating the number of 
reversals and travel of the valve and spoolvalve. Besides the information offered 
about usage and wear, these measurements also contain information about the 
behaviour of the device. For example changes in reversals of a valve in respect to 
reversals of the setpoint can inform about changed behaviour. Histograms 
representing the historical operating area of the valve are also available. These are 
especially useful for determining if the sizing of the valve is correct. 
 

 
Figure 20 Steady State and Dynamic State deviations 

 
The process condition measurements consist of variables like temperature, stiction, 
supply pressure and loads during steady state, opening and closing. E.g. steady state 
load is significant for single-acting actuators as it can be used to estimate the actuator 
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spring force and spring state. The load and stiction measurements are pneumatic load 
measurements useful for estimating internal frictions in the valve package. Spool 
valve (used for controlling the actuator pressure on the both sides of the double 
diaphragm actuator) position is measured as a percentage of the movement range and 
is typically in the middle of the range. Changes in the trend may suggest pneumatic 
actuator leak, especially with single-acting actuators. 
 
Some of the collected information is stored in the actual device while longer term 
data is stored in a central Fieldcare database using fieldbus connections. Thus the use 
of intelligent field devices adds to the fieldbus traffic as there is additional 
diagnostics information transmitted through the fieldbus. The database holds 
information about a number of positioners in a factory or process area. Besides the 
aforementioned embedded performance measurements advanced statistical 
diagnostic tools that operate in the database can be acquired by a customer but were 
not utilized in this research. Deviations in the measurements are detected by 
comparing the measurements to their reference values, which are typically 
determined automatically during first three months of operation. The tuning of the 
valve position controller is set by selecting one of the strategies which are 
aggressive, fast, optimum, stable and maximum stability. There are also automatic 
routines for calibration, tuning and testing the positioner. The software and 
communications are based on the FDT standard. The FDT frame application enables 
easy configuration and access to field device level information. The positioner is 
available for Foundation Fieldbus, HART and Profibus PA fieldbuses [Met06]. 
 

5.2 Developed monitoring system and analysis tools 
 
The functionally distributed monitoring system consists of four levels; field device 
level, control loop level, subprocess level and human know-how level. A simplified 
block diagram of a control loop and the position of the three lowest module levels 
are presented in figure 21. Due to the feedback connections and interactions it is not 
necessarily easy to determine the reason for detected abnormal situations even in a 
single control loop. For example the tunings of both control loops in the figure have 
a significant effect on the quality of control. 
 

 
Figure 21 Simplified block diagram of control loops and measurement modules 
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The field device level consists of ND9000H valve positioners and their self 
diagnostic measurements presented in the previous section. The sampling frequency 
in the Fieldcare database storing the field device data was as low as six samples per 
day due to limited fieldbus capacity. The raw data in the positioners has higher 
sampling frequency but is stored only temporarily in the memory of the positioner 
where it can be accessed through a separate FDT interface. 
 
The control loop level consists of control loop performance measurements calculated 
by the LoopBrowser application. The control loop performance monitoring 
application measures how well the control loop performs with measurements that 
represent oscillation, accuracy and work done by the controller. The LoopBrowser 
application was described in chapter 4. 
 
The subprocess performance measurement level consists of modules calculating 
relative standard deviation of the controlled measurements. These are calculated by 
dividing the standard deviation by the average from a calculation period. The use of 
relative standard deviation was explained chapter 4. In this case relative standard 
deviation measurements of pulp consistency were used to describe non-ideal 
functioning of the stock preparation process. 
 
The highest level is the human know-how level which seems to always be the hardest 
part to incorporate into any monitoring system and is often the weakest link in 
remote monitoring applications. There are several reasons for this. One of them is 
that usually there is only limited access to logged process events, e.g. the log can be 
only a hand written notebook in the control room. Another reason is the lack of time 
to participate on the part of the operators who really know the process. Therefore it 
can be difficult to get information about noticed abnormalities if the situation is not 
critical for the process. 
 
As mentioned before, the use of distributed intelligent systems in general requires 
additional communication to coordinate all the entities in the system. However, as in 
this case the used monitoring modules are merely information producers and not 
directly concerned with control, there is no particular need for specific coordination 
of the modules. Instead this project can be seen as a preliminary study of developing 
the monitoring concept towards hierarchical functionality. Development of higher 
level functions requiring such hierarchical coordination is one of the possible future 
development directions. 
 
The actual setup of the monitoring system was such that each control valve was 
monitored with the positioner diagnostics and corresponding control loop level 
measurements. These two lowest levels were available in every monitored control 
valve and were analyzed “simultaneously”, meaning simultaneous changes were 
searched for and analyzed. Some of these valves were located near a subprocess level 
measurement and in these cases the results were obtained by analyzing two or three 
of the lowest levels simultaneously. The setup process of the monitoring system was 
simple and fast. The embedded diagnostics are already present in the actuators as 
they are part of the basic configuration and no additional work was required. The rest 
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of the applications is located in the process database hardware and their setup was 
fast due to partly automated setup process and readily available modules. 
 
The first interest was to study if there were similarities between measurements on 
different levels to verify the validity of the project plan and the used methods. 
Similarities were found although there were some problems with the lack of 
abnormal situations where the similarities are easiest to find. In other words the plant 
and the equipment are so new and well performing that there is a lack of excitation 
(e.g. faults) for the monitoring system. This is a typical problem in development of 
monitoring systems as the development and research phases are usually limited in 
time and the monitored processes cannot be disturbed by experiments. Even though 
the problem was present also in this case, there were similarities found between the 
module levels first by manually investigating changes in the data and later by 
calculating correlations between the measurements. Also a Matlab routine for 
detecting simultaneous changes was created. 
 
After some analysis it was concluded that in some cases there are clear correlations 
between device level and control loop level measurements and that sometimes the 
changes can be seen on the lower levels before they have an effect on the higher 
levels. Again, this kind of setup corresponding to the process hierarchy can be useful 
in determining the seriousness of a detected abnormality. The subprocess level 
measurements on the other hand were so stable that there were very few cases where 
significant similarities could be studied. However a few cases were found where the 
control loop and subprocess level measurements have interesting simultaneous 
changes. It was also concluded that there are certain measurement pairs on different 
levels that seem to correlate more than others. E.g. control loop level oscillations can 
be observed on the field device level as increase in spoolvalve movement and 
dynamic state indicators, which is a fairly trivial observation but further validates the 
used methods. 
 
As there were numerous positioners to monitor, tools for detecting trends and 
deviations in positioner measurements were needed. Therefore a Matlab routine was 
developed that goes through all the positioner measurements, determines the 
corresponding nominal values during normal operation and checks if the 
measurements differ significantly from their nominal values. For example standard 
deviation and average values from a few month “normal period” can be used to 
create a definition of acceptable measurement values. Fixed nominal values were 
used for the measurements that are more independent of the operating environment. 
Also a routine that detects smaller but simultaneous changes in various 
measurements was created. Filtering was used so that outliers and single samples 
with deviation in a measurement don’t trigger an alarm immediately. Polynomial 
fitting routines were also used for trend detection and this seems to be a promising 
tool for detecting incipient problems. These routines were also useful in checking for 
similarities between the module levels during abnormal situations. 
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5.3 Use cases 
 
The results were not as good as in the initial phases of the monitoring system 
development mainly due to the lack of interesting abnormal situations and 
consequently information-poor process data. There were however a number of 
interesting observations, some of which are presented here. After detecting and 
analyzing the observed abnormalities feedback from the plant personnel was 
acquired. In some cases the reasons for the observations were found to be related to 
degrading performance and maintenance actions. If there were no clear reasons 
found in the actions of the plant and maintenance personnel, process and device 
experts of Metso Automation were consulted and possible scenarios that could 
explain the situation were considered. Especially situations that could be explained 
by a malfunction or degrading equipment were of interest. Based on talks with the 
experts some recommended procedures for certain known events were also 
considered. For example if there is a clear change in the position of a positioner 
spoolvalve and the static state deviation of the valve simultaneously increases, it was 
determined that a pneumatic leak was a likely cause and the maintenance actions 
should start from inspecting if this is actually the case. 
 
Most of the observations were from the field device level and results from incipient 
fault situations or maintenance actions. The effects of these observations were 
usually not visible on the higher module levels and becoming observable on the 
higher levels would have required a long time of fault progression. Devices with 
such observations would therefore be often classified as “normally functioning”. 
Also it was found out that in many cases the situation could be corrected by a simple 
device calibration and often the observed step-shaped changes were in fact the result 
of a device calibration. The results are further discussed in chapter 6. 
 

5.3.1 Jamming valve 
 
Only one actual fault was discovered in a positioner whose steady state deviation had 
slightly increased. In closer inspection slight stick-slip behaviour was also detected 
(target position and valve position signals, black and blue trends in figure 22). Check 
up revealed that the space between valve and actuator was full of pulp causing some 
jamming in the actuator mechanism. Even though the non-optimal functioning of the 
positioner posed no significant control problems, it was decided to remove the pulp 
to see the effects. The effects of the clean up can be observed from the device level 
before-after figures (22 and 23) where the stick-slip behaviour has been removed. 
The plots are generated directly from the positioner memory and thus the data has 
significantly shorter sampling periods than the Fieldcare database. The performance 
has also improved on the control loop level where the correlation between control 
and measurement signals has improved, figure 24. 
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Figure 22 Slight stick-slip behaviour observable from the positioner measurements (black and 
blue trends) 

 
Figure 23 Stick-slip behaviour removed 
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Figure 24 Improved (below) correlation between control and measurement signals on control 
loop level 

 

5.3.2 Calibration of a positioner 
 
In the next case a positioner showed early signs of weakening performance in the 
valve position deviations and drifting in the spoolvalve position measurement. The 
left side plots in figure 25 are the average position of the spoolvalve and standard 
deviation of the spoolvalve position. The right side plots are the average steady state 
deviation of the valve position and the average dynamic state deviation of the valve 
position. Although the effects were not yet visible on the control loop or subprocess 
level, it was decided to recalibrate the positioner and see if the problem would be 
solved. The calibration was done in beginning of October and the effects were 
clearly observable in the deviation and spoolvalve measurements. Even though there 
still seemed to be some minor drifting in the spoolvalve position the calibration 
seemed to correct the situation and the detected situation was dealt with before its 
effects could be clearly seen on higher levels. Although this was a good thing for the 
end-users and validates the used monitoring methods, the case also illustrates one of 
the problems in this study and in development of monitoring applications in general 
as the progression of faults can not be observed freely. 
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Figure 25 The effects of the calibration 

 

5.3.3 Change of positioner tuning 
 
During the research some of the positioners had their tuning parameters changed 
which had observable effects on some measurements. The positioner in figure 26 had 
its adaptability parameters changed in the beginning of July. The plots are the 
average spoolvalve position, standard deviation of the spoolvalve position and the 
average steady state deviation of the valve position. After the parameter change the 
spoolvalve and steady-state deviation measurements had a step-shaped change. After 
this some of the measurements had slight drifting but these are insignificant in scale 
and the values start to settle after awhile. The increase in the steady state deviation 
was insignificant but the behaviour of the valve stabilized otherwise which can be 
observed e.g. in the amount of spoolvalve movement. 
 

 
Figure 26 Effects of positioner parameter change 
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5.3.4 Changes observable on the lowest module levels 
 
There were a few cases where the effects of changes could be observed on more than 
one module level. The first example of this is a dilution control loop which has 
observable changes on the field device level and control loop level. In the figure 27 
there is a change in the average stroke lengths (travel/reversals) of setpoint and valve 
after the end of October. The changes could also be observed on all of the control 
loop level measurements (figure 28) which indicate that the control quality has 
improved. The cause for the change could be modifications of the positioner or 
control loop parameters but there was no documentation to support this. On the other 
hand the operating area of the valve had moved to a more favourable area. 
 

 
Figure 27 Effects on the field device level 

 

 
Figure 28 Control loop level performance 
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5.3.5 Changes observable on the higher module levels 
 
The next case features one of the few cases where changes could simultaneously be 
observed on the higher levels. In the figures 29 and 30 the timescale is changed to 
measure days from the latest measurement due to shorter time period. On the control 
loop level there were clear changes between days -45 and -44, similar changes were 
also observable between days -40 and -39. The same events could also be observed 
on the subprocess module level (relative standard deviation of pulp consistency), 
figure 30. The cause is probably some event related to the operational issues but the 
exact reasons remained unsolved. 
 

 
Figure 29 Control loop level performance 

 
Figure 30 Subprocess level performance, relative standard deviation of pulp consistency 

 

5.3.6 Oversized control valve 
 
Next is a case where the effects of an oversized control valve could be observed. The 
valve was oversized due to limited availability of smaller control valves during the 
construction. The changes were visible in the field device and control loop level 
measurements (figures 31 and 32) after December when the performance clearly 
weakens. In figure 31 the highest plot is the time spent in dynamic state during the 
last 24 hours, the middle one the average spoolvalve position and the lowest one the 
average steady state deviation. The changes in the latter two are insignificant from 
operational point of view but are still observable. 
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Figure 31 Effects on the field device level 

 
Figure 32 Effects on the control loop level 

 
Weakened performance could be easily observed also from raw control loop process 
data, figure 33. The increased oscillation around the setpoint is clearly visible. It is 
also clear from the control signal that the valve is operating on the edge of its 
operating area where the control is not very stable and any small change in the 
process could cause the oscillation. This particular valve is used for temperature 
control and the change was caused by seasonal changes (time of year). The process 
returned to the previous state in the spring confirming the diagnosis. In this case the 
diagnosis was simple and easily achievable using only process data but during the 
next summer a decrease in the performance was noted again. As there were no 
obvious reasons found in the process data the plant personnel had to be consulted for 
the reasons. It was found out that due to maintenance work the flow to the cooler was 
temporarily cut off by a hand operated valve which caused the abnormal situation. 
There was no collected information available from the status of neither the hand 
valve nor the reasons for the change. This simple case demonstrates the importance 
and essential role of human participation in many diagnosis cases. 
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Figure 33 Raw process data 

 



 

6.  DISCUSSION OF RESULTS 
 

The results are assessed against the research problem, research hypothesis and 
project goals in this chapter. The reasons affecting the results and possible future 
development directions are also discussed. 
 

6.1 Results of the large scale monitoring system development 
 
Overall the results were good. The requirements, system architecture, desirable 
features and tools were defined for a generic large scale monitoring system. The 
system was then implemented and deployed in a pulp drying process confirming the 
first research hypothesis. The project goals were also met. This section provides a 
more detailed analysis of the results. 
 
The setup and configuration of the application took some time, but was the situation 
had improved since the 2004 pilot project due to accumulated experience and 
improved tools. The setup tools were also further developed during the setup 
process. The benefits of these tools will become significant when new installations of 
the application are made and are essential in achieving economical feasibility. 
Besides the quicker setup times the tools will improve the performance of the 
algorithms as also the quality of configuration work is likely to improve. The 
calculation environment offers transparency and the possibility to use offline data 
files which was very useful in speeding up the development process when there were 
problems with the remote connections. The used methods are able to adapt to 
changing environments and are applicable to any other processes with adequate 
measurements while the modular structure enables scalability and easy modifications 
to the system. Also the server solution and the chosen software techniques make 
software maintenance easily manageable. Therefore it can be argued that the 
economical requirements are achievable with appropriate tools and experience. 
 
All the parties were pleased with the application and it is currently in active use. The 
performance measurement modules produce reliable and informative data about the 
process and together with the conditional histogram modules give warnings about 
abnormal situations in a challenging environment. The conditional histogram 
algorithm is a versatile tool for process monitoring and is applicable with little work 
using the setup tools. The method compresses process data sorted according to 
identified operating points and is therefore very useful tool for process development. 
The clustering algorithm is used for quicker problem detection and also seems to be a 
promising tool although more work is needed on this part. The algorithm is also used 
for identifying the operating point of the process and therefore used as an input 
generator for the conditional histogram algorithm. Although scaling of inputs and 
selection of some algorithm parameters is needed, the setup tools assist the 
configuration process. The control loop performance tool was already in use as an 
independent tool and its performance has been verified earlier. The information 
produced by the tool is also used as an input for the clustering modules. However, as 
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it is designed to monitor individual control loops ignoring process interactions, its 
use as a part of a large scale monitoring application requires a lot of human 
participation or additional automation of diagnostics. The used methods make no 
assumptions about linearity of the monitored process and automatically learn the 
typical behaviour of the processes resulting in more meaningful alarms compared to 
static alarm limits. The application is currently used mainly by process experts in 
offline process analysis use. More extensive exploitation of the online features in 
quick decision making would require improvements in the performance by fine 
tuning of the monitoring parameters and embedding of additional intelligence. Also 
the system performance would require more thorough validation and system 
integration. Thus, even though the performance requirements and desirable features 
were not all entirely met, the performance is at an acceptable level and the 
requirements should be achievable with further development. 
 
The end-user feedback was also very positive concerning the usability of the 
application. The users of the application were satisfied especially with the web based 
reporting tools. For example the plant personnel and the partners typically hold a 
monthly meeting where they discuss how the agreed goals were met, how the future 
goals should be set and what measures should be taken to achieve these goals. It is 
important that all the parties have access to the data beforehand so the participants 
can present problems they consider important and have the information ready to 
verify this. The whole procedure is more effective in a lot of ways when the 
participants can seek the information they are interested in and present it in a clear 
form. Transparency and clarity of the application are also features that have received 
positive feedback. For example the effects of corrective actions or changing 
operating procedures can be easily verified from the monitoring system. 
 
The used methods can also learn previously unknown and unexpected dependencies 
between process variables. Especially the conditional histogram tools are useful also 
for process development as they enable examination of large amounts of process data 
in a convenient way. For example the interactions of variables can be examined by a 
statistical analysis tool with visualization features. A simple way to exploit such 
information is to optimize processes by avoiding non-optimal operating points 
revealed by the tools. This is especially useful in an environment where different 
work shifts with different operators tend to operate the equipment slightly differently 
even while producing the same end product. Also the less sophisticated indicators, 
such as device specific alarm classifications and counters, have provided surprisingly 
valuable information as no proper statistics of them were available before due to the 
distributed nature of the information. This is very useful in identifying problematic 
equipment and bottlenecks of the process. The application can tell for example which 
equipment causes the most alarms, how long the problems persist and how much 
production is lost. Once deviations in the fault detection and/or diagnostic modules 
are detected the severity of the situation can be roughly assessed by examining how 
high in the process hierarchy the deviation can be detected. On the other hand alarms 
in the lower level modules direct the user towards reasons for the deviations. The 
module setup corresponding to the process hierarchy therefore gives a good general 
view of the process. Thus it was concluded that the usability requirements are 
sufficiently met. 
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With all of the main points in the requirement list sufficiently met, the first research 
hypothesis was confirmed. It was also concluded that the set of requirements and 
desirable features (section 4.1) for the application is applicable to large scale 
monitoring applications in general although not all of the specified features are 
necessarily mandatory. Furthermore, not all of the points made in section 4.1 are 
directly related to the application, some are instead only observations regarding the 
application development and maintenance on a more general level. 
 

6.1.1 Development ideas 
 
There are several possible development directions. While the developed application 
forms a framework enabling relatively fast and cheap delivery to other pulp drying 
processes it would be interesting to deploy the application to other process 
environments, e.g. a power plant environment. Implementing the existing application 
to a new process environment, even without further developments to the actual 
monitoring concept, would produce a framework for the new environment but also 
valuable information about the versatility of the application and experience of using 
the configuration tools. This would aid in further development of the application. 
The possibilities of defining standards for benchmarking purposes should also be an 
interesting research subject. 
 
The possibility of incorporating field device diagnostics to the application was later 
studied and is an attractive topic for further research. Properly implemented 
integration of device level diagnostics with higher level diagnostic modules should 
increase the intelligence level of the system through better utilization of information 
regarding the operating environment of the devices. This would enable more accurate 
monitoring and analysis of individual process devices. The role of proper integration 
will be essential in utilizing field device level diagnostics in larger monitoring 
systems. 
 
Possibilities of utilizing the benefits of integration between information systems 
should also be considered. In this respect SOA provides organizations a flexible and 
cost effective way to build info systems and applications. In an industrial 
environment SOA enables integration of existing applications such as DCS and 
Quality Control System (QCS) to ERP systems. This kind of higher level integration 
opens up possibilities such as communications between the monitoring application 
and MES/ERP systems. This is useful to the monitoring application also; for 
example the OEE indicator can be wrongly interpreted if planned maintenance 
shutdowns are not considered or there are no orders to fulfill. Integration with DCS 
and other systems is also possible but one must be careful not to build overly 
complicated systems that could compromise the functioning of other systems critical 
for the plant operation. 
 
The developed large scale monitoring application consists of various monitoring 
modules but to a large degree their main focus is on detection of abnormal situations 
in individual process parts and devices. For example the control loops are monitored 
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by numerous LoopBrowser and clustering modules but more detailed analysis is still 
in many ways manual work. Thus the methods and practices still need some work if 
more automatic root-cause analysis is desired. Such developments are very desirable 
for plant-wide monitoring applications designed for online use, for example operator 
support systems. If such developments are to be made in the future, the information 
presented in section 2.3.4 will gain more practical significance in respect to the 
applied part of this work. 
 

6.2 Results of intelligent field device utilization 
 
The possibilities of exploiting intelligent field devices as a part of the developed 
monitoring system were also studied but due to some problems the research 
hypothesis could only be partially confirmed. However, some positive observations 
supporting the hypothesis were obtained. It was concluded that intelligent field 
devices are suitable for the developed monitoring concept but additional work and 
system development are needed for industrial deployment. Similarly, the project 
goals were only partially reached as the faced problems limited the results of the 
event observability study and the consequent study concerning the usability of the 
observations. However, links between certain observations and events could be 
established and with further research this information should be usable for process 
monitoring purposes. Also it could be confirmed that certainly the maintenance of 
individual field devices is easier with the embedded monitoring features if they are 
utilized properly. 
  
Some of the faced problems were irresolvable in the available timeframe, e.g. the 
lack of abnormal situations was one such problem and the biggest one for the project. 
One of the other problems was that numerical analysis of such control loops and 
positioners that are often in manual or force mode requires some additional work. 
Proper interpretation of performance measurements in such control loops requires 
acknowledgement of controller modes, e.g. whether the controller is in force, manual 
or auto mode. Automatic analysis has to neglect such periods or take them into 
consideration in some other way. Also valves that are used as a shutoff valves most 
of the time and are infrequently in control use have issues in sampling. For example 
it is impossible to get stiction readings if the valve is not moving. Similar situation 
occurs with loops that are only active periodically. Some data related problems were 
also encountered in the correlation calculations. Irrelevant abnormal situations, such 
as shutdowns, often cause relatively huge changes in the measurements and by so 
can dominate the calculations. In general the discontinuous operating of the machine 
resulted in some additional work as data from these situations had to be filtered out 
or otherwise considered before analysis took place. 
 
Dissimilar sampling periods on different module levels also posed some problems. 
The sampling period on the lowest module level was measured in hours while some 
of the sampling periods on the higher levels are measured in minutes and seconds. 
The low sample rate is caused by somewhat limited fieldbus capacity reserved for 
diagnostic purposes. Also the fact that the field device database was a separate entity 
and not integrated into the process database complicated matters. 
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The highest level of monitoring, human know-how, presented some problems as 
expected. This was emphasized by the use of remote diagnostics (no one from the 
research group was actually on-site during the research). The data was collected 
periodically and analyzed mainly in off-line mode resulting in a delay from an 
abnormal event to the detection. This is problematic as it can be impossible to find 
out what was the cause for a minor abnormality that happened weeks ago. 
 
Even though the research was not as successful as the first one, it was successful as a 
preliminary study of how to integrate and utilize diagnostic and performance 
information from different levels of a functionally distributed process monitoring 
system. General knowledge was gained on what is needed for future developments 
and what are the current weaknesses of the concept. As a result of the study it can be 
argued that intelligent field devices fit the developed monitoring concept. However, 
with the limited results the second research hypothesis is only partially confirmed 
and further work is needed on the subject. 
 

6.2.1 Development ideas 
 
The research showed that there is unexploited potential in intelligent field devices for 
process monitoring purposes. Further integration and exploitation of device level 
diagnostics opens up new possibilities for process monitoring. E.g. higher level 
diagnostics could combine device and control loop level information to enable better 
distinction between control loop level problems (poor tuning etc.) and device 
failures. However at the same time increasing use of distributed systems complicates 
the utilization of process data as the information can be spread on multiple devices 
making the data less cohesive. 
 
Due to the more complicated nature of distributed data further research and work is 
required to improve the utilization rate of the produced information. Better 
integration of information sources is the first requirement. At the moment 
simultaneous analysis of the separate databases still requires manual work and thus 
better usability through better integration is needed. Also better incorporation of the 
human know-how requires better tools and practices. This is a common problem and 
needs to be properly resolved before the full potential of remote diagnostics can be 
exploited. The integration of lower level databases is a more technical question but 
remains an unresolved problem. Also routines and work practices of how to 
systematically exploit the information should be developed. E.g. it should be defined 
how the data is utilized and people assigned to carry it out. It is often the case that 
information from monitoring/diagnostic systems is only utilized after problem 
situations which is not very efficient usage of the information. However it can be 
argued that even with their potential not fully exploited, intelligent field devices offer 
new and effective ways of improving process monitoring. 
 
Better use of the integrated information sources will be achieved if the sampling 
periods are more similar requiring an increase in the sampling frequency on the field 
device level. However, this could result in unacceptable congestion in the fieldbuses 
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if the transfer capacity is not sufficient. This invokes the question of increasing 
fieldbus capacity and/or embedding additional functionalities to the devices in the 
future as they have access to much more detailed measurement and diagnostic 
information than it is currently possible to transmit through fieldbuses to databases. 
If additional measurement information, such as flow and/or pressure, is delivered to 
the positioners, new diagnostics features could be added to them. E.g. the diagnostics 
could monitor inconsistencies in the valve’s pneumatic pressure-opening-flow 
signature. This would not necessarily add to the fieldbus traffic if the measurements 
and the positioner are connected to the same fieldbus segment transmitting the 
measurement information to the control system. Some limited amount of diagnostics 
data could then be transmitted and stored in a database while detected abnormalities 
would be reported immediately. Such processing of larger amounts of data in the 
devices would require more embedded memory and processing capacity. However, 
the requirement for more processing capacity can be impossible to realize using 
current technology if the power is fed to the field device through fieldbus wiring. At 
the moment the accuracy and resolution of the device diagnostics, especially the 
analysis of momentary events, are somewhat limited by the low sampling frequency. 
In short term more detailed information can be accessed in the memory of the 
devices but much of this information is lost in when the data is compressed and 
stored in the database. 
 
It would be very useful if further research could be done in a more controlled 
environment enabling experiments, e.g. inducing faults to the process. Further 
research effort is needed to define what variables are needed for efficient monitoring 
on different module levels and these variables should be calculated and monitored 
automatically. The effects of various process events should also be studied in more 
detail. If the effects of most common faults or abnormal events on the module levels 
are known, a further developed monitoring system would be helpful in identifying 
various situations. This would require construction of an expert or an agent system 
possessing knowledge of the events and corresponding observations on the module 
levels. The system could then point out the most likely fault candidates to the 
operators. Potentially even very specific reasons (e.g. a pneumatic leak) for a 
detected problem could be automatically determined and recommendations for 
corrective actions (e.g. replacing a gasket) given. Creating such a support system that 
is also credible would require a significant amount of further research. If some 
significant situations could be reliably identified, the system could propose some 
measures to be taken to achieve fault tolerance. At this point such a system could be 
feasible especially for limited systems, such as control loops with intelligent 
positioners, which enable reusability and large scale deployment without extensive 
customizing work. For example, a sticky valve causing oscillations could be 
temporarily be dealt with by changing the positioner’s control parameters in the 
inner loop or by changing the control scheme from PI- to P-control as described 
earlier. Such automated actions would also require better coordination and 
communication between the participating entities and would develop the concept 
towards a hierarchical system where the functionality of the modules would be 
hierarchically determined. Provided that in the future the intelligent field devices 
meet the needed technical requirements sufficiently, such systems could also be 
implemented in a truly distributed fashion on the principles of agent technology, i.e. 

 



Discussion of results  101 

distributed autonomous software agents negotiating about possible faults and counter 
measures. This could improve the fault identification part through better flexibility 
and adaptability. It also might reduce the amount of additional diagnostics related 
fieldbus traffic as a whole if more detailed diagnostic information is only transmitted 
on request. The communication features of agents could be exploited also in system 
integration. On the other hand, such use of autonomous agents requires more 
communication and coordination between the entities. It can also increase the 
amount of uncertainty about the overall state of the system making it more difficult 
for the industry to accept the concept. 
 
In general, setting of nominal values representing normal operation can be 
problematic in monitoring applications as the operating environment often affects the 
definition of normal operation. This is often neglected and default values are used to 
avoid excessive configuration work. This practice, however, impairs the performance 
of monitoring applications as the alarm values are set conservatively to avoid high 
number of false alarms. The ND9000 series positioners determine some of their 
nominal values by using collected data from the first three months of operation. This 
practice is not always reasonable since especially in green field sites the production 
doesn’t necessarily reach the normal state during the first months. Also it is possible 
that the new device itself doesn’t function properly from the start. These situations 
may result in inappropriate nominal values. One possible way to alleviate this 
problem could be to form a database consisting of reasonable nominal values in 
different operating environments. The operating environments should be classified 
according to most significant variables, such as valve size, valve type, average flow 
and pressure through the valve and so on. This would also require systematic use of 
process design data and measurement information from a large set of positioners 
classified according the operating environment. Also routines and tools for 
automatically setting the nominal values to the positioners during commissioning 
would be needed. Some preliminary analysis of the device level measurements 
divided into groups based on valve types and sizes was done during the research. 
This revealed fairly trivial information, for example that the force required to move a 
valve depends on the type and size of the valve. However, it was quickly determined 
that the available time was not sufficient for meaningful analysis and development. 
Even though in the end this research direction was not particularly useful for this 
research, this kind of information could possibly be used in monitoring applications 
for determining nominal values more accurately. 
 

 



 

7.  SUMMARY AND CONCLUSIONS 
 
This thesis was a part of the EMPRONET project whose goal was to study the use of 
embedded control and monitoring systems in production machine networks. The 
theoretical part of the work included surveys of intelligent field devices and various 
advanced monitoring methods. Also decentralization along with current 
communication and integration techniques were investigated. The applied part of the 
thesis continued the work of the 2004 master thesis work ‘Performance Monitoring 
of Pulp Drying Process’ [Huo04] and consisted of two subprojects. The first 
subproject consisted of developing a generic large scale process monitoring 
application and implementing it to a pulp drying process. The second subproject 
studied the possibilities of utilizing intelligent field devices as a part of the 
developed large scale monitoring concept. 
 

7.1 Life cycle management and intelligent field devices 
 
The role of PLM is increasing also in process automation. In order to effectively 
meet the requirements of modern production it is increasingly important to consider 
asset management during the whole production equipment life cycle. Thus, the basic 
concepts of reliability, maintenance and life cycle management were discussed. 
Although the definition of life cycle depends on the point-of-view, both the 
manufacturers and end-users of process equipment benefit from properly 
implemented life cycle management. This requires appropriate tools for supporting 
PLM in process industry environment. PLM tools can be used e.g. for 
commissioning and collecting feedback data to product development as well as for 
daily process management. However, effective PLM of modern production assets not 
only requires modern automation solutions, but also changes in management 
philosophies, work practices and business models. 
 
With the rise of the life cycle philosophies the suppliers need to consider how 
factories will be run in the future and the implications of this fundamental 
transformation to not only their products but also to their business models. The 
concept of Customer Relationship Management needs to change from one that 
effectively ends with the sale to one that promotes an ongoing involvement with the 
customer and builds on continued service. The manufacturers need to change their 
existing business models and internal structure to deal with the new customer 
relationship. New services that support such continued customer relationship can be 
created and product differentiation achieved by taking advantage of the developing 
technologies [Mil04]. 
 
Acknowledging the possibilities enabled by the favourable technical developments 
the field device manufacturers have started to increase the amount of embedded 
intelligence in their products to gain competitive edge. The resulting intelligent field 
devices will have a significant and increasing role in implementation of PLM in the 
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process industries. Intelligent field devices are process devices, such as valve 
positioners or measurement devices, that have embedded microprocessors, memory 
and software modules to enable data processing. This embedded intelligence means 
that the devices are not only passive digital devices but have additional functionality 
such as self diagnostics and signal processing. The technical developments have also 
resulted to a range of Internet-based services provided by the manufacturers. Thus, 
forward-looking manufacturers have started to develop network capability and 
integrate Internet-based services with their products, transforming them into 
platforms for service delivery. As a result closer customer relationships will be 
formed throughout the product’s lifetime [Mil04]. 
 
Even though intelligent field devices seem to offer promising possibilities for 
efficient PLM of production assets their full potential is not exploited yet. Even the 
features of already acquired and commissioned intelligent field devices often remain 
unused. Human resistance, responsibility issues and lack of new practices and easy-
to-use tools are seen as contributing factors. Further development work is needed 
both on the part of the suppliers and end-users in order to maximize the potential of 
intelligent field devices. As the technology improves the features of intelligent field 
devices will be utilized in increasing numbers along with advanced monitoring and 
control methods. 
 

7.2 Process monitoring 
 
The increasing complexity of modern industrial processes poses new challenges for 
process management. The reasons include e.g. reduced inventory, use of recycle 
streams and heat integration, faster production speeds, multi-product production lines 
etc. To meet the challenges and to enable transition from traditional and ineffective 
maintenance strategies towards condition-based maintenance strategies, various 
process monitoring methods are used. The monitoring methods are numerous and 
can be divided into model based and process history based methods [Ven03c]. 
Process monitoring methods can also be viewed from the point of view of the 
monitored process. For example plant-wide process monitoring introduces additional 
challenges and requirements when compared to monitoring of smaller process 
entities but at the same time more holistic monitoring approach also offers greater 
rewards once implemented properly. However, the theories, applications and 
practices of plant-wide monitoring are still somewhat lacking and require more 
research. Although the issue of large scale monitoring is not yet addressed 
sufficiently in the research community there is some progress made, see e.g. [Tho07, 
Bau08, Tha09]. Especially the methods capable of extracting qualitative propagation 
path models from process data and combining readily available information about 
the connectivity of the process seem promising. Also the increasing use of XML 
based PI&D tools offer new possibilities for qualitative modelling and large scale 
monitoring. 
 
From industrial application viewpoint, the majority of monitoring and diagnostic 
applications in process industries are based on process history based approaches due 
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to easy implementation requiring little modelling effort and a priori knowledge. 
Also, with the current state-of-art in applications, detection seems to be a bigger 
concern than detailed diagnosis which is why less complex methods are often seen as 
adequate. The literature on industrial applications of monitoring/diagnostic systems 
and their actual industrial implementations are not many in numbers. This is 
probably due to the proprietary nature of the development of in-house systems and a 
gap between academic research and industrial practice. Also, many of the academic 
demonstrations of the applications have been on very simplistic systems and 
implementing them for industrial systems is beset by several problems. In this 
respect overlooked areas in the academic research seem to be the issues affecting the 
economical feasibility such as ease of deployment and adaptability of the systems. 
Therefore many of the existing monitoring applications are often seen as expensive 
to deploy and maintain [Ven03b]. 
 
Also, there seems to be little articulation in the literature about the benefits that can 
be accumulated through deployment of monitoring/diagnostic systems. There are 
some general guidelines based on experience on the economic impact due to 
abnormal situations, but there are no case studies that analyze specific benefits 
attainable through implementation of diagnostic systems. More research is needed on 
this issue in line with the work that has been carried out analyzing the benefits of 
implementation of advanced control systems [Ven03b]. The lack of such references 
hinders the development work and makes it harder to get the industry to commit to 
research and development projects. Thus, it can be argued that there is unexploited 
potential in the field of process monitoring and the number of monitoring 
applications is likely to increase as some of the problems are solved and the related 
technology improves. Once more successful industrial cases are made public proving 
the benefits there should be large markets for such applications. 
 

7.3 Distributed systems and system integration 
 
The trends of increasing decentralization in process automation and the need to 
integrate process assets into a seamless entity were discussed. Decentralization has 
been ongoing for some time with the popularity of DCS structure and has been 
enabled by the introduction of programmable digital control systems. More recently 
especially the developments in fieldbus technologies have been instrumental in 
promoting this development. One of the latest steps in the evolution of fieldbus 
technology is the application of wireless transfer techniques in process industries. 
Nowadays the decentralization is going further with the development and 
deployment of intelligent field devices which enable the distribution of various 
functions to the field device level. Such adding of digital intelligence to final control 
devices adds capabilities that help reduce process variability, increase production 
uptime, reduce operating costs, and improve safety [Har03]. 
 
The evolving communication technologies offer new possibilities and the suppliers 
need to be aware of the importance of integrating pervasive networking and 
intelligent devices into factories [Mil04]. At the same time increasing 
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decentralization means that the available information is more distributed and there is 
often a lack of centralized repository. Further, distributed intelligent systems in 
general require more communication to coordinate all the entities in the system  and 
full potential of the distributed intelligence is only achieved if hardware, automation 
system and asset management applications form a seamless entity [Par08, Rep06]. 
Thus, various integration techniques have been developed. Nowadays the most 
significant integration techniques in process automation are the OPC, FDT and 
EDDL techniques which were discussed. These standards help integrating the 
traditionally separate process assets into an easier-to-manage entity. System 
integration on higher levels was also discussed and an integration technique, SOA, 
briefly presented. In the future the role of system integration will further increase on 
all hierarchy levels.  
 

7.4 Applied part of the thesis 
 
The main research problem was to define requirements, desirable features, 
architecture and tools for a generic large scale industrial monitoring system and to 
test it in a pulp drying process. A comprehensive performance measurement and 
process monitoring application was developed for the pulp drying process. The 
application provides the plant personnel and partners additional tools for monitoring 
and analysing the process. The application is a functionally distributed monitoring 
system based on process history based methods. 
 
It was estimated in the beginning of the study that from the point of view of the 
application development the most challenging parts are economical, reliability 
(performance in a dynamic environment) and usability aspects. The usability aspects 
such as presentation of results (Human Machine Interface) would require attention as 
the user group consists of people with various backgrounds and people using remote 
connections. From the point of view of the remote users, the most challenging part 
seems to generally be the inclusion of un-coded human know-how such as 
knowledge of why something happened in the process. Some technical solutions, 
such as electronic process diaries, have been developed for this purpose but their use 
seems to be limited making it hard to find out why something happened in the 
process e.g. a week or a month ago. Therefore currently monitoring application 
development and detailed analysis of the process usually require some “babysitting” 
and active consultation with the process operators. The preconceptions of the 
challenges were confirmed during the development work and a corresponding set of 
requirements and desired features for large scale monitoring applications was 
compiled. 
 
The goals of the project were achieved and the research hypothesis confirmed. The 
involved parties were pleased with the results and the application has been taken into 
active use. The application presents the overall status of the process and individual 
subprocesses based on measured facts giving new tools for process management. The 
application also provides more detailed information which helps identifying 
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problems and focusing maintenance efforts on the most critical areas. This is a huge 
improvement over process management relying to a large degree on unmeasurable 
human know-how. The application is also useful as an optimization tool and the 
collected information can be exploited in future equipment and process development. 
 
The second part of the study was continued on the base of the developed monitoring 
concept, although at a different plant and without certain parts of the monitoring 
application of the first phase. The second research problem was to study the 
feasibility of exploiting intelligent field devices as a part of the developed 
monitoring concept. At this point the functionally distributed monitoring system 
consisted of field device level, control loop level and subprocess level 
measurements. The project goal was to study how various events are observable in 
the monitoring system. Also the role of human know-how was studied as the highest 
level of the monitoring hierarchy. This proved, once again, to be the most difficult 
part of the study. 
 
The results were not as good as in the first study and not all of the goals were met. A 
major problem was that the plant and its equipment were functioning “too well” and 
real faults or abnormal situations rarely occurred during the project period. This 
limited the results but there were some events that had credible explanations and 
were visible at various module levels. The results suggest that further research of the 
functionally distributed monitoring system under more controlled environment 
(enabling free experimenting) should result in improved monitoring and diagnostic 
features. For example better distinction between field device level and control loop 
level problems could be achieved and some of the diagnostic procedures could be 
automated. This would however require better integration of the information sources 
and more uniform requirements for the data. As a result of the study it can be argued 
that intelligent field devices fit the developed monitoring concept but further work is 
needed on the subject. All in all the results were encouraging but there is still room 
for improvements. Both studies showed that there are still some major issues to deal 
with in the development of monitoring systems. 
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