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Evaluating systems usability in complex work
Development of a systemic usability concept to benefit control room design
Systeemikäytettävyyden arviointi monimutkaisessa työssä. Systeemisen käytettävyyskäsitteen
kehittäminen valvomosuunnittelun tueksi. Paula Savioja.
Espoo 2014. VTT Science 57. 168 p. + app. 116 p.

Abstract
The design of industrial control rooms assumes fulfilling the goals of production,
safety, and human well-being. Control rooms and the user interfaces within them
should enable the effective and efficient conduct of work in all the operating conditions
which can be foreseen during specification and design. At the same time, the user
interfaces should enable the control of the process in unprecedented and totally
unexpected situations while simultaneously maintaining the safety of the process.
During the design or modification of the control room, the potentiality of the emerging solution to fulfil the objectives is assessed by conducting empirical evaluations.
This dissertation presents the development of an evaluation methodology which
enables developing the control room towards meeting these objectives.
Industrial process control constitutes a socio-technical system in which people
and technologies have multiple and sometimes overlapping roles. In order to meet
the demands of maintaining safety in all situations, the socio-technical system
should have built-in capability of dealing with the unexpected. The control room,
and the user interfaces within it, are an integral part of the socio-technical system.
Thus, they have a role in construing and maintaining the safety of the system. The
concept of systems usability (SU) is introduced in the dissertation to evaluate the
systemic effects of control room solutions. SU is a human-centred quality attribute
of user interfaces and control rooms attributed to technology, but the value in the
use of the technology is evidenced in the success of the activity in which the technology is used. Thus, the research makes sense of the significance of the individual technological solutions in, and for, the entirety of an activity system.
Systems usability means that a tool in an activity serves the functions of 1) an
instrument, 2) a psychological tool, and 3) a communicative tool. The meaning of
each function in the specific domain is contextually defined. Furthermore, the quality of the tool can be assessed utilising different perspectives on the usage activity:
performance, way of acting, and user experience. By combining the functions of
the tool and perspectives on activity, a systemic framework for developing contextual indicators for a good control room is construed.
Utilising the concept of SU in the control room requires a model-based evaluation approach. This means that the general contextual work demands are considered in defining the reference of a successful process control activity. In addition,
the scenarios utilised in the evaluation are modelled also taking the general work
demands into account. A specific scenario modelling method, functional situation
modelling (FSM), is presented in this dissertation. FSM combines a functional and
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a chronological view of the activity of an operating crew in a particular situation. By
making explicit the connection between required operating actions and critical
domain functions, the model lays the ground for analysing operating activity from
the point of view of maintaining the critical functions.
On aspect of control room evaluation is identifying whether the operating practices are attuned to maintaining safety in all situations. For this purpose, a data
analysis method is presented in this dissertation. The analysis is based on identifying how operators identify and interpret signs depicted in the control room. Signs
are, for example, information technological representations of process information,
but they may also be the activities of other crew members. If the interpretation of
signs has an identifiable global safety-related aspect, it may be concluded that the
operating practice, even though situated, is also attuned to the general functions
of the work which must always be maintained.
A particular viewpoint in evaluating SU is provided by analysing user experiences (UX) which emerge in the complex work. For this purpose, a UX questionnaire was developed within the SU evaluation framework. The questionnaire is
based on UX indicators which reflect experiences of appropriateness concerning
the three tool functions (instrument, psychological, communicative). The importance of UX as a measure of germinating, not yet existing tool appropriateness,
is presented in the dissertation.
The contribution this dissertation makes is in the intersection of the research
fields of human factors and ergonomics (HF/E) and usability engineering. The
theoretical foundations of the research are in activity theory and cognitive systems
engineering. The empirical work has been conducted by following the control room
modernization efforts of Finnish nuclear power plants, during which evaluations
have been carried out.

Keywords

control room evaluation, human factors, systems usability, control room
design, nuclear power plant
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Systeemikäytettävyyden arviointi monimutkaisessa työssä
Systeemisen käytettävyyskäsitteen kehittäminen valvomosuunnittelun tueksi
Evaluating systems usability in complex work. Development of a systemic usability concept
to benefit control room design. Paula Savioja.
Espoo 2014. VTT Science 57. 168 s. + liitt. 116 s.

Tiivistelmä
Teollisuudessa käytettävien valvomoiden suunnittelu tähtää tuotannon, turvallisuuden ja ihmisten hyvinvoinnin tavoitteiden saavuttamiseen. Valvomoiden ja
niissä käytettävien käyttöliittymien tulisi olla sellaisia, että ne mahdollistavat tuloksellisen ja tehokkaan työskentelyn kaikissa suunnitteluvaiheessa ennakoitavissa
olevissa tuotannollisissa tilanteissa. Samalla käyttöliittymien tulisi mahdollistaa
prosessinhallinta myös ennalta odottamattomissa tilanteissa turvallisuustavoitteista
tinkimättä. Kehittyvää valvomoratkaisua arvioidaan valvomon suunnittelu- ja muutosprojekteissa tekemällä empiirisiä kokeita. Tämä väitöstyö käsittelee sellaisen
valvomoarviointimenettelyn kehittämistä, joka mahdollistaa valvomon kehittämisen
aikaisen arvioinnin edellä mainittujen yleisten tavoitteiden suhteen.
Teollinen prosessinhallinta muodostaa sosioteknisen järjestelmän, jossa ihmisillä ja teknologioilla on useita, usein päällekkäisiä rooleja. Jotta sosiotekninen
järjestelmä voisi saavuttaa turvallisuustavoitteet kaikissa tilanteissa, siinä tulisi olla
sisäänrakennettua kyvykkyyttä käsitellä epävarmuuksia. Valvomo ja sen sisältämät käyttöliittymät ovat keskeinen osa sosioteknistä järjestelmää. Siten niiden rooli
turvallisuuden rakentumisessa ja ylläpidossa on olennainen. Tässä väitöstyössä
esitellään systeemikäytettävyyden käsite, jonka avulla voidaan eritellä valvomoratkaisujen systeemisiä vaikutuksia suunnittelun aikaisissa valvomoarvioinneissa.
Systeemikäytettävyys on valvomoiden käyttöliittymien ihmiskeskeinen laatutekijä
ja sinällään teknologian ominaisuus, mutta teknologian käyttöarvo liittyy aina toimintaan, jossa sitä käytetään. Systeemikäytettävyyden käsitteen kautta tämä tutkimus käsittelee siis teknologioiden merkitystä osana toimintajärjestelmää ja sen
tavoitteiden saavuttamista.
Systeemikäytettävyys erittelee työvälineen funktioita toimintajärjestelmässä
toiminnan teorian pohjalta: Työväline on 1) instrumentti, 2) psykologinen väline ja
3) kommunikatiivinen väline. Jokaisen funktion merkitys tietyssä toiminnassa määritellään asiayhteydessään. Työvälineen laatua voidaan tarkastella kolmesta eri
näkökulmasta toimintaan: suoritus, toimintatapa ja kokemus. Yhdistämällä työvälineen funktiot ja tarkastelunäkökulmat saadaan kehikko kontekstuaalisten hyvän
valvomon indikaattoreiden määrittämiseen.
Systeemikäytettävyyden käsitteen käyttäminen valvomoarvioinnissa vaatii mallipohjaista arviointia, jossa työn yleiset vaatimukset ymmärretään ja otetaan huomioon
arviointiskenaarioiden suunnittelussa. Tässä väitöstyössä on kehitetty erityinen
skenaariomallinnustekniikka: funktionaalinen tilannemallinnus (FSM, Functional
situation model). FSM yhdistää funktionaalisen ja kronologisen näkökulman ope-
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raattorivuoron toimintaan tietyssä tilanteessa. Tekemällä eksplisiittiseksi yhteydet
vaadittujen operaatioiden ja prosessin kriittisten funktioiden välillä malli luo perustan
operaattoritoiminnan analyysille prosessin kriittisten funktioiden näkökulmasta.
Arvioinnissa on kiinnitettävä huomiota kehittyviin operaattorityön käytäntöihin ja
siihen, että ne yleisesti tähtäävät turvallisuuden varmistamiseen kaikissa tilanteissa.
Tätä tarkoitusta varten kehitetty operaattoritoiminnan analyysimenetelmä esitellään
tässä väitöstyössä. Analyysi perustuu siihen, miten operaattorivuorot havaitsevat
ja tulkitsevat valvomossa esiintyviä prosessista kertovia merkkejä. Merkit voivat
olla informaatioteknologisia, mutta ne voivat olla myös esimerkiksi vuoron muiden
jäsenten tekoja. Jos merkkien tulkinnassa pystytään tunnistamaan globaaleja
yleisiä piirteitä, voidaan päätellä, että toiminta suuntautuu yleisten tavoitteiden,
esimerkiksi turvallisuuden, ylläpitämiseen. Samalla tunnistetaan myös välittömien
prosessinhallintaan liittyvien tekojen toteutuminen tai toteutumatta jääminen.
Valvomoarvioinneissa on myös syytä tarkastella monimutkaisessa työssä ilmeneviä käyttäjäkokemuksia. Ydinvoimalaitoksen operaattoreiden käyttäjäkokemuksia tutkittiin kolmessa eri teknologiaolosuhteessa. Käyttäjäkokemuksia tutkittiin
kyselymenetelmän avulla, joka on kehitetty systeemikäytettävyyskehikon pohjalta.
Työssä esitellään käyttäjäkokemusindikaattorit kaikille kolmelle välinefunktiolle
(instrumentti, psykologinen väline, kommunikatiivinen väline) ja eritellään kolmen
eri tutkimuksen tuloksia. Työssä tarkastellaan myös käyttäjäkokemuksen merkitystä
kehittyvän, ei vielä valmiin työvälineen arvioinnissa.
Väitöstyön kontribuutio on inhimillisten tekijöiden ja ergonomian (human factors
and ergonomics) ja käytettävyyssuunnittelun (usability engineering) välialueella.
Työn teoreettinen perusta on toiminnan teoriassa ja kognitiivisessa järjestelmäsuunnittelussa (cognitive systems engineering). Empiirinen osuus on tehty seuraamalla suomalaisten ydinvoimalaitosten valvomokehityshankkeita, joiden yhteydessä erilaisia systeemikäytettävyysarviointeja on suoritettu.

Avainsanat

control room evaluation, human factors, systems usability, control room
design, nuclear power plant
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Preface
I became interested in usability of industrial applications during my studies for
master’s degree in the Helsinki University of Technology, department of Automation and Systems Engineering. During that time, I was fortunate to work three
summers as an automation mechanic; first at the Salmisaari Power Plant of Helsingin Energia, and then at Kaukas Paper Mill of UPM Kymmene. These time
periods were exciting: I had the opportunity to immerse in the reality of the industrial plants and experience the everyday life, the workarounds and sometimes
clumsy tools but also the fantastic knowhow and skills of the people working at the
plants. I believe this was the true starting point of the work which is now presented
in this dissertation. The official research process stretches in time from 2003 when
I enrolled as a doctoral candidate in the former Helsinki University of Technology,
to this date, spring of 2014 when the final phases of my doctoral work are taking
place at the Aalto University School of Science. Naturally, during these years there
have been periods in which the research has been more intensive along with periods during which I have been occupied with other things in life. Nevertheless,
today is the day to think back and thank everybody who have supported me in this
endeavour.
First and for most, I want to express my gratitude and my most sincere appreciation to my thesis advisor Research Professor, Docent Leena Norros. We have
worked together over 10 years on the different aspects of human factors in complex systems. The time has been full of interesting events, ups and downs, but all
and all, it has been exciting and a lot of fun. I want to thank you for introducing me
to Activity Theory and other theoretical philosophical background relevant in the
dissertation. Your passion for research is truly inspirational, and without your excellent conceptual innovations and continuous support this work would not have
been possible to complete.
Professor Marko Nieminen has been the supervising professor of this work. I
want to thank him for support during all phases of the doctoral studies. Professor
Nieminen can be accredited with being one of the pioneers of usability in Finland
and his enthusiasm for advancing the whole field has also had positive effect on
my possibility to carry out research in the industry.
I have been honoured to have Professor Kari Kuutti from the University of Oulu
and Professor Greg Jamieson from the University of Toronto as the official preliminary examiners of my dissertation. Your kind remarks and encouragement have
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strengthened my trust in the findings of the research and helped me in clarifying
the strongest points of my work. I am grateful and looking forward to having Professor John M. Flach from the Wright State University as the opponent in the public defence of my dissertation in the near future. I also want to express my gratitude to the tens of anonymous reviewers during the process of writing the dissertation papers. The constructive comments have been extremely useful in construing the argumentation for the empirical findings and theoretical developments
presented in the dissertation.
Writing the articles which constitute the dissertation has been collaboration in
the most profound sense of the word. I want to thank all my co-authors in addition
to already mentioned Leena Norros: Leena Salo, Jari Laarni, Marja Liinasuo, Hanna
Koskinen, Hannu Karvonen and Iina Aaltonen, thank you for the joint work and
fruitful discussions during the writing processes. Furthermore, I want to thank my
other former and current team members Paula Laitio and Mikael Wahlström for
good collaboration and new viewpoints, and all the rest of the current team Maiju
Aikala, Susanna Aromaa, Pertti Broas, Göran Granholm, Juhani Heinilä, Kaj Helin,
Eija Kaasinen, Jaakko Karjalainen, Tiina Kymäläinen, Simo-Pekka Leino, Juhani
Viitaniemi, and Antti Väätänen, for the support an encouragement in the final
phases of the dissertation work.
I have been fortunate to work as a full time research scientist at VTT during the
whole course of my doctoral process. I want to thank Research Manager Olli
Ventä for hiring me, and thus enabling a career in research in the first place.
Technology Manager Jari Hämäläinen made it possible for me to concentrate on
finalising the articles and the dissertation from time to time in 2012–2013 which
was invaluable. I want to also mention my current manager Head or Research
Area Riikka Virkkunen and thank her for the support in the final phases of the
dissertation work. During my career in VTT I have worked under four different
team leaders Teemu Tommila, Leena Norros, Maaria Nuutinen and Jari Laarni.
They have all been excellent bosses and done everything in their power to enable
conducting long term scientific work in the rigorous operative environment of VTT.
I thank them all for that. A special thank you belongs to Jari L for commenting and
proofreading one of the late versions of the dissertation.
The research which constitutes this doctoral work has been conducted in the
empirical context of control room modernisations of the Finnish nuclear power
plants. Only the practical questions related to control room modifications show the
importance of this research work. Therefore, both Finnish nuclear power operators
Fortum and Teollisuuden Voima (TVO) and the key personnel within the organizations must be mentioned. Late Esko Rinttilä from Fortum was always favourable
towards control room development related research, and his great efforts made it
possible to conduct such research in Finland in the first place. Ville Nurmilaukas,
Mika Lehtonen, and Leena Salo have since continued successfully the control
room development work at Fortum and I want to thank them and the whole control
room team of Fortum for great collaboration. Furthermore, I want to thank simulator
instructor team of the Loviisa plant lead by Pekka Kettunen for invaluable support
in the course of the empirical work. Most importantly I must thank all the operating
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crews of the Loviisa plant who have taken part in the studies conducted by the
VTT Human factors team in 2008–2012. Also Teollisuuden Voima (TVO) must be
thanked for the opportunity to conduct simulator studies in the training simulator.
Olli Hoikkala, Sanna Haapala and Mauri Viitasalo have shown support for our
research and on their part enabled the participation of TVO. I want to thank also
the simulator instructor team of TVO lead by Matti Rantakari and similarly all the
operating crews who took part in the experiments in 2009 conducted by the VTT
Human Factors team. In addition, I want to thank Harri Heimbürger, Heimo Takala
and Jukka Kupila from the Finnish Radiation and Nuclear Safety Authority (STUK)
for their support for control room related research work in the context of the Finnish
nuclear safety research.
The international nuclear safety research community has been a favourable
environment for developing methods for control room assessment. I want to thank
numerous colleagues from EdF, OECD Halden Reactor Project, and University of
Toronto for sharing ideas and experiences concerning control room modifications
during the years. Furthermore, I have been fortunate to take part in two HCI related cost actions that have been led by Dr. Effie Law. It has been great, from time to
time, to detach from the nuclear safety research and immerse in HCI related discussions, because usability is, in the end, my scholarly home. During the late
stages of my research, the Finnish HCI research community working together in
FIMECC UXUS-program has been important. I want to especially thank Research
Manager Hannu Paunonen from Metso Automation for insightful discussions.
The funding bodies must also be thanked. Most of the research was carried out
within the Finnish National Research Programs on Nuclear Safety (SAFIR, SAFIR
2010, and SAFIR 2014). Within the three programs, the research has also been
funded by the OECD Halden Reactor Project, Fortum Oyj, Teollisuuden Voima Oyj,
and VTT. Additionally, I have received direct funding (in the form of work hours)
from VTT and a personal grant from the Fortum Foundation.
I am greatly indebted to my family, friends, and relatives for the interest and
support for my doctoral work. I thank your encouragement during the process and
not asking too many questions about the level of completeness. Especially the
efforts of Hannele, Riikka, Ossi, Liisa and Maka in the form of endless supply of
childcare must be mentioned.
I want to dedicate this dissertation to the ones who are the closest. Tuomas and
Elmo you are an inspiration to me. You have been patient when I have needed the
time, but also given me reasons to focus on other aspects of life when needed.
I thank you for being there and for the love and support.

Otaniemi, 30.4.2014 (Wappuaatto)
Paula Savioja
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1. Introduction

1.

Introduction

Digital technologies are everywhere in the modern world. They have become embedded in our natural habitat and the practices of our daily lives in ways that are to
a point unobservable by us, when the technology functions appropriately. The
possible unreliability of digital technology may in most cases only be a nuisance,
and quick fixes such as rebooting the systems are immediately available. But in
the case of safety-critical systems the situation is different: Digital technologies
affect the functioning of complex systems just as profoundly as they do everyday
lives, but the impacts of unreliability are more severe. Digital technologies change
the nature of accidents [Leveson 2011a]. Consequently, our ways of engineering
safety into the systems need to be compatible with the potential new forms of
hazards (ibid).
The research presented in this dissertation deals with methodologies of human
factors and ergonomics which are utilised in the development of socio-technical
systems. These methods are applied in engineering systems which aim to be as
safe as possible in human use. A central concept is usability, which is treated as a
quality attribute of user interfaces (UI) within complex socio-technical systems.
Such UIs are utilised by professional operators, for example in a control room
(CR), to operate safety-critical industrial processes. The whole control room constitutes a mediating technology element in the overall socio-technical system aiming to achieve the general objectives of production, safety, and well-being [Vicente
1999] of humans. In this work, usability as a concept is attributed to technology,
but the value in use of a particular technological solution is evidenced in how well
the whole socio-technical system succeeds in meeting its objectives. For this purpose, to connect the features of technology to the overall performance of the socio-technical system, the concept of systems usability has been developed. This
principle of the connection of the technology to the appropriate functioning of the
production system has been the flywheel of the development of the evaluation
approach presented in the dissertation. The interest is not in technology per se,
but rather in the capability of the technology to serve the variety of functions relevant for the viability of an activity system.
The practical empirical context of the work is control room development in the
nuclear power domain. Control rooms are important for plant safety, as operator
performance is related to plant performance [NEA 2004, Abu-Khader 2009, Jang,
Park & Seong 2012, Park, Cho 2010]. When new digital technologies are intro-
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duced in a nuclear power plant (NPP) main control rooms (MCR), the effects on
the operating work and safety need to be analysed.
An NPP constitutes a complex socio-technical safety-critical system as characterised from multiple perspectives by for instance Vicente [1999] and Saurin &
Gonzalez [2013]: complexity is evident in the large number and diversity of the
dynamically interacting elements of the system and in the behaviour of the system
which contains both unanticipated variability and self-organised adaptations. Safety-criticality is obvious. In an accident condition, the possibility of the release of
radioactive material into the environment may be increased. Nuclear accidents
such as the Three Mile Island accident, the Chernobyl disaster, and the Fukushima Daiichi disaster have shown that accidents can take place in an NPP, and that
the main control room, as a scene of the interplay of operators, procedures, and
control room systems, plays a role in accidents and their management [Le Bot
2004]. The balancing between human and technical reliability [Papin 2011] is important in learning from the accidents so as to support development of the whole
field [Rempe et al. 2012]. Poor design of control rooms is one of the latent conditions acknowledged by modern safety research to lead to production problems [Li,
Powell & Horberry 2012] and threats to system safety and ultimately to accidents
[Stanton et al. 2010], and usability has been identified as one of the key issues of
development [Hamilton et al. 2013] within the socio-technical system of NPP operations.

1.1 Background and motivation for research
The research presented in this dissertation is motivated by the extensive modifications taking place in NPP control rooms in the form digitalisation of technologies.
The design phase of the life cycle of safety-critical systems is crucial for safety.
According to combined accident and incident data from the aviation, railway, and
nuclear industries, about 50% of reported accidents and incidents have a root
cause in design [Kinnersley, Roelen 2007]. In a review of reported modificationrelated nuclear events, i.e. near misses, incidents, and accidents, it was found out
that 41% of the events could be traced back to a failure in the design phase of the
modification [Zerger, Maqua & Wattrelos 2013]. This means that, in order to improve safety, it is absolutely essential to focus on the design phase of systems.
The technical development in the nuclear industry is slow in comparison to other industries [Abu-Khader 2009]. Where in conventional industries the digitalisation of control room systems started widely already in the 1980s, the situation in
NPPs is different; most control rooms are still in the era of analogue UI techniques
[Silva Junior, Borges & Carvalho 2012]. In non-nuclear industries, a contemporary
control room contains many types of digital systems which have been designed for
various aspects of process control work [Suomen Automaatioseura ry 2010]. Due
to progress in other industries, information concerning the design of control room
systems can be found in the literature [Stanton et al. 2010, see e.g. Hollnagel
2003] and international standards which are comprehensively introduced by Stan-
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ton et al. [2010]. However, even though the digitalisation of information may open
up new possibilities for the development of new representations of process information, the possibilities have not been fully exploited even in conventional industries. Often the main form of information representation is still based on the process and instrumentation (P&I) diagram complemented with trend and alarm displays [Braseth et al. 2009, see also Jamieson 2007]. This means that the prevailing representations still partly derive from the era of analogue user interfaces. This
is understandable considering the nature of the investment needed in control room
modifications and especially the development of new representations, although
cost benefits of the human factors effort have been found to exist [Bruseberg
2008]. Despite the conservatism of the design solution in control rooms, users are
known to use the control room systems for various purposes in addition to the
obvious monitoring and conducting operations, for instance learning, development
work, information sharing, and knowledge management [Paunonen 1997]. This
means, that also in the context of complex work, users appropriate technologies
for purposes for which they were not originally designed [Dourish 2003]. From the
point of view of design of new control rooms and process information representations, this means that there may be room to develop even further the ways in
which organizations can benefit from the extensive process monitoring and control
conducted by modern automation systems. The thorough investigation of the usages of control room systems may shed light on these new opportunities.
In the nuclear industry today, new plants are being built and old ones modernized due to the obsolescence of the original technologies, and thus the digital era
is also reaching NPPs. This may open possibilities for new representations such
as ecological interface design [Burns, Hajdukiewicz 2004], multilevel flow modelling [Lind 1999], function-oriented design [Pirus 2004], information-rich design,
task-based design [Braseth et al. 2009], and other non-conventional interfaces
[Aghina et al. 2012]. Simultaneously, there are also inevitable challenges involved
in control room upgrades. From an analysis and evaluation perspective, it is notable that human activity in a computer-based control room, as with any other digital
technology, is highly cognitive and thus not so easily observable by an analyst
[Meister 1995]. So-called secondary tasks of managing the interface will become
more dominant than in the current control rooms. Because of this, the operators’
performance in process control work per se may be threatened as attention is
shifted to interface operations. In addition, under high mental workload, interface
operations may become difficult to conduct [O'Hara et al. 2002]. Also collaboration
within the crew, and particularly the shared understanding of the situational demands, may become more difficult to maintain [Roth et al. 2010]. Therefore, the
probability of failures such as missing information necessary for operation or decision-making may be increased and this may further affect operational safety.
Evaluation of the safety implications of human system interaction is extremely
complicated [Cacciabue 2010]. As it is not possible to evaluate all possible usage
situations, a relevant research approach should be developed which enables generalisation of the results in a way that is meaningful in the domain. In addition to
being accurate as such, i.e. concentrating on the meaningful aspects of human
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performance, the evaluation should be such that it supports the design of control
room systems. Human factors methods are not always like this, as they do not link
the human performance measures to the design features of the tested systems
[Norros 2013]. Actually, rather the opposite, values such as independence of design, are typically emphasised in human factors testing to avoid biases. Nevertheless, in modernization of control rooms the changes impacting operational work by
the new designs must be monitored because of the possible safety implications.
This can be interpreted as management of change in operating work, which is one
of the most important ways to support human performance in the evolving sociotechnical system [Nuutinen 2005a]. In addition to supporting the design and management of change, the evaluation approach should be systematic, traceable and
reflective about the scope of the change [Cacciabue 2010].
Therefore, in the prevailing situation of technology transformation in the nuclear
industry, the motivation for this research is to identify and develop a control room
system evaluation approach and methods which both support design efforts and
enable assessment of the safety implications of the new systems.

1.2 Research object and goals
As stated above, this dissertation concerns the evaluation of control room tools
from the point of view of suitability for operating work. The object of the research is
thus evaluation of tools in complex work (Figure 1).
Evaluation as such cannot be treated in isolation of its purpose and the practical context in which it is carried out. The purpose of the evaluation dictates in large
part the methodology and approach utilised in the evaluation. In the control room
digitalization context, the purpose is at least twofold: design of tools needs to be
supported and identification of safety implications is necessary to inform the acceptance of tools. These two purposes affect the choice of methods. The interaction is two-way: the way the evaluation is conducted affects the usefulness of the
results for the intended purposes.
Starting from a different viewpoint, evaluation is also affected by the nature of
the operating work in which the tools are to be used and the conceptualisation of
what constitutes a good tool in the particular work. The nature of operating work
affects the choice of aspects of the work to be treated in the evaluation. For example, in particularly risky tasks it may be exactly the aspects known to be related
to the identified risks which need to be studied carefully in the evaluation. The
conceptualisation of a good tool is important because it has implications, for example, for the measures of success utilised in the evaluation which constitutes the
core of the validity of the evaluation procedures.
The object and main goals of this research concern the evaluation of tools, but,
as stated above, in order to treat the evaluation in a contextually meaningful way,
other topics also need to be investigated. These are: nature and characteristics of
operating work, conceptualisations of good tools, and the design and implications
of tools. These topics expand the object of the research accordingly (Figure 1).
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The main goal of the research is to investigate, test, and develop research
methods which enable evaluating NPP control room solutions in a manner which
is both relevant for design and considers the safety implications of the new solutions. For this purpose, it is necessary to acquire a profound understanding of the
characteristics of operating work and also to investigate and develop the conceptualization of a good tool.

Figure 1. The object of the research is the evaluation of tools, which supports the
design of tools and is based on an understanding of the characteristics of operating
work and a conceptualisation of what constitutes a good tool in the specific context.

1.3 Research themes
In what follows, I develop the goals of this research in three separate themes
which correspond to three of the four objects of the research presented above
(Figure 1). The characteristics of operating work are not treated as a separate
research theme due to the amount of existing research on this topic. Instead, literature concerning operating work is reviewed in Chapter 2. The remaining objects
of research are investigated both through the literature and empirically under three
themes, labelled 1) Conceptualization of a good tool in complex work, 2) Methods
of usability evaluation of control room UIs, and 3) Implications for the design of
control rooms.
The research themes are further specified and focused through the analyses of
relevant research in Chapter 2 of the dissertation, and the detailed research question are presented accordingly in Chapter 3 (p. 68).
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1.3.1 Theme 1: Conceptualization of a good tool in complex work
In evaluating the appropriateness of control rooms and control room systems, it is
evident that it must be clear what constitutes a good control room. Within the first
research theme in this dissertation, I want to emphasize that conceptualising the
characteristics of an appropriate control room is a central precondition of any
evaluation work, especially in support of design. The characteristics of the good
control room set the objective for the design and thus the reference for the evaluation. The choice of concepts is vital as it largely dictates what kind of data is collected, the analyses conducted and thus what kind of results may be achieved.
The starting point in the conceptual research theme is the concept of usability.
As a concept, usability addresses the quality1 of the system in use. It is quite obvious that a good control room is such that the operating crew of a plant is able to
use it in order to fulfil the goals of the work. In the usability paradigm, it is specifically the outcomes of use which determine the appropriateness of a system for its
purpose [Cockton 2006]. Usability as a concept has a definition written into an
international standard such as: usability is the extent to which a product can be
used by specified users to achieve specified goals with effectiveness, efficiency
and satisfaction in a specified context of use [ISO 9241-11 1998]. The definition
implies that the outcomes of use can be measured in terms of the effectiveness,
efficiency, and satisfaction mentioned. In the context of control rooms, this would
mean that the outcome of use, measured, for example, as the success of the process control work, would be the standard to which the appropriateness of the system is compared. The standard definition of usability emphasizes contextuality of
use, it implies that the measures, e.g. efficiency, are always to be defined contextually. The goal of the dissertation is to explore what the context of complex sociotechnical systems, i.e. nuclear power production, means for the contextualisation
of the indicators of usability.
Usability research has over the past decade found new perspectives on quality
in use by developing the concept of User Experience (UX). UX research emphasises the overwhelming profoundness with which technologies have transformed
people’s everyday lives. Research in UX is typically conducted concerning consumer products. Within the dissertation work, my goal is to explore the meaning of
the concept of UX in the context of complex sociotechnical systems.
Therefore, the goal of the research theme concerning conceptualization of a
good tool is to explore the meaning of two central concepts; usability and UX in
the context of complex sociotechnical systems.

1

Quality is a heavily loaded concept in engineering science, and e.g. Cockton [2006] prefers to use the terms value or worth. This makes a distinction with the quality engineering
paradigm.

22

1. Introduction

1.3.2 Theme 2: Methods of usability evaluation of control room UIs
The second main research theme addresses the methodological implications of
the conceptualisations of usability and UX in the context of complex systems. The
particular interest is in the methods of evaluation which have a key role in providing feedback to design.
Probably a countless number of different kinds of usability evaluation methods
can be found in the literature, but the standard methods are not as such directly
applicable to the evaluation of control rooms [Han, Yang & Im 2007]. Usability
evaluations may be divided into inspections and empirical user tests [Riihiaho
2000]. The scope of this research covers only the empirical user tests which truly
test the system in use. In a usability evaluation, the specification of the “context of
use” is often the starting point [ISO 9241 - 210 2010]. The context of use is divided
into user, tasks, equipment, and environment. In complex sociotechnical systems,
the characteristics of the users are known, as the operators of an NPP constitute a
group of whom their education and other background information is known. The
concept of task is problematic. In controlling the NPP process, the operators deal
with an inherently open system, the state of which is effected by external influences uncontrollable from within the system (e.g. extreme weather conditions),
system-internal characteristics, and the activity of the operators. This means that
tasks, as sequences of actions, cannot be pre-determined entirely. Therefore, the
concept of task is not suitable as such for evaluation purposes, and methodical
conceptual new ideas are needed. In an NPP the equipment and environment are
both characterised by complexity to the point that make it impossible to analyse
them completely. Therefore, the specification of context of use, the starting point
of evaluation needs to be developed in order to carry out an evaluation in NPP
control rooms. Also, methods of data analyses need to be developed when conducting evaluations within complex systems in order to achieve results which are
relevant from the points of view of design and safety.
The goal of the second research theme is to identify and test different kinds of
evaluation methods in order to develop procedures of evaluation which both support control room design and enable taking the safety perspective into account in
evaluations.
1.3.3 Theme 3: Implications for the design of control rooms
The third research theme addresses the empirical reality of NPP control rooms as they
are now and the directions in which they are developed in the context of digitalisation.
As the practical empirical research in this dissertation is conducted following
the modernization efforts of the MCRs of Finnish NPPs, it should also produce
knowledge concerning the current and developing control room solutions. This
means that it should be possible to analyse and identify both the problems and
benefits of the solutions. The modernization efforts will benefit from these results
because, during the long process of modernization, it is also possible to channel
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design efforts in an already ongoing project. The results achieved in the third empirical theme will constitute the practical value of the research.
The goal of the third research theme is to identify the problems and benefits of
the current and developing control room solutions.

1.4 Research process
This subsection concerns the research approach and proceeding of the research
in meeting the research goals.
1.4.1 Research approach
As presented above, the motivation for this research is in the practical problem of
evaluating the appropriateness of NPP control rooms. I have broken down the
practical problem into three intertwined research themes as described in the previous section. The general aim of this research is to produce prescriptive
knowledge, i.e. new knowledge that is field problem-driven and solution-oriented,
and deals with certain organizational problems. This is a distinction of descriptive
knowledge creation which is often theory-driven and focuses on describing and
explaining phenomena in terms of independent variables. [Van Aken 2005]
Van Aken [van Aken 2004] distinguishes three categories of scientific discipline:
1) the formal sciences, such as philosophy and mathematics, 2) the explanatory
sciences, such as the natural sciences and major areas of the social sciences and
3) the design sciences, such as the engineering sciences, medical science and
modern psychotherapy. Design Science approach solves some of the problems
[Bennet, Flach 2011] with the traditional dichotomy of dividing research into basic
and applied. The research presented in this dissertation, within the themes presented above, can be interpreted within the frame of design science. The notion of
design science is mainly utilised in the field of information systems (IS) research
[van Aken 2004, March, Smith 1995, Hevner et al. 2004] and in the engineering
sciences, in which it may also be called constructivist research [Crnkovic 2010].
Design science is about developing knowledge for the design and realization of
artefacts [van Aken 2004]. Design science consists of two design processes which
are building and evaluating [March, Smith 1995]. Within the frame of my research,
I am building an evaluation approach and evaluating it by applying it in real cases.
The building part starts within the existing evaluation methodologies and a review
of development needs within them. After identifying this “research gap”, I will build
an evaluation approach which will be utilised in real world evaluations within NPP
control rooms. The evaluation part concerns the applicability and benefits of the
developed approach. Based on analytical evaluations, I will improve the approach
in the course of the progress of the work, and develop it further to be applied in
improved form in the next evaluations.
As research outputs, design science produces constructs, models, methods,
and instantiations [March, Smith 1995]. Constructs provide the language in which
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problems and solutions are defined and communicated [Hevner et al. 2004, citing
Schön 1983]. Models use constructs to represent a real-world situation and represent the connection between problem and solution, enabling exploration of the
effects of a design decision and changes in the real world [Hevner et al. 2004]. In
the frame of my research, I have defined the first research theme within which I
am exploring concepts to reflect the appropriateness of control rooms and finally
building a model of systems usability. Methods define processes [Hevner et al.
2004]. Within the second research theme I am building and evaluating a process
of NPP control room evaluation. Finally, instantiations prove that constructs, models, and/or methods can be implemented in a working system [Hevner et al. 2004].
In my research, the instantiations are the actual evaluations which are conducted
so as to benefit control room design and to evaluate the appropriateness of developed control room solutions.
According to this interpretation, the research approach in which I am seeking to
address the research goals, falls under the broad umbrella of design science.
1.4.2 Proceeding of research
The chronological process of the research is presented in Chapter 4 which presents overview of the empirical work but a schema of the process of the work
(Figure 2) is presented here as it is related to the research approach.
The research proceeds through iterative steps in which evaluation methods are
first built, based on theory and my own experiences in other fields. After instantiating methods in practical evaluations, reflections of the appropriateness of the
methods are conducted in order to improve the methods. In the improvements
theories and experiences will again be taken advantage of.

Figure 2. Schematic proceeding of the research.
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1.5 Relevant fields of research
The research presented in this dissertation is at the intersection of several scientific disciplines which all have their own distinctive research approaches and
methodologies. In what follows, I will (very) briefly introduce the fields of research
which have been inspirational for the development of the control room evaluation
approach. Also, I discuss briefly the typical research approaches of the fields and
make the connection to the approach used in the dissertation.
The most obvious research field related to the topic of this dissertation is the
Anglo-American tradition of human factors and/or ergonomics2 (HF/E). The International Ergonomics Association defines HF/E as “the scientific discipline concerned with the understanding of the interactions among humans and other elements of a system, and the profession that applies theoretical principles, data and
methods to design in order to optimize human wellbeing and overall system performance” [IEA 2010]. Traditionally HF/E, at least in the domain of NPP, is based
on positivistic research approaches3. This means that values such as objectivism
in the absolute sense [Megill 1997] are emphasised. This kind of research typically
utilises controlled experiments and statistical analyses of quantitative data as
methods for making conclusions concerning the object of research, for instance
the control room. Such approaches are powerful when there is a need to prove, for
example, the superiority of one solution over another. The downside may be that
the abstractions and simplifications, which the conduct of controlled experiments
requires, may in some cases exclude the complexities of the real world from the
experiment. Also design implications may be difficult to deduce [Norros 2013].
This is a challenge, as it is absolutely necessary to make the connection between
the design and the performance in order to utilise the results for the benefit of
novel digital systems for process control. Therefore, the human factors approach
alone is not a sufficient research approach for the dissertation work.
The French tradition of ergonomics poses a different approach to developing
human-technology systems. The starting point is the concept of activity (activité)
and the research methodologies based on contextual analyses of activity in real
situations and conceptual developments [Daniellou 2005]. The researcher (an
ergonomist), as an observer of activity, is not only concerned about what people
do but also about how the activity is conducted by the individuals. The question of
how helps the researcher to understand the intrinsic qualities of the activity, “how
this activity is constructed by a given operator as a response to a given context”
(ibid). The research approach emphasises the researchers’ profound understanding of the intrinsic structures of activity and his/her interpretation of the in-situ ob-

2

The terms “human factors” and “ergonomics” are used interchangeably.

3

This statement is elaborated in Section 2.3.1 (p. 53) concerning different interpretations
of the concept of safety.
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servations as prerequisites for conducting interventions in order to develop the
activity.
The cultural historical theory of activity (CHAT), or activity theory (AT) is in short
rooted in the Soviet psychology of Leontjev [Leontjev 1978] and Vygotsky [Vygotsky
1978] is one of the most influential theoretical underpinnings in the development of
the unique research approach of our own research group: the Core-task analysis
(CTA) which is presented comprehensively in a book by Norros entitled “Acting
Under Uncertainty” [2004]. Consequently, the CTA methodology is the framework
within which I am working in each of the research themes of this dissertation.
Human-Computer Interaction (HCI) research and Usability Engineering [Nielsen
1993] together form the next important field of research which is related to the
research themes of this dissertation. HCI is an interdisciplinary research area
which aims to improve the understanding of the relationship between people and
technology in order to improve design [Sears, Jacko 2008]. Usability engineering
addresses specifically the engineering process of “making usable products”.
Closely related fields are also computer-human interaction (CHI), Computersupported collaborative work (CSCW) and Information Systems (IS) [Grudin
2008]. The strength of HCI, usability and related approaches is their inherent orientation to design in which the starting point and a crucial driver is the human use
of the systems. Also, in practice this viewpoint complements the traditional HF/E
approach. HCI as a discipline has been able to bridge between university and
society, and between scientific acceptability and practical relevance [Kuutti 2007]
and, therefore, it is relevant in finding approaches to the practical issue of evaluating control room systems appropriateness.
The research work presented in this dissertation also contributes to the scientific discussion in the frame of cognitive systems engineering (CSE). CSE is a field
of research rooted in the late 1970s and early 1980s when it was realised that
changes are needed in human-machine-system design because of the increasing
level of automation and the resulting changes in human operators’ work
[Hollnagel, Woods 1983]. CSE is based on the early works of Jens Rasmussen,
for instance the distinction of the skill-, rule- , and knowledge-based behaviours
[Rasmussen 1983] and the abstraction hierarchy [Rasmussen 1985]. Important
developers of the field are Erik Hollnagel [e.g. 2006], Morten Lind [e.g. 1999,
2003] and Kim Vicente [e.g. 1999] among others. In a recent paper, Upton et al.
[2010] presented an interesting characterisation of the different research approaches which have been reported in studies positioned under the umbrella of
CSE. The research approaches can roughly be divided into empirical-positivist
and empirical-hermeneutic according to their epistemological stance reflected in
the way of conducting analyses of behaviour of socio-technical systems [ibid]. The
empirical-positivist approaches consider human behaviour in some way a priori
determined by the constraints and goals of the work system. Upton et al. [2010]
include in these approaches cognitive work analysis (CWA) [Vicente 1999], abstraction hierarchy [Rasmussen 1985], and multilevel flow modelling (MFM) [Lind
1999]. The empirical hermeneutic approaches on the other hand, “examine work
practices to derive behavioural patterns that can be used to describe system func-
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tionality. It views human behaviour as a product of interpretation, which requires
an understanding of social and historic context. This can be considered a postmodern perspective as interpretation, or the establishment of meaning, requires
the analyst to observe and explain the actions of workers.” [Upton et al. 2010].
Upton et al. (ibid) include approaches such as distributed cognition [Hutchins
1995] and activity theory in the empirical-hermeneutic approaches, and further
claim that in CSE the positivist approaches have mainly been used in analyses of
causal systems (e.g. chemical reactors), whereas the hermeneutic approach is
used in analyses of so-called intentional systems (e.g. emergency dispatch) in
which the human actor brings profound variability to the system behaviour. The
conclusion of the authors is however, that the dichotomy of the approaches is
unnecessary and a mixed model approach including characteristics of both could
be beneficial. The benefits of utilising complimentary analyses methods have also
been identified by Jamieson et al. [Jamieson et al. 2007] who claim that in eliciting
information requirements for UI design it is beneficial to utilise analysis approaches
of different origins.
My personal stance concerning the research approach coincides with that of
previously cited authors coming from the discipline of CSE. I believe a mixed
model approach which applies methods from both positivistic and hermeneutic
approaches provides a multitude of perspectives concerning the phenomena under investigation. I believe it is important to make sure that a practical problem, for
instance the appropriateness of the control room solution, is examined from multiple viewpoints, which in practice means that data is collected utilising methods
originating in different research approaches. In the end, it is the task of the researchers and the subject matter experts to triangulate the meaningful conclusions
from the data which will provide help in solving the practical problems to which
answers are sought in the research. Therefore, the empirical research work conducted for the dissertation in the form of different studies is conducted utilising a
mixed model approach. And thus, the methodology I am proposing for the evaluation of control rooms within complex socio-technical systems represents the same
research approach.

1.6 Structure of dissertation
The structure of this dissertation is as follows.
Section 1 is an introductory section which describes the practical needs for development of control room evaluation methods. In Section 1, the research goals
and research themes are also presented along with the research approach and
related process. Also, related fields of research are introduced.
Section 2 presents the related research as it can be found in the international
scientific literature. In Chapter 2 the research gap to be filled is identified.
Chapter 3 outlines the detailed research questions which have been formulated
based on the research themes and the initial goals, and specified based on the
review of existing related research.
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Chapter 4 gives an overview of the empirical work conducted for the dissertation. The empirical work is presented in the light of individual studies conducted
and the materials and methods utilised in the studies.
Chapter 5 presents the main results of the research work. The detailed results
are evident in the papers of the dissertation. Answers to the research questions
are given as a summary to Chapter 5.
Chapter 6 is the discussion in which the results are discussed in the light of a
contribution to the practice of conducting control room usability evaluations and
the theory concerning quality of tools in use. The chapter ends in a conclusive
subsection (6.6).
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Related research

This chapter presents and discusses the related research relevant for the dissertation. The section is divided into 4 subsections in the following manner.
First, in Subsection 2.1, I review empirical studies the results of which are descriptive characterizations of operating work carried out in control rooms. Together, the studies cover a wide range of domains, but the emphasis in the review is
on the nuclear industry. The motivation to review literature concerning operating
work in general was to discover what, according to the empirical findings, constitutes operating work in the context of control rooms. In the review of the descriptive studies, I concentrate on the identified inherent characteristics of the operating
work and the specific discoveries relating to characteristics which actually make
the work complex and demanding apart from the obvious possibility of hazards. In
this section there is also a slight historical undertone, as I present the studies conducted in 1980s and 1990s roughly in chronological order.
In the second subsection (2.2), I review empirical studies concerning evaluation
of control rooms both in NPPs and a few other relevant domains. Evaluation is the
main object of the research presented in this dissertation (see Figure 1). For the
NPP domain I have tried to comprehensively include the control room evaluation
and validation studies conducted after the year 2000 and which have been published in international scientific journals4. Even though NPP operating work is
known to be more demanding than work in other process control domains [Bobko
et al. 1998], some seminal works in other domains are also included which have
relevance to the research questions of this dissertation. In reviewing the articles, I
sought answers to the question: How is operating work treated in the empirical
studies in which control room systems are evaluated and whether one can identify
an explicit or implicit conceptualisation of what constitutes a good control room in
the reports of the studies. Subsection 2.2.3 contains a discussive summary on the
findings (p. 51).

4

In order to not have to evaluate the quality of the presented evaluation study, I have only
included first-hand empirical evaluations from journal level publications. This demarcation
is surely reflected in the number of studies.
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In Subsection 2.3 I consider the threads of development taking place in the
fields of human factors and ergonomics (HF/E) and human-computer interaction
(HCI) which are both relevant and provide inspiration for the development of the
evaluation approach called for in the research goals of the dissertation work.
In the synthetic last section (2.4), I summarize the related research in the light
of the research themes in order to detail the final research questions in the chapter
following.

2.1 Characteristics of operating work
This subsection presents studies in which the nature and general characteristics of
operating work have been investigated. The motivation to present the studies and
their findings is twofold: firstly, to demonstrate how the quest for understanding
complexities involved in controlling dynamic phenomena has evolved over time,
and secondly, to present the current understanding of what makes operating work
demanding.
Development in the field of human factors in the NPP domain made a step advancement in the early 1980s after the Three Mile Island accident, the cause of
which had been declared to be related to human performance in severe conditions. Then, it was realised that human factors issues, such as human operators’
ability to conduct the operating work in all plant conditions, needed to be examined
in control room design [Maddox, Brickey 1982] and methods were sought in order
to study the activities of the operators [Leplat, Hoc 1981].
A central theme in empirical studies then, was identification of human error
mechanisms [Reason 1990] based on the prevailing information processing theory
of human cognition. Looking back on this, it seems that in the early studies the
NPP operating work was treated somewhat mechanistically. For example, it can
be interpreted that work was treated as consisting of intentional actions consisting
of planning and execution phases continuously following each other, because the
errors were considered to take place in one or the other of the phases. This is, of
course, a natural implication of the theory base utilised in the studies. [Cacciabue
2010]
During the 1980s, based on the results of empirical studies, important contingencies were nevertheless innovated and implemented for operating plants, such
as emergency operating procedures (EOPs) [see e.g. Filippi 2006 for the French
approach to procedure design] and expert systems [see e.g. Hoc 1989], to aid
operating crews’ decision making.
In Finland, the human factors research efforts were directed towards supporting
PSA studies of the operational plants, designing operator training, and defining the
cognitive content of operational tasks [Wahlström, Norros & Reiman 1992].
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2.1.1 Situated activity shaped by the environment
Towards the end of the 1980s and early 1990s the underlying assumptions concerning human action and communication started to receive more and more critique, an example of which is Lucy Suchman’s seminal book Plans and Situated
Actions [1987] which, through the results of anthropological ethnographic studies
among users of “intelligent machines”, proves the situated nature of human actions which constitutes a different understanding of the basic principles regulating
human activity from that utilised in empirical studies of the time. Instead of an
execution of prescribed plans, the theory of situated action understands human
action as being based on continuously developing plans, the adjustment of which
is based on the feedback from the environment. The findings of Suchman also
brought understanding to questions relevant for understanding the complexities of
operating work in the nuclear domain. For example, it could be concluded that
writing a procedure cannot be the only remedy for a known difficult operative situation, because the mere existence of a procedure does not guarantee a successful
operating activity in a situation.
The ethnographic approach in research, aiming for understanding the real
characteristics of everyday working life spread to the field of control room work
also. Heath and Luff [1992] studied the collaborative operating practices, in situ, in
the London underground line control rooms, and demonstrated how “sociological
and naturalistic analyses of work practice can inform the design of a tool”. The
research, conducted with ethnographic methods, was ground breaking in that it
changed the view of the operating work by revealing the tacit work practices not
described in procedures. It also demonstrated the everyday challenges and complexities with which the operators are engaged, for example, the ways in which
operators monitor and follow each other’s conduct and systematically distribute
information among the shift. With practical examples, Heath and Luff made a step
contribution to the understanding of how work flows actually emerge in situations in
ways that cannot be fully described in advance. A similar approach and findings in
an NPP domain are reported by Theureau et al. [Theureau et al. 2001].
Also in studies conducted with an ethnographic approach, Hutchins [1995]
made a novel conceptualisation by framing the distributed nature of human cognitive activity. By studying the actual practices of ship navigation both in modern and
ancient vessels, he discovered the profound connections of human cognitive activity with the resources in the surrounding environment. The theory of distributed
cognition is relevant for control room modernizations, because the control room
constitutes a comprehensive environment for the operating activity which may be
totally transformed in the modernization project.
Core-task analysis (CTA), a work analysis method developed by Norros and
colleagues [Norros 2004, see also Klemola, Norros 2002, Klemola, Norros 2001,
Nuutinen, Norros 2001, Nuutinen, Norros 2009, Norros et al. 2012] also constitutes an ecological approach to the analysis of human conduct. CTA takes the
characteristics of the environment as a starting point. In CTA, the complexity, dy-
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namism and uncertainty features of the respective domain are modelled in order to
explain the general demands placed on the operators. These demands, the coretask demands, are those requirements concerning operating work which the operators must always take into account in order to meet the general objectives of work.
The main content of process control work can be described in terms of primary
tasks, the most important of which are monitoring and control [Roth, O'Hara 2002].
The complexity of the primary tasks is exemplified by the study of Li et al. [2006]
who say that in monitoring an open system (a hydro power plant) the human controller’s work is a mixture of reactive and proactive control. The processes of monitoring for failures and intervening may be characterised as reactive. However,
monitoring also involves a proactive search for situations that might become problematic if not handled early. When detected, such problems lead to discussion,
decision-making and planning of future action, which often take the form of changing the initial conditions of the process. This shows how tightly the demands of the
operating work in situ are coupled to a controlled process situation and regulated
by the collaboration and general problem-solving in the work.
The research work emphasises the situated nature of human activity in general,
and the role of the environment in shaping operators activity show that dynamic
environment in which the operating work takes place, for example the controlled
process, is a crucial determinant of the complexity of the work.
2.1.2 Involving multiple levels of cognition
Ethnographic studies have also been conducted in NPP Control rooms Mumaw et
al. [2000] report a series of cognitive field studies which were conducted during
normal operations in two traditional NPP MCRs. The results of the studies emphasise the problem solving nature of the operating work: “In their daily work operators need to identify and pursue relevant findings against a noisy background of
the control room UIs and exploit proactive strategies in making important information more salient.” Operators’ monitoring activity was evidenced to be highly
knowledge-driven. Vicente et al. [2001] continued the in-situ observations of operators’ work in a more modern control room, and discovered that the same strategies are also utilised in the modern control rooms, but that the strategies may be
implemented with different observable behaviours. In addition to verifying the
problem-solving demands of operating work, this result also demonstrates the
behaviour-shaping effect that tools in use may have.
Although the studies conducted with ethnographic research approaches delivered a great deal of information concerning the everyday work of NPP operators,
simulator studies of accident situations are considered necessary for understanding the nature of work in extreme conditions which may pose the greatest threats
to safety. Perhaps the research approaches developed for studies of normal work
had influenced a comprehensive accident situation study which was conducted by
Roth et al. [1994]. The aim of the study was to gain knowledge concerning the role
of “higher-level” cognitive activities such as diagnosis and situation assessment in
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proceduralized conditions. The results of the study did indeed prove the existence
of these cognitive functions by demonstrating the mechanisms through which
operators may conduct successful process control in the phases of scenarios
which are not fully addressed by the procedures. Later, decision making and situation assessment became labelled as non-technical skills (NTS) in emergency
management in an NPP among others such as communication, teamwork, and
stress management [Crichton, Flin 2004]. These empirical studies together contributed to the understanding that operators work on multiple levels of cognition
simultaneously, a An issue which had actually been discussed already by Rasmussen [1983], but the practical examples and implications of which had not been
fully adopted in the industry.
Operators’ decision-making is an important feature of operating work which has
been studied extensively. Crichton et al. [Crichton, Flin & McGeorge 2005] studied
on-scene incident commanders’ (OIC) decision-making in an emergency situation
in the nuclear domain. By conducting a card-sorting experiment, the authors
gained an understanding of the complex situational factors which play a role in
nuclear OICs’ decision making. It was discovered that decision-making is influenced by such factors as: availability of procedures, degree of uncertainty, responsible agent in the situation, and advice being sought from others. This result
shows the complexities involved in managing emergency situations; procedures
may or may not be available; there is always uncertainty in information available
on the situation; there are several responsible agents involved; and sometimes
advice can be acquired from outside the immediate systems, which means that
system boundaries are not always clear cut.
In a study concerning shift supervisors’ decision-making, Carvalho et al. [2005]
found that decision-making in managing micro-incidents under normal operating
conditions, is primarily based on naturalistic strategies. This means that the supervisor’s decision-making can be characterised as being based on pattern recognition, tacit knowledge, and condition-action rules. These are decision-making strategies which may not always be supported by the available tools which are often
based on a rational model of human decision-making. In a study by Hayes [Hayes
2011], research in three domains (a chemical plant, a nuclear power station and
an air navigation service provider), a situational approach in decision-making taken by experienced operating personnel was also identified. When abnormal situations arise, the operational managers focus on the status of safety barriers rather
than consider risks from first principles and develop self-imposed situation-specific
limits for decision-making. Shattuck and Miller [2006] illustrate by analyses of decision-making in ship navigation “how decisions made are often a result of the
interaction between a variety of technological and human agents and how errors
introduced into the complex system can propagate through it in unintended ways”.
Again, the complexity and naturalistic way of making operative decisions is
demonstrated.

34

2. Related research

2.1.3 Un-describable in operating procedures
In complex socio-technical systems, some tools are intended to become contingencies against failures and they can also be referred to as safety barriers [Kecklund et al. 1996]. They may be social, technical, and/or organizational measures
which aim to prevent or stop an undesired consequence [Basnyat et al. 2007/6].
The most important safety barriers are the operating procedures. The complexity
of conducting proceduralized work has been demonstrated and operationalized by
Park [2009].
Even though the whole industry of nuclear power production is heavily proceduralized, professionals may still sometimes engage in unsafe behaviours
[Choudhry, Fang 2008] for various reasons. For example, in some domains the
utilisation of procedures, due to historical reasons, can be considered as against
what Norros [2004 citing MacIntyre 1984] calls the ethos or “the internal good of
practice” as e.g. Knudsen [2009] observed with written procedures and seamanship. Even more often, the reason for deviating from the procedures may be in the
gap between the procedures and practice [Pentland, Feldman 2008]. Generally, it
can be stated that designed contingencies and decision-making aids for problematic situations aim to help operators in the work the nature of which is problem–
solving, but in order to be valuable they need to be designed to correctly suit the
practices of operating work.
A large study in a digitalised control room was conducted within the research
facilities of Electricité de France (EdF). The results concerning utilisation of procedures are reported by Filippi [2006]. She concludes that managing accidental scenarios with EOPs requires several competencies from the operators such as
“score reading”, which refers to understanding the instructions and the way to
implement them, managing attention resources, building expectancies concerning
the future of the process, of the procedure and of the other operators’ procedure.
As a result of the studies, the level of control in the computerized procedures was
lowered in order to better reflect the realism of the level on which human activity
can be prescribed.
Dien [1998] describes an application of intelligent procedure which is neither violence (negligence) of – nor strictest possible adherence to – procedure, but can
be characterized as adapting the given procedure to the situation. This means that
operators themselves must realise when “the procedure prescription diverts from
reality”.
By carefully analysing operating work of different crews in simulated accident
situations, Furniss [Furniss et al. 2011] identified multiple strategies which operating crews had developed so as to recover from deviations and adjust to environmental variations. This result shows the adaptive power which operating crews
possess and take advantage of when required by the situation, and the courses of
action which are needed in the situation but not possible to prescribe in procedures.
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The studies concerning operating with procedures clearly demonstrate that utilising procedures is not straightforward and un-problematical as such, but that it
demands special skills and knowhow from the operators.
2.1.4 Collaborativeness
Operating work in an NPP is conducted in teams and is thus collaborative, and
this constitutes an important characteristic of the work. The ergonomic field study
conducted by Carvalho [2006], based on analyses of communications during micro-incidents in normal operations, shows how operators use verbal exchanges to
produce continuous, redundant, and recursive interactions to successfully construct and maintain individual and mutual awareness, which is paramount to
achieving system stability and safety. Such continuous interactions enable the
operators to prevent, detect and reverse system errors or flaws by anticipation or
regulation. Farrington-Darby & Wilson [2009] emphasize the significance of team
work by suggesting that ‘‘the social’’ should not merely be regarded as a situational variable, albeit a very powerful one, but as a key focus of study in control room
development. in its own right In a study by Kontogiannis and Kossiavelou [1999],
efficient teams were observed to adopt several strategic adaptations such as
thinking ahead of adverse events in less busy periods, building contingency steps
in their plans to cope with later events and errors, and switching to more analytical
strategies when time pressure is not so great. There are also several other empirical and analytical considerations concerning collaboration issues in operating
work: characteristics of collaboration [Luff, Heath 2000], team skills [O’Connor et
al. 2008, Kim, Byun & Lee 2011]; team situation awareness [Stanton et al. 2009];
common frame of reference [Hoc, Carlier 2002], and diversities in decision making
and strategies of teams [Patrick, James & Ahmed 2006].
2.1.5 Co-operation with intelligent tools
The role of tools in operating work is an interesting research topic within the scope
of this dissertation. The main tool in operators’ work is notably the user interface to
the automation system residing in the control room. Paunonen [Paunonen 1997]
investigated the roles in which process operators use the automation and control
system. He found out that, in addition to the self-evident role of monitoring process
information and conducting operations of planned tasks (the primary tasks [O'Hara
et al. 2002]), the automation system is also used for the management of abnormal
situations, learning and process development, for instance optimization, communication, and knowledge transfer. Creative uses of tools for awareness and monitoring are also reported by Luff et al. [2000].
These findings together show that the role of control room systems is actually
wider than the immediate process control needs, and thus control room modernizations have more profound effects on the operating work than might be imagined
if only monitoring and operations were considered.
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Furthermore, the relationship between the human operator and the automation
system may nowadays be characterised as co-operation [Hoc 2001a]. Automation
systems have become automatic and intelligent to the extent to which many operations are carried out completely autonomously. These increased capabilities
have changed the relationship between the human and the machine, and in order
to keep the human operator “in the loop” new ways of communicating about the
autonomous activities of automation need to be developed.
2.1.6 Requiring of psychological resources
Professional operators are process experts of their respective domain. Nuutinen
[2005b] studied the development of expertise of NPP operators, and discusses
how shifting the focus of research to the emotional side of human actions and
cognition creates new perspectives on the problem of how to support the human
operator in the control of rare disturbances. She concludes that the key challenge
and motive for the trainees in the development of expertise is not only to achieve
an adequate degree of competence but also to construct confidence in being able
to cope with the potential disturbance situations. This expert identity is an important psychological resource in the work.
It is also evident that operating work is psychologically demanding in inducing
stress and workload in the operators [Stanton et al. 2010, Suomen Automaatioseura ry 2010, see e.g. Wickens, Hollands 2000]. Studies concerning these very
much studied psychophysiological phenomena are not reviewed here.
Expert identity may be affected by a control room modernization in which the
tools are profoundly modified, because the skills in using the tools may be shattered and must be re-constructed in order to maintain sufficient confidence in
one’s own skills.
2.1.7 Embedded in a social and cultural context
The operating activity in an NPP is embedded in the social and cultural context of
the whole industry and more specifically of the respective NPP. Studies of organizational decision making [Carroll, Hatakenaka & Rudolph 2006] safety culture and
safety climate [Carvalho, Santos & Vidal 2006, Reiman, Oedewald 2007/8, Hahn,
Murphy 2008, Martínez-Córcoles et al. 2011], and operating activity [Theureau et
al. 2002] have stressed that the level of safety of production is not only observable
through possible negative outcomes such as accidents and disasters but is also
evidenced in the people’s conceptualisations and appreciations concerning their
own work and values of the organization.
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2.1.8 Summary of characteristics of operating work
To summarize the descriptive studies of operating work in an industrial plant, and
more specifically in the safety-critical context of an NPP, it can be stated that operating work can be broken down and thus viewed from very many different perspectives and on different abstraction levels. Operating work can be characterised
as a complex problem-solving, knowledge-driven activity which involves multiple
levels of the actors’ cognition simultaneously. It is tightly coupled in the operative
situations and with the current available operating tools. This means that the work
is complex and only a portion of it can be described in procedures. One of the key
characteristic is collaboration. The successfulness of operating work is affected by
operators’ expert identity and emotions, and the wider cultural context of the organization and the whole industry.
My background assumption is that it is not uncommon that the complexity of the
human operators’ work and the diversity of viewpoints from which it can be investigated, is not considered to the full extent when technological advancements and
modernizations of systems are carried out5. In the next subsection, empirical studies concerning evaluation of tools are reviewed in detail.

2.2 Empirical studies in control room evaluation
I this section I review empirical studies concerning the evaluation of control room
systems and user interfaces utilised in process control work in an NPP and some
other contexts. In reviewing these studies, I was especially interested in whether
the diversity and complexity of operating work, discovered in the studies referred to
in the previous subsection (Section 2.1), is reflected in methods of evaluating the
successfulness of the new operating tools. The aim was to find how control room
evaluations are being conducted in practice within the industry and academia.
2.2.1 Empirical studies in the NPP domain
Empirical studies concerning the evaluation of control rooms published in international scientific journals were reviewed. The scope of the studies was variant:
Some investigations concerned the totality of a control room and some only a
particular system or a feature of a control room.

5

For example, in our own study concerning subway automatisation [Karvonen et al. 2011]
the role of the train driver not considered to the full extent.
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2.2.1.1 Studies concerning the totality of the control room
Studies in which the object of investigation was the full control room were reported
by Ha et al. [2007], Chuang & Chou [2008], Hwang et al. [2009b], dos Santos et
al. [2009], Gatto et al. [2013], and Jang et al. [2013b].
Ha et al. [2007] describe the human performance parameters utilised in the validation of an APR (advanced power reactor) 1400 plant to determine whether the
main control room user interface design acceptably supports safe operation. Plant
performance, personnel task performance, situation awareness, workload, teamwork, and anthropometric and physiological factors were utilised as performance
indicators. The authors make a distinction between product and process
measures. Product measures refer to the plant level outcome of human activity
whereas process measures indicate qualities of human activity in order to achieve
plant performance. Hierarchical task analysis, based on information in the procedures, was utilised as a method to identify the relevant human actions needed in
the evaluation scenarios.
Chuang & Chou [2008] give a report of the extensive HFE V&V tests which
were being conducted for the Lungmen NPP in Taiwan. The report does not reveal
the methodical details of the studies, but describes, on a general level, a series of
tests. In the first round of testing, HFE experts acted as participants (operators) in
the tests. In the later rounds the prospective operators of the new plant were
brought in to act as operators in the empirical tests. The information concerning
the appropriateness of the new VDUs was collected using the concepts of usability, monitoring and detection, situation assessment and awareness, workload, and
communication and teamwork. The authors describe a sequence of tests which
were conducted in simulator settings and during which the progress of the important HFE parameters were followed from one test to another. Overall, the authors describe that the efforts needed in design and V&V are tremendous. The
approach used in the evaluation, based on the indicators utilised, seeks to understand the connection of the HSI designs to the operating performance.
Hwang et al. [2009a] studied the main control room of NPP4 in Taiwan prior to
the commercial use of the plant in order to ensure safety and the efficiency of
operations. The study was conducted after the operators’ three-week training period. In the study, task analyses and structured interviews with the operators were
conducted. Altogether, 14 display-related and four control-related problems were
identified in the new control room. Operators selected the most important identified
problem by selecting which problem required most immediate attention6. In the
study, corrective measures were also identified. In the published article about the

6

The top three problems were 1) Inaccuracy of water level indication on a particular screen
2) Poor perceivability of a decimal point in the dry-well pressure monitor and 3) Incomprehensibility of alarm abbreviations. The first problem relates to the algorithm utilised in
calculating the value which is presented to the operators, whereas the latter two problems
are related to interface design. All three problems are quite severe and may potentially
lead to erroneous interpretation of the information by the operators. [Hwang et al. 2009b]
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study there were no reflections concerning the suitability and benefits of the utilised methodology. It can be concluded that, in this study, the operators’ expert
opinions concerning the new system were utilised as the main data. The problems
which were identified in the main control room were addressed from the point of
view of latent human errors, meaning that, in the interviews, the operators discussed
the features of the new control room from the point of view of error possibilities.
Dos Santos et al. [dos Santos, Isaac José Antonio Luquetti et al. 2009] used an
HF questionnaire to investigate a design of an NPP control desk of a research
nuclear reactor. The actual aim of the article is to publish validation results of the
developed questionnaire, but simultaneously the evaluation study through which
the questionnaire’s validity is demonstrated is presented. The human factors questionnaire consisted of fifty questions about panel layout, panel labelling, information displays, controls and alarms. Experts (designers, HF experts, and operators) completing the questionnaire scored the questions on a conformance scale
and on importance weighting from the point of view of safety. In this study, the
effects of the UI design on the operating activity were not explicitly considered, but
the expert users completing the questionnaire may have operating practice-related
background assumptions affecting their ratings.
Jang et al. [Jang et al. 2013b] studied human error probabilities in advanced
digital control rooms with a simulator study. As an operational environment, a
compact simulator was used. The participants were students majoring in nuclear
engineering. The error possibilities were analysed prior to the experiment and
checklists for recording the errors were prepared. In the check lists, the observers
categorized the errors that occurred during the conduct of the scenario. In the
methodology, the users did not comment on their own performance, but the reason for the error was analysed by the observer.
Gatto et al. [Gatto et al. 2013] utilised a virtual reality model to assess the physical layout of a control room. A loss of coolant accident (LOCA) was postulated to
be used in the evaluation in a totality of three different operating conditions. The
respective EOPs were utilised as task model. The simulation was conducted using
avatars playing the roles of the supervisor, primary operator and secondary operator according to a script. Operating time was utilised as an indicator of the successfulness of the evaluated design.
2.2.1.2 Studies concerning alarm systems
Empirical studies concerning alarm systems were reported by Norros and
Nuutinen [2005], Hwang et al. [2008a], Huang et al. [2007], Jang et al. [2013a],
Huang et al. [2006], and Lin et al. [2010a].
Norros & Nuutinen [Norros, Nuutinen 2005] studied the usability of a safety information and alarm panel (SIAP) utilised in an NPP MCR. The aim of the study
was to investigate whether the SIAP was an appropriate tool for NPP operations in
emergency situations. In the experiment, process performance and operator practices were utilised as indicators of the success of the new technology. Operator
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practices were operationalized as specific behavioural indicators identified in the
data. The experiment was conducted as a series of simulator tests in which professional operators acted in their operative roles. The data collected and the completed analyses allowed the authors to make conclusions concerning the effects
that the new system will have on the development of the working practices of the
operating crews.
Hwang et al. [2008a] studied an advanced alarm system by engaging university
students and staff member in the task of conducting NPP process control-related
isolated operating tasks. The aim of the study was to find out about the benefits of
the proposed pre-alarm concept. The variables used to study and demonstrate the
benefits were task performance, workload, and team situation awareness. Within
these evaluation conditions, the authors discovered that use of the pre-alarm system reduced the occurrence of “real alarms” and also operators’ work load but
there was no effect on the team situation awareness. In the paper, there are no
reflections concerning the validity of the results in the light of the methods utilised.
Huang et al. [Huang et al. 2007] studied the interaction of operators and alarm
systems in order to inform the alarm reset design of a new plant. In the study, two
experimental conditions were compared: a manual reset of alarms and an autoreset of alarms. Participants were experienced operators (experts) and operators
in initial training (novices). Operation time, situation awareness (subjective and
objective), task load, and subjective ratings were used as indicators of operator
performance. In addition, suggestions for improvement were gathered from the
participants. Statistically significant results in comparing the two automation
modes were achieved for task completion time and effort in favour of the automatic
reset. In addition, minor differences between the expert and novice users were
identified.
Jang et al. [Jang et al. 2013a] conducted an alarm reduction method validation
study. Eight subjects took part in the experiment, and cognitive performance in the
form of time, accuracy, and situation awareness were utilised as indicators of success. In the results there were no differences in cognitive performance time between the new alarm reduction method and the control condition. Nor were there
any differences in accuracy between the conditions. Differences in favour of the
proposed new method were found in the situation awareness measures.
Huang et al. [Huang et al. 2006] conducted a study to evaluate the impact of
the auto-reset alarm system on the plant performance, operators’ preference and
task load. The background assumption was that an automatic alarm reset has the
benefit of reducing the operator’s workload by reducing the number of alarms, but
at the same time it may also have negative effects. In the test, the auto reset of
alarms was compared to the manual reset of alarms. 30 students took part in the
actual test. Indicators of success were task performance time, end-of-task subjective rating (including NASA TLX and comprehension test), and end-of-experiment
subjective rating concerning personal preference. The results of the study show
that there were no differences in task performance between the two conditions.
Nor were there differences in the subjective ratings. In the end-of-experiment subjective ratings, the participants preferred the auto reset for multitasking and effec-
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tiveness, whereas manual reset was considered better for alarm handling, monitoring, and decision-making.
2.2.1.3 Studies concerning display design concepts
A significant proportion of the studies that could be identified in the literature
search was dedicated to demonstrating the benefits of particular design concepts
such as ecological interface design (EID). In these studies, the system under investigation as such was not the focus, but the manner in which the UI had been
designed and the design principles utilised in the design process, were intended to
be the actual objects of evaluation. Such studies were conducted by Naito et al.
[1995], Riera [Riera 2001], Lau et al. [2008], Burns et al. [2008], Kim et al. [2012],
and Yang et al. [2011].
Almost twenty years ago, Naito et al. [1995] conducted a study to validate EIDbased display designs. The main purpose of the validation test was to confirm the
validity of the MMS to support the operators during plant transients. Professional
operators took part in the test. After utilising the new system in selected scenarios,
the operators and the system designers conducted discussions to identify the
information balance (supply and demand) during the scenarios. In addition, the
operators were interviewed and asked to complete questionnaires. The results of
the test indicate the positive features of the displays tested and support for the
operators’ supervisory control tasks.
Riera [Riera 2001] evaluated an interface of a supervisory system for a nuclear
fuel reprocessing system. The system had been designed based on analytical
models of human operator’s monitoring and control tasks developed by Rasmussen [Rasmussen 1983], Sheridan [Sheridan 1992], and Hoc [Hoc 1996]. The aim
of the design had been to develop tools which promote the active behaviour of the
human operator. In the evaluation, seven professional operators took part in the
test the approach of which was mainly qualitative. All the operators conducted 4
simulations containing a system failure. The scenarios were of two types: failures
difficult to detect and explain and failures less difficult to evaluate. Four different UI
compositions were tested, ranging from the current system (mimic display) progressing towards the most advanced by adding newly developed information
presentation features to the composition. In the scenarios the operators could
choose which displays they utilised and indication of success of a design was the
extent to which operators chose to use it. The results of the study show that in
terms of usage the advanced displays proved successful: Some operators chose
to use them practically exclusively. The results also show that operators created
innovative ways to utilise the systems which had not been anticipated by the system designers.
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An EID experiment was conducted at the HAMMLAB facility at the Halden Reactor Project in Norway in 20067. The results are reported in multiple articles and
those describing the methods in evaluation are by Lau et al. [2008] and Burns et
al. [2008]. In the experiment, the operator task performance support of an EIDbased design of a BWR secondary side display system was investigated. In the
study, EID displays were compared to traditional mimic displays and advanced
mimic displays in a simulator setting in which six operating crews conducted operating activity in 6 scenarios. Three of the scenarios were procedure-guided and
three “knowledge-based”, characterised by unanticipated failures. During the
simulator run a process expert scored operator task performance with scenariospecific indicators relating to crew performance in detection, inference, action, and
teamwork and communication. The index gained by this method for crew performance reflects the discrepancy between operator performance and predefined
optimal solutions to scenarios. Workload was measured utilising a subjective rating of the task-related difficulties operators are experiencing during the scenario.
The results of the study show that both of the advanced display types (EID and
advanced mimic) induced lower increases in workload in the transition between
detection and mitigation phases of the scenario. Also EID was marked as advantageous in the detection phase of the knowledge-based scenarios when actual
task performance was utilised as a performance indicator. The success of producing evidence in support of EID was greatly dependent on the success in defining
the scenario-dependent performance indicators. Also, the process expert judging
crew performance with the pre-defined indicators is in the key position to enable
successfulness of the experiment. The authors discuss the limitations of the study
which reflect the general difficulties in evaluating control room systems from the
human factors point of view such as the hybridity of the real industrial solutions,
the effort demanded in conducting studies, and limited time on training the operators on the features of the new system.
Kim et al. [2012] completed an empirical study concerning an EID-based user
interface designed for monitoring the primary side processes of an NPP. The authors explicitly state that it was the effectiveness of the EID display system that
was the question in the study. In the methodology, three experienced operators
were trained in the specificities of EID in order to guarantee sufficient level of expertise. Situation awareness methods were utilised to gather data on the effectiveness of the displays developed. In addition, time and accuracy were measured.
In the experimental condition, using an EID display accompanied by traditional
mimic displays was compared to using only mimic displays. Some additional, contextually meaningless, tasks were included in order to simulate the normal working
conditions of the operators in an NPP. The results of the study indicate that there
were no differences in performance time, performance accuracy or objective situa-

7

VTT took part in the experiment and was responsible for the qualitative data collection
and analyses. The results of the VTT research exploring the cross-effects of situation,
operating crew’s way of acting, and display concept are reported by Norros et al. [2009].
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tion awareness between the two test conditions. With subjective situationawareness measures, the EID condition produced better results. The authors point
out that they could not evaluate how the new display system would affect the operating activity on a more general level.
Yang et al. [Yang et al. 2011] studied operators’ signal-detection performance
in VDU monitoring tasks. Two different display modes, mixed mode and consistent
mode, were compared in an experiment in which thirteen students acted as operators and conducted detect-and-hit operations with the VDUs in order to simulate a
monitoring task. Performance indicators utilised in the experiment were: frequency
of miss, reaction time, situation awareness, subjective performance and subjective
visual fatigue. In the study it was found that mixed mode VDUs resulted in a higher
frequency of misses and longer reaction times, and SA was higher for consistent
mode VDUs. Also, subjective performance was higher with the inconsistent mode.
The results speak for aiming for consistency in VDU design.
2.2.1.4 Studies concerning automation concepts
Studies concerning automation systems and human-automation collaboration
have been reported by Skjerve and Skraaning [2004], Jou et al. [2009b], and Lin
et al. [2010a, 2010b]
Skjerve and Skraaning [Skjerve, Jr. 2004] studied the quality of humanautomation cooperation in an experimental setting. The experiments were performed in a full-scale nuclear power plant simulator using licensed operators as
subjects. The quality of human-automation cooperation was assessed from subjective operator judgements. The experiments demonstrated a clear improvement
in human-automation cooperation quality when the observability of the automatic
system’s activity was increased. The relationship between human-automation
cooperation quality and the effectiveness of the joint human–machine system’s
performance was also explored, but no clear results were found.
Jou et al. [Jou et al. 2009b] report a study in which the mental workload was studied in different automation mode conditions. Subjects of the study were students.
The aim of the study was to gather information for appropriate automation design.
Task completion time, reaction time, heart rate, work load and error rates were utilised as indicators of the success of automation design. The result found two statistical differences: subjects performed more slowly in a reactor shutdown task with low
level automation than with high level automation, and the error rate was lower with
low automation. The validity of the results is not discussed in the paper. Recommendations concerning automating certain tasks are made based on the study.
Lin et al. [Lin, Yenn & Yang 2010b] studied the human error types and occurrences of two different automatic modes in order to gain knowledge about appropriate human automation function allocation to inform automation design. The
research method was a questionnaire survey in which the professional users could
make claims about the probability of errors. Before completing the questionnaire,
the participants utilised a system having two different modes of automation for 5
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hours. The study results emphasize the benefits of automatic mode from the point
of view of reducing human errors. The limitations of the study are not contemplated by the authors, but it is clear that the questionnaire method and the scope of
the system studied are insufficient for producing comprehensive information concerning the phenomena studied.
Lin et al. [Lin, Yenn & Yang 2010a] studied the effects of different levels of automation (LOA) on human performance. Human performance was measured as
situation-awareness and subjective ratings such as NASA TLX. The experimental
results indicated that blended decision-making (LOA 6) generated the lowest mental workload. Furthermore, the SA results indicated a better SA at intermediate
LOA and poorer SA at low LOA and full automation.
2.2.1.5 Studies concerning operating procedures UI features
Empirical evaluation of computerised procedures has been reported by Yang et al.
[2012] and Huang & Hwang [2009].
Yang et al. [2012] studied the effects of computer-based procedures (CBP) and
paper-based procedures (PBP) to human performance. The authors acknowledge
that computerizing procedures may have an impact on the roles, responsibilities and
interactions of the crew members. Yet, the study only concerns work load and situation-awareness as indicators of human performance. In the study, non-professionals
conducted pre-defined tasks with CBPs and PBPs. The result of the study is that
CBPs allow faster task completion, lower cognitive load and higher situation awareness. Based on these results, the authors recommend utilising CBPs in NPP MCRs.
Huang & Hwang [2009] studied the effects of computerised procedures and
team size on operating performance. 30 students took part in the experiment and
performed several simulator runs with the developed teamwork system. Operation
time, errors, detected system errors and subjective measures of teamwork skills
were utilised as indicators of team work successfulness. In the results, the teamwork system, using the computerized procedure interface resulted in higher operating performance (i.e. shorter operation time and fewer errors) than using the
paper procedure interface. Automation bias effect was also identified, as the
teams did not succeed in detecting system related failures.
Particular features concerning digital control rooms were considered by Al Harbi
et al. [2013] who studied touchscreens. In the study, the effects of soft control on
human error probabilities were investigated. More precisely, a particular touch
screen technology was studied in emergency management conditions. To measure the success of the touchscreen, the operating errors were calculated for the
measure of task completeness. In addition, selected physiological measures were
utilised (electroencephalogram (EEG), electrocardiogram, and skin temperature).
Participants in the study were students, and it was evidenced that the students
with little prior experience of the system produced more errors with the touch
screen system than with the control condition. This result was interpreted such
that novice operators would be prone to errors with touch screen technology.
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2.2.1.6 Summary of empirical studies in NPP control rooms
As a summary of the studies reviewed, it can be observed that all together 15
types of measures of successfulness of control room design had been utilised
(Table 1) in the 22 empirical studies reviewed. The most common measures were
task performance in the form of time and errors, situation awareness and workload. The studies concerning totality of control rooms typically utilised a greater
variety of measures than studies focusing on particular solutions.
Table 1. Summary of the measures utilised in empirical control room studies in an
NPP context. Number in the table refers to the number of studies in which the
particular measure was utilised.

12

Other
(procedures,
UI features)

2
2
2
3
3
2
1

Automation
concept

1
1
3
2
2
2
1
1
1
1
1
-

Display concept

Alarm system

Type of measure
plant performance
task performance, time
task performance, errors
situation awareness
workload/task load
teamwork and communication
anthropometric measures
physiological measures
usability
expert opinion concerning error probability
expert opinion concerning safety
subjective preference
effect on work practices
subjective experience of information
balance
extent of usage
variety of measures

Control room

Object of evaluation

1
-

1
1
1
2
1
1
-

2
2
1
1
1
1
-

sum
3
8
11
9
9
4
1
4
1
1
1
3
1

-

1

-

-

1

7

1
8

6

6

1

2
3
2
1
1

In quite a large number of studies, university students acted as participants, tasks
were equated with procedures, and sometimes artificial tasks were also utilised.
All these factors, together with the utilised measures, may increase the control
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required in the experiments, but at the same time they simplify the work of the
professional operators to an extent which may be interpreted to lessen the ecological validity [Hoc 2001b] of the studies. The decrease in ecological validity means
that the conditions utilised in the study become so different from the conditions of
real work that results may lose their meaning. This is a problem because the real
complexities of the work may not then be addressed to the extent necessary for
development of the systems.
2.2.2 Some empirical studies in other relevant safety-critical fields
In this subsection I have included studies which I have found to represent some
aspects of the complexity of real operating work. Review like this cannot be comprehensive in any industrial domain; instead I have focused on studies which have
seemed promising in the light of the research themes of this dissertation.
In other industrial domains, apart from NPP, the control room systems started
to become digitalised already throughout the 1980s. The prevailing way to present
information to the operators in the UIs has been, and still to a large extent is, to
utilise different kinds of formats basing on process design. The most typical format
is the process mimic display which is a dynamic representation concerning the
process status based on the process and instrumentation (P&I) diagram. Jamieson [2007] describes the situation in the petrochemical industry: “The display
scheme is based primarily on a process mimic graphic that places some setting
and flow values in their physical context. Trending capability and tabular alarm
summary pages are provided so as to support the mimic displays. Very little higher
order information is made available, and designers rarely employ human factors
standards for interface design. In most cases, experienced operators designed
these displays based on reviews of piping and instrumentation diagrams and
drawing from their prior experience as users.” Other display formats do exist however, and they include, for example, task-based displays, automation information
displays, functional displays, event lists, sequence displays, etc. [Suomen Automaatioseura ry 2010].
Some empirical studies concerning control room evaluation in other relevant
fields were also included in the literature review in order to provide an understanding of the general situation concerning evaluation studies. Reports on methodically
interesting and innovative studies which concern empirical evaluation of control
room user interfaces in fields that can be characterised as complex work were
reviewed8. In the review, special emphasis was laid on the way of constellating the
operating work in the experiments and discussions concerning suitability and ecological validity of the utilised evaluation methodology.

8

Some domains I have excluded from the literature survey purely to keep the scope manageable. These are e.g. the medical domain, aviation and military applications. Although
they all constitute safety critical work domains, the work environments are not control
rooms per se as in the NPP.
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Jamieson [2007] conducted an empirical study in the petrochemical industry in
which three display types were compared, one of which was an EID display. The
study aimed to make a step improvement in ecological validity in comparison to
the previous empirical evaluations conducted for the EID concept as an actual full
fidelity simulator was used and professional operators took part in the evaluation.
In addition, familiar proceduralized events were utilised in the scenarios. The scenarios were analysed from the point of view of how familiar they were to the operators and from the point of view of how anticipated they were, i.e. whether a procedure had been developed for the event. In the study, fault detection and diagnosis
times, diagnosis accuracy and control action counts were utilised as indicators of
performance. What is more, plant performance was considered utilising measures
of material throughput. In the results of the study, the two UIs presenting physical
and functional information resulted in significant advances in support of performance in terms of completion time and efficiency. No main effect was found on the
level of plant performance.
Li et al. [2006] conducted an evaluation of hydropower system control displays.
The task of the hydropower operators consists of monitoring and analysing vast
amounts of data from diverse domains and on different time frames so as to control the energy source, to generate electricity, and to meet economic dispatch
targets while keeping an eye on transmission status and constraints, and on
changes in the market. The demands on the controller are exacerbated by the fact
that hydropower companies often serve peak load, which is highly driven by dynamic market forces. In the evaluation study, the authors state that the key concern was the development of scenarios so that they would be indicative of the
advances that the new displays would bring to the operating work. The scenarios
were developed analytically so as to provide assistance in known risk situations. In
the experiment conducted, the functional displays were compared to the current
displays utilised in the domain. Performance was measured in the following areas:
(1) capturing the problem solving time frame as intended, (2) supporting situation
awareness, (3) promoting trust and self-confidence. The results of the study state
that evidence could be found to support the development of the new system in the
form of operators’ comments and questionnaire results. Interesting comments
were made by the participants concerning their view of the limitations of the study.
[The participants] commented that because the evaluation time was so
compressed it was hard for them to ‘‘set up their direction’’ [of control], incorporate the new displays into their routines, and fully test their potential
advantages. The participants felt they needed more time and greater realism
to fully evaluate the value of new displays. In addition, many participants
commented that they also needed to test the displays on the equivalent of
a normal day, rather than a highly abnormal day, to see how the displays
indicate where they are and where they are going.
Morineau et al. [2009] utilised a similar approach with Li et al. [Li et al. 2006] in
that they developed the tasks in the evaluation to fit the designed features of the
system, in their case a tide prediction card. The actual study was conducted in an

48

2. Related research

experimental setting in which two groups of participants (experts and novices)
utilised three different tide card formats in order to extract tidal information. Participants’ time and accuracy in answering 8 different tidal information-related questions were measured. In addition, participants were asked for their personal preference. The results of the study indicated that the novel tidal information format
was fastest to use and also resulted in higher scores for preference. The authors
claim that the novelty of the format did not hinder its acceptability as might have
been expected.
Blandford and Wong [2004] conducted an ethnographic study in situation
awareness in an emergency medical dispatching centre. The study reported in the
paper involved a number of different methods of investigation, to provide complementary information to yield a broad understanding of the nature of the work of
EMD operators. The methods utilised were based on e.g. contextual inquiry [Beyer,
Holtzblatt 1998] and the critical decision method [Hoffman, Crandall & Shadbolt
1998] but performance data was also gathered. Findings from the study were
presented at a meeting with the control centre managers, supervisors and the
EMD operators themselves, so as to verify the results and to correct any misinterpretation of the data. This constellation of research methods makes the approach
participatory, emphasising the active engagement of the participants in the research.
A socio-technical systems approach was utilised in a study reported by Stanton
and Ashleigh [2000] in which the effects of major changes within the company on
team performance were investigated in an energy distribution domain. Along with
the commercialisation of the domain new technologies had also been adopted,
and the impacts on teamwork needed to be studied. Several indicators of teamwork had been identified, based on previous literature and these were divided into
three rough categories: 1) inputs meaning prerequisites of teamwork such as individual abilities and the organisational context, 2) process meaning ways of actually
conducting teamwork, and 3) output meaning measurable outcomes of teamwork.
These factors were assessed by a combination of direct observation, questionnaires and performance ratings by experts. The study conducted was very comprehensive and took several viewpoints on the investigated phenomena reflected
in the choice of methods and measures. The authors note that “research of this
nature is always opportunistic and it is difficult to control the variables to the same
degree as laboratory studies.” Nevertheless, the effects of time of year, stage of
team development, and structure of team configuration were identified on team
work. Based on the results, the authors were able to identify mechanisms in team
behaviour which underlay the differences between the different control centres.
Van Laar and Deshe [2002] studied control room display types for design purposes in laboratory settings. The benefit of utilising visual layering in control room
UI design was the central question in their study. Three design formats were tested for search time, errors and user preference. All participants were new to the
investigated subject matter and had no previous experience with any of the systems tested. The error rates did not differ between the conditions but the search
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times were shorter for the layered display. User preference, investigated in verbal
feedbacks, was also in the favour of the visually layered user interface format.
A case study concerning control room design and evaluation in steel manufacturing was conducted by Han et al. [2007]. A human factors engineering process is
described which consists of initial surveys, defining requirements, development of
guidelines, evaluation of current technologies, development of design guidance
and rules, design of interfaces and prototypes and evaluation of prototypes and
redesigning. Operator tasks were taken as they are described in the operating
manuals, and problems in the current UIs were investigated utilising heuristics
defined based on literature. In testing the prototypes, the operators’ preference
was utilised as a success factor. Several design options were presented to the
operators who then expressed their preference of the options.
Palviainen and Väänänen-Vainio-Mattila [2009] have conducted studies in machinery automation. The motivation for the work was to develop the usability of the
human-machine systems, and the specific view point was that of user experience
UX. The results of the study state that increasing support in problematic situations
could enhance UX. This means that the support a technology is capable of providing to the user in problematic situations could be a relevant UX factor. Palviainen
and Väänänen-Vainio-Mattila (ibid) also state that it is quite challenging to take
into account factors related to users’ needs of development and self-fulfilment
while maintaining the safety, effectiveness, and compliance to regulations required
in a safety-critical domain. Thus, the results seem to put the “hard measures” in
contradiction with the softer values related to UXs. It can be argued that this may
not be a correct interpretation of the concept of UX in safety-critical work. The UXs
of the professional users could also be interpreted as concerning the appropriateness of the work practices and tools from the point of view of promoting the general goals of activity such as safety and effectiveness. It is hard to believe that a
positive UX could emerge in work that puts for instance the safety of the people
conducting the work in danger.
Tools for the emergency response commander were investigated by Norros et
al. [2011]. The specific domain of emergency response was firefighting, which is a
task quite difficult for the external observer to gather data about. Thus, an augmented research method was developed in which a user of the evaluated technology followed a live rehearsal of complex accident management, and evaluated the
potential of the new tool in comparison with the effectiveness of the management
of the on-going situation which he could fully observe visually and in audio. The
indirect measurement of the performance of the new tool proved successful in that
several development ideas could be identified together with the participants of the
study.
Obrist et al. [2011] studied user experiences in a semiconductor factory using a
probing method. The aim of the research was to allow for empathic interaction
design which would be informed of the subjective operator perspective. In the
study, stress, usability/ergonomics, emotion and social aspects were discovered to
be factors related to UX.
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As a summary of the empirical studies in other industrial domains apart from
NPP, it seems that the evaluation approaches are not so dependent on the experimental evaluation approach, or at least that other kinds of approaches are also
utilised and innovated.
2.2.3 Discussion of the methods utilised in the empirical studies
The descriptive studies of operating work provided a pluralistic and complex view
of the work conducted in real industrial control rooms (Section 2.1 p. 31). However, this multi-perspective view of the work is not accounted for in the published
studies reporting empirical evaluation of control room tools in an NPP context. The
methodologies utilised in evaluation studies in other industrial domains have more
inclination towards taking the real world complexities into account but still studies
concentrating profoundly on the impacts of new tools in different aspects of work
are rare. Instead, the most common measures utilised in control room and user
interface-related evaluation studies are task performance in the form of time and
errors, situation awareness and workload.
The prevalence of the concept of situation awareness as an indicator of good
operator performance can be considered to be surprising taking into consideration
the fact that the definition of the concept is not fully agreed upon by the researchers working with complex systems [Stanton, Chambers & Piggot 2001, Salmon et
al. 2006, Lau, Jamieson & Skraaning 2012, Vaitkunas-Kalita, Landry & Yoo 2011].
Stanton et al. [2001] present three most cited models and definitions of situational
awareness and the background theories. They are: 1) The three level model by
Endsley and Kiris [1995] based on an information processing model of human
cognition, 2) The interactive sub-systems model by Bedny & Meister [1999] based
on activity theory, and 3) The perceptual cycle model by Smith & Hancock [1995]
based on ecological psychology. All of the reviewed empirical studies of control
room evaluation utilised the definition and model of situation awareness proposed
by Endsley and Kiris [1995]. This shows how all the studies are based on the theory of information processing psychology and do not consider the later developments concerning human cognition and activities.
In the studies addressing the totality of a control room, the largest variety of
measures were: 12 (Table 1). The reported evaluation approaches which utilise a
mixture of measures comply with the advice of previous CSCW research [Ross,
Ramage & Rogers 1995, e.g. Neale, Carroll & Rosson 2004] which advocates
pluralism and a multi-method evaluation approach including observation among
other methods, to be used in evaluations when the context is such that multiple
users use the system in a work setting. Nevertheless, the observational aspects of
evaluation were not emphasised in any of the studies.
In quite a number of the studies the operating task was, equated with operating
procedures. This is a problem because the gap between procedures and practice
is known to exist [Theureau et al. 2001, Pentland, Feldman 2008, Dien 1998]. It
may also be problematical because a procedure is always a generalisation and
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often even a simplification of the real operating task. This means that equating the
operating task with the procedure also changes the nature of the analyses conducted in a more general and simplified direction and in this process the complexities of the real work may easily become neglected.
The most common indicators (performance, situation awareness and workload)
are all quantitative in nature and can be interpreted as reflecting a tradition of experimentalism in which the human performance is considered to be the “dependent variable” by which the effect of the independent variable is investigated. In this
evaluation approach, the actual operating activity is treated as a black box [Kirlik
2012] as only the defined measures are considered as interesting indications of
performance. It can also be stated that values such as the control of conditions,
the independency of evaluators and the power of statistics are emphasised in
these approaches. The main disadvantage with this approach, according to Kirlik
[2012] citing Dewey [Dewey 1896], is that behaviour is, “at one and the same time,
both dependent and independent variable as our actions alter our perceptions
even more regularly than our perceptions alter our actions”. This criticism means
that actions and perceptions actually constitute an inseparable whole, and the
effort of measuring them separately is futile in the sense that it lessens the ecological validity of the study to the extent to which the results are no longer relevant
from the point of view of development of the system. It may be possible to address
these problems in evaluation by applying some of the notions of the later understandings of human cognition and action such as theories already presented of
situated action and distributed cognition. The challenge is that operationalization
of the concepts of the theories is not straightforward and perhaps because of this
such approaches have not become more prevalent. The real in-situ complexities
are difficult to operationalize. Thus, this aspect of the evaluation methodology is
related to the definition of unit of analyses in the evaluation: What is it that should
be measured in the evaluation of control rooms?
A similar concern for the adequacy of the evaluation method in terms of the indicative power of the utilised measures has been brought up by Randell et al.
[2010] in the healthcare domain. They argue that, since healthcare applications
are set in a complex context which involves users (personnel), patients, and the
ever evolving practice of medicine, the evaluation methods should be adjusted.
The tool evaluation methods which concentrate on clinical outcome measures or
which attempt to meet the “gold standard” of randomized controlled trials or which
aim for quantitative results by exploiting laboratory user test do not reveal the
complexities with which the components of the system – technological, clinical,
social, organizational, and professional – interact together to produce health care
for society [Randell, Wilson & Fitzpatrick 2010]. Concerns have also been expressed with regard to the adequacy of methods used in control room technology
evaluations in the nuclear power production domain [Braarud, Skraaning jr 2006,
O'Hara 1999], yet, without explicit questioning of the unit of analysis used.
Another problem with the reported approaches in the empirical studies is that
they are seldom able to consider the developmental nature of human activity.
When operators act as participants in a test of a new control room system, they
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are, of course, trained. But the time it takes to adopt a new system into practice is
definitely more lengthy than the training period of the test9. The same problem has
been identified by Dix et al. [Dix, Ramduny & Wilkinson 1998], who claim that
“interaction in the large” is not considered enough in HCI evaluations. This viewpoint of time scale in human system interaction would be very important in a study
of a new control room, because the operating activity develops simultaneously
with the tools [see Béguin, Rabardel 2000 for instrument genesis]. In the literature
review, I did not find any studies which would have considered the longitudinal
nature of the process of adopting new tools into practice. Thus, it may be possible
that some of the new design ideas are being rejected too lightly, as the participants do not have enough experience of the systems to develop practices of use.
Based on the review of published empirical evaluation studies of control room
technologies in nuclear and other industrial domains, I conclude that the evaluation methodologies tend to simplify and generalize the operating work to the extent
which may put the relevance of the results in question. In a control room study, the
evaluation framework should preferably be such that the complexities of everyday
work of operating crews in NPPs can also be addressed.

2.3 Towards a comprehensive approach in control room
evaluation
In this section I present lines of recent developments taking place in HF/E and
other related fields which are relevant from the point of view of the research goals
of the dissertation. I am specifically interested in developments which address the
issues related to the development needs of the evaluation approach i.e. understanding the safety implications of systems in use, taking into account the context
of operating work and relevance to design.
2.3.1 Extended view of safety
In the specific context of this dissertation work, nuclear power production, safety is
probably the most important objective of HF/E. Although HF/E generally aims for
universal goals such as effectiveness, efficiency and reliability, safety is the one
specific aspect within the nuclear domain which unquestionably needs attention
from HF/E. The conceptualisation of how nuclear safety can be addressed from
the point of view of HF/E has evolved over the years [Hollnagel 2008]. Nowadays,
the scientific consensus is that safety is definitely a much wider concept than freedom from accidents or singular component breakdowns [Besnard, Hollnagel
2012], and thus in the HF/E sense it is more than freedom from operative errors. I
call this new elaboration of safety an extended view of safety to make a distinction

9

In our own previous study [Salo, Savioja 2006], we identified periods ranging between 2
and 18 months for adopting new control room technologies into practice.
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to the previously utilised rather narrow views on what constitutes safety in NPP
operations.
Nevertheless, human error has been and still is, one of the best known concepts utilised to explain the causes of accidents in safety-critical domains
[Leveson 2011a]. For some reason, a human error is a very easy concept to embed in our everyday thinking and language. And in the scientific pursuit of its time,
the characterization of different types of errors by James Reason [1990] definitely
increased our general understanding of errors by demonstrating how they stem
from normal cognitive processes. But the focus of human factors analysis has
expanded from identification of errors into a more comprehensive analysis of human activities. The significance of the concept of human error as an indicator of
safety has been argued against for instance by Besnard and Greathead [Besnard,
Greathead 2003], who claim that, for instance violations do not always cause accidents per se. The authors claim that the case is actually the opposite; in a dynamic environment violations and deviations from procedures may just as well be
necessary adaptations which actually cause favourable outcomes.
The evolution towards modern understanding concerning safety has taken
place through analyses of accidents. By analysing an accident or disaster, an
unarguably un-safe situation, the characteristic qualities of the absence of safety
can be understood, and then through an analytical contemplation of safety can be
understood and characterized10. An example of an accident investigation contributing to the understanding of safety, is a study conducted by Furuta et al. [2000]
presenting an investigation of the Tokai-mura accident which took place in 1999 in
Ibaraki Prefecture in Japan. The motivation for the investigation was that the accident had in the initial analysis been hastily declared to be caused by a worker’s
unsafe action deviating from the approved procedure, i.e. human error. Nevertheless, in the thorough human factors investigation carried out by the authors, several managerial, organisational and institutional causes were identified for the
accident. As the main factors contributing to the accident the authors claim the
degradation in the safety culture and safety regulation. This investigation shows
how an unfortunate action which at first sight seems like a simple human error, is
actually influenced by the whole organisational and institutional context in which it
takes place. Similarly analyses of previous accidents and disasters which have
even in judicial process been deemed to be human errors or violations, are presented in a popular book by Kim Vicente [2004] in which the wider organizational,
social, and societal context is actually proved to be linked to the propagation of
events. In an analysis of 13 piloting accidents, Nuutinen and Norros [2001] found
that over time, the societal demands of piloting activity had changed so that the
prevailing practices and the prerequisites no longer fully corresponded with current
demands. In the study by Nuutinen and Norros, the quest for understanding the
profound societal context in which the activity takes place leads to the discovery of
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The role and significance of hindsight in foresight can be argued though; see e.g. MacKay & McKiernan [2004].
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a discrepancy between the current needs of the activity and the prevailing practices and tools. This is an example of a drift which may take place in the operational
phase of complex systems [Dekker 2011]. Dekker suggests that the accidents
may take place because, over time, the practices of operations may inconspicuously drift closer and closer to the limit between safe and unsafe, and one day the
margin has disappeared and disaster may follow.
The modern understanding is that safety is a systemic concept. Dekker and
Nyce [2012] state that one of the driving forces of recent safety research has been
an understanding that successes and breakdown in safety-critical systems should
not be attributed solely to component breakage or human failures, but rather
should be seen as connected to the complexity and dynamics of the activity itself.
Nemeth [2012] states that “the whole” is what really matters, because, even
though local problems may be easier to fix, they seldom improve the overall performance and actually they can make things worse. Also Dekker et al. [2011] argue for a systemic safety concept in their critique of the traditional philosophicalhistorical and ideological bases for linear thinking about failure in complex systems. Systems thinking in safety has been especially advocated by Nancy
Leveson [2011a, see e.g. 2011b], by introducing the new accident model STAMP
which is based on systems theory instead of reliability theory, and demonstrates
the systemic mechanisms through which accidents occur in complex sociotechnical systems. Rollenhagen [2011] describes how a systemic approach has been
utilised in Sweden for NPP event investigation in practice: Systemicity is achieved
by utilising three levels in the analyses of events: level 1 deals with the basic event
sequence and utilises the concept of barriers; level 2 identifies the intermediate
level causes and conditions in the event, and level 3 deals with the safety management system and its practices.
In all of the above-cited theoretical contemplations, there is the similar idea,
namely that safety is maintained somewhere in the organization’s way of conducting its operations. This can be concluded based on the results of the accident
analyses, which claim that the reasons for an accident can be found in the organizational and societal context of the activity. The organization’s ability to function
safely in a dynamic natural and societal environment can be called resilience. The
concept of resilience is defined in the preface of a recent handbook by Erik
Hollnagel and colleagues [2011] as follows: “The intrinsic ability of a system to
adjust its functioning prior to, during, or following changes and disturbances, so
that it can sustain required operations under both expected and unexpected conditions”. This definition of resilience emphasizes the ability of the system (e.g. the
organization) to continuously adapt its functioning in order to meet the operative
objectives (e.g. production and safety). The logic is quite easy to endorse11. Adjustments in functioning are necessary on all levels of human activity if/because
the environment in which we live in is ever-changing.

11

Sometimes improvement in resilience does not necessarily improve safety however [Morel,
Amalberti & Chauvin 2009].
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The operationalization of the concept of resilience is more tricky. It is not clear,
especially on the level of control room activities, what kinds of adjustments should
be looked for when one is trying to identify resilience. The research by Back et al.
[2008] and Furniss et al. [2011] has tried to find answers to these questions. Together they identify a set of so-called resilience markers which are behavioural
indices of adaptations in operating activities.
Studies of anaesthetists’ practices conducted by Norros and Klemola [Klemola,
Norros 2001, Norros, Klemola 1999, Norros 2005] adopted the semiotic model of
habit introduced by Peirce [1958] as an operationalization of operating practice.
The observed behaviours of the anaesthetists were graded according to different
levels of interpretative quality of reasoning in action which the practitioners expressed in their reactions to environment (i.e. the patient and the on-going operation). An interpretative relationship was characterised by operative or communicative acts that demonstrated active attention to the specific features of the situation,
attempts to construct a cumulative interpretation of the patient’s physiological
state, and/or pro-activeness with regard to the on-going anaesthesia process. A
reactive response was characterised by operations and communications that did
not demonstrate active epistemic interest in the situation, i.e. perceiving or searching information is scarce and no interpretation was expressed, and the actor appeared to be driven by the events. It was further assumed that a confirmative response would express an intermediate quality between interpretative and reactive
responses. Confirmative response was characterised by the interpretation of a
situation in the form of identifying it to be as expected or falling into a known class
of situations, and assuming certain responses. Specific features of the situation
may be interesting for classifying the situation, but are not taken as a source of
new knowledge of the patient’s physiological characteristics or to inform of the
effect of the used drugs, etc. Later, it has been contemplated by Norros that the
characteristics of the interpretative practices answer to the needs expressed by
the demands of resilience on the level of operating activity [Norros 2012].
From the point of view of a control room evaluation approach, the operationalization of resilience on the level of operator activity are extremely important if the
evaluation approach is to be such that it does not rely on considering the procedures equal to operating activity. The aim should instead be to reveal the proneness to unsafe acts, as Kövers and Sonnemans formulate [2008]. The practice
indicators could also respond to the need expressed by Julien [2008] in the call for
evaluation approach which could also utilise study of normal situations as a source
of information.
Based on the above cited theories, I conclude that the evaluation approach to
support control room development should benefit from the modern understanding
of safety as a systemic concept and especially resilience as its operational manifestation.
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2.3.2 Addressing contextuality
As already stated, the operating activity always takes place in a particular context.
The context can be examined from different perspectives: environmental, societal,
organisational, physical, etc. For example, Räsänen and Nyce [2006] explore the
role of social context within HCI and CSCW research. Falzon [2008] claims that
designers do consider the users and their roles in the functioning of the system to
be designed, but not necessarily in the context in which the users will have to
operate. Within the scope of this dissertation I will concentrate on the immediate
operational context: the controlled process. It is the most important contextual
factor which has effects on the evaluation. The evaluation approach should be
such that, depending on the controlled process, different aspects of the control
room may be emphasised. For this purpose, the controlled process needs to be
modelled and analysed as it constitutes the context in which the operating activity
takes place.
The controlled process can have multiple different representations, the most
common of which is probably the piping and instrumentation (P&I) diagram created in process design. This diagram portrays the piping of the process flows in
connection to the process equipment utilised so as to control the process by the
automated control system and the operators. The P&I diagram is an important
starting point of representing the process context, because in it are portrayed material resources with which the process control is expected to be handled in all
situations.
Cognitive work analysis (CWA) [Vicente 1999] expands the process analyses
by adding several qualitatively different abstraction levels on top of the physical
components portrayed in the P&I diagram. The abstraction levels were originally
introduced by Rasmussen [Rasmussen 1985] as the abstraction hierarchy (AH), a
five-level functional decomposition of the work domain. The abstraction hierarchy
is a task-independent general representation of the work domain. It combines the
physical function (e.g. the P&I diagram) upwards to the functional purposes of the
domain and downwards to the physical form, utilising “means-ends” relationships.
The result of the work domain analysis is an AH (or several AHs) portraying how
the functional purposes of the domain are fulfilled by the means of abstract functions, i.e. the (natural) laws and principles governing the system, which again are
fulfilled by generalised functions i.e. the processes of the system. At the next level
down, is the physical function in which the physical components and equipment
are associated with the generalised functions. The lowest level, the physical form,
relates to the most concrete aspect of the domain, the shape, condition, layout
and for instance coupling of the physical components in the respective plant. By
connecting the different functional abstractions of the process, the AH represents
the complex view of the process control work. It shows how operating work is not
only about operating the individual physical components as often represented in
the procedures, but is also about complex problem-solving and monitoring the
status of the functions and purposes of the domain. The AH makes explicit the
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content of the knowledge-driven aspect of the operating work in the respective
domain. Thus, it is an important contextual representation that may be exploited
for the purposes of evaluation of control room tools.
Another functional modelling method, multilevel function modelling (MFM), was
developed by Morten Lind [see e.g. Lind 1999]. MFM depicts the functional decomposition of the controlled process on different levels, and it can be used to
analyse existing processes or design new ones. MFM is conducted with specific
graphical languages in which a pre-set of icons represents the generalised functions of process control.
The context may be taken into account in analyses of operating crew performance as a performance-shaping factor (PSF) [Lee et al. 2011]. The authors present a categorisation of different PSFs and make it evident how the characteristics
of the controlled process in the situation have a direct impact on operating crew
performance. This connection between the context and the situation means that
for the purposes of understanding successfulness of the operating activity the
context needs to have also a situational representation.
For the purpose of understanding the demands on activity in particular situations, specific models of situations are needed. Norros [2004] presents a situational manifestation of the work domain which emphasizes the role of available
information in the situation within the propagating flow of process events. Flach et
al. [Flach, Mulder & van Paassen 2004] present a theory-based depiction of how
Rasmussen’s levels of abstraction could be used to describe resources within
situations. Petersen [2004] has also developed modelling in order to understand
control situations for the purpose of design of human-machine systems. Later
Bjørkli et al. [2007] have added a level of strategy to Petersen’s model based on
empirical work in a maritime environment. Possible context-dependent deviations
from optimal task flow can be modelled with the approach introduced by Paternò
and Santoro [2006]. Situational models of contextual design [Beyer, Holtzblatt
1998] emphasize the role of the physical environment as an enabler of fluent task
flow of users.
Both AH and MFM are significant modelling methods because they depict the
connection of the lower level physical components to the higher level purposes of
the domain. The purposes are the meanings which should be conveyed in good
user interface designs. But the problem of using AH or MFM directly in control
room evaluation is that the models are general in nature, and evaluation is carried
out with an operational scenario in which certain operating activity is conducted so
as to control the process. Thus situational models are also needed. The abovementioned situational manifestations of the operative context are important in
emphasizing some aspects of the operating task, but none of them is directly suitable for the evaluation of control room technologies as such. I conclude that the
evaluation approach should include a contextual, situational description of the
operating tasks against which the operating activity in a test could be compared.
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2.3.3 Design orientation in human factors
In theory, human factors is a science of design by definition [Dul et al. 2012]. But
in practice the intervention of the human factors specialists is often limited to evaluation [Falzon 2008] and more design-oriented human factors approaches are
needed [Bas 2007, Healey, Cacciabue & Berman 2013]. In my view, this issue
was reflected in the published control room studies reviewed in the previous section: Not very many studies described the actual benefits to design acquired in the
evaluations12.
In order to understand how a human factors method could be advantageous to
design, one must consider what actually constitutes design in the field of complex
socio-technical systems. Design is an inherently humanistic and pluralistic activity
[Bardzell 2010]. Falzon [2008] characterises design as a problem-solving activity
during which the problem is defined simultaneous to its resolution. This means
that by designing, e.g. sketching, prototyping, or simulating, the original design
problem is understood more and more profoundly and thus it may become reframed. This phrasing seems to bring to the fore an essential problem related to
the design of such complex systems as NPPs. The scale and complexity of the
object of design are so enormous that in the beginning it is practically impossible
to comprehend the involved couplings and related design problems, and thus the
original problem needs to be defined over and over again during the design. In my
personal view, the HF evaluation approach should be such that it could be informative in the issue of re-phrasing the design problem and thus providing new
perspectives on design.
The insight of Falzon [2008] concerning the nature of design also reveals an
important aspect of design which may make the “collaboration” of design and human factors activities inherently difficult: They represent very different scientific
paradigms. Human factors (often) rely on an idea of science which emphasizes
rationality, independency and control, whereas design as an activity is different.
There are ingenious design outcomes which are not based on rationality, and in
the design of which the designers have become highly involved in the usage activity. Design may produce excellent outcomes and at same time be participative,
iterative and sometimes chaotic. In order to support a design process like this, the
human factors evaluation methods may need to adapt some of its core values just
as well as design activity may need to move even more towards formalised processes.
Béguin [2003] sees design as a mutual learning process between users and
designers. The invention of new uses can then be seen as a continuation of the
design process [Falzon 2008, also Walker et al. 2009]. Even function allocation

12

The reason for this may partly be that the published studies are often validation studies in
which the particular purpose is to convey the independence of evaluation from the design, and the focus of the study is on the accept side of the pendulum between accepting
and improving design [Braarud, Skraaning jr 2006].
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between human and automation may become altered in use [Wright, Dearden &
Fields 2000, Fuld 2000] and designers themselves may be involved in the continuous development of the system during use [Alby, Zucchermaglio 2006]. Béguin
and Rabardel [Béguin, Rabardel 2000] point out that design is not really “ready”
until it has been adopted into a meaningful use by someone. The design outcome
becomes an instrument for an activity in a process labelled instrument genesis. In
my view, if instrument genesis were to be taken into account in the HF evaluation
it would mean that the purpose of evaluation or validation would be to identify the
potential for instrument genesis, both in the tool and in the people utilising it.
Falzon [2008] cites Daniellou [1992, 2004], in saying that the goal of the ergonomist when designing work systems is to build the “space within which the activity
will be developed”. Also, it is acknowledged by Falzon [2008] that Vicente’s [1999]
idea of boundaries or constraints of use seems to be related. According to this, the
objective in design is to define envelopes of uses (rather than to specify uses).
These contemplations can be interpreted to mean that the end result of ergonomic
evaluation is not only the identification of the effects of tools on current human
performance but also to evaluate the potential of the new tool in having an effect
on practices of use and keeping them within the safety envelope.
It must be acknowledged that in design it is not possible to know comprehensively all the information needs of future users. Petersen and May [2006] suggest
that scale transformations could help solve the problem. Their idea is that scale
transformations are a key to understanding how operators tailor information presented in the control system in order to acquire support for higher level cognitive
tasks. If an HF evaluation were to support the design of such a system which supports scale transformations it should be very profoundly grounded in the critical
information of the domain, i.e. it should be able to connect the critical functions of
the domain to the way operators utilise information concerning them in their activity.
Evaluations should be conducted at an early stage in the design process. A
challenge in trying to assess the safety of early concepts is that there is often little
detail on the procedures or controller working practices proposed for the concept.
This amounts to a lack of a mature operational concept, one that is sufficiently
detailed to allow safety theses (e.g. ‘what would happen if…?’) to be answered
(other than – ‘well, it depends how we operate it’) or even asked. [Kirwan 2007]
Professional end users, for instance operators, are an important resource in gathering safety assessment information on new concepts and procedures [Pasquini,
Pozzi & McAuley 2008]. And it is possible that their expert views on the new systems could be better exploited in the evaluations of early design concepts.
Design is communication in many ways [McCarthy 2000]: communication with
end users and other stakeholders and communication within the different design
disciplines. To support the communication, boundary objects are needed in design
[Norros, Salo 2009]. If one manages to come up with good boundary objects, they
can be utilised for various purpose as is explained by Naikar [2006]. The role of
boundary objects is related to human factors evaluation because the concrete
outcomes of evaluation need to be such that they communicate the results among
the different interest groups.
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Safety as an important design goal has many manifestations [Boy, Schmitt
2013]. Earlier it was identified that resilience is an important characteristic of safe
operating activity. Yet, an unsolved question is how resilience can be supported by
design. Nemeth et al. [2011] present a practical example from the emergency
healthcare domain. They argue that control does not increase resilience. If one is
aiming for resilience, some requirements on control may have to be loosened. In
the petroleum industry, Skjerve et al. [Skjerve et al. 2011] utilised a coaching approach for designing resilient collaboration with the employees of a new plant.
Of course the technical rational view on design should also be supported by
human factors analyses and evaluations. This is because design flaws can be
reduced by proper review and evaluation methods [J. Robert 2007] and utilising
appropriate tools [Jou et al. 2009a]. Baxter and Sommerville [2011] describe what
they have labelled socio-technical systems engineering (STSE), which draws from
human-centered methods but also complies with technical design quality requirements. The role of evaluation in STSE is described as filling in the gaps that have
not been addressed in the initial analyses and requirements definitions. Also
through evaluation, the system will be domesticated to the organization in which it
will be used. These ideas resemble ideas presented earlier concerning instrument
genesis.
Evaluation within design should be such that it mediates between the current
form of the outcome of design (i.e. the artefacts such as new displays) and future
uses. In evaluation, the new artefacts are being put to use, so their future can be
envisioned especially by professional expert users. As design continues, iterative
and often incremental evaluation should be able to produce results in formats
which enable improving the design.
2.3.4 Widening the concept of usability
HCI is a field of study interested in interaction between a computer and its human
user. HCI is a natural source for inspiration in the development of control room
evaluation, as modern control rooms consist of different computer systems. Successful adoptions of HCI methodologies to human factors issues have been reported e.g. by Wilson [1995] and Vink & van Eijk [2007]. Both reports present a
study in which participative methods have successfully been used for the design of
industrial tools.
Usability is a central concept in HCI. It stands for “The extent to which a product
can be used by specified users to achieve specified goals with effectiveness, efficiency, and satisfaction in a specified context of use.” [ISO 9241-11 1998]. The
ISO definition of usability represents quite a broad understanding of what usability
is. First of all, it states that usability is a quality attribute of “a product” and thus
specifies that usability resides deeper in the system than in the user interface.
Secondly, it declares effectiveness as the first characteristic of a usable product.
Effectiveness in achieving goals means that relevant functionalities must be provided by the system. This is an extension in comparison to Nielsen’s [1993] often
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utilized conceptualization, which differentiates usability from utility. Thirdly, the
significance of the context of use is emphasized. This must be interpreted so that
the usability of a control room may be very different from the usability of, for instance, some consumer products.
Vrazalic [2004] reviews the criticisms of the traditional definitions of usability
originating in the 1980s and early 1990s and in her dissertation utilizes the notion
of distributed usability. The main critique is that the definitions are too systemoriented and technocratic. They do not take into account the different kinds of
contexts such as social, cultural, and physical. In addition, evolutionary aspects of
use are not addressed. Distributed usability implies that usability is a property of
interaction between users and technologies and must concern the totality of the
surrounding information ecology.
Sørensen & Al-Taitoon [2008] outline a concept of organisational usability so as
to demonstrate that a system performance may be observed also on the level of
the organization by demonstrating how well technologies enable and support fulfilling the organization’s goals. A system which may be usable on the level of individual users may not be that on the level of the organization. For example, this
may be true if a system does not comply with the processes with which a business
is assumed to operate.
During the new millennium, a paradigm shift has been claimed to have occurred within HCI with the so-called third wave HCI [Bødker 2006, Harrison, Sengers & Tatar 2011, Ylirisku et al. 2009] which emphasizes the general role and the
socially constructed meanings conveyed by technologies in people’s everyday
lives [McCarthy, Wright 2004]. Within the third wave HCI, the user experience
(UX) has become an important concept. Kaptelinin and Nardi [2012] even state
that currently “the experience” is actually an emblem for the whole field of HCI. UX
as an object of study in HCI emerged as a counterforce to the previously dominant
work and task oriented HCI [Hassenzahl, Tractinsky 2006]. The emergence of the
third wave HCI can be interpreted as a force aiming to overcome the previously
too narrow conceptualization of usability and the fact that it did not take into account the totality of the aspects of human activities in conducting usability studies
[Nelson, Buisine & Aoussat 2013].
In my view, the extended view of usability should also be reflected in the development of evaluation methods to support control room design and safety assessment.
2.3.5 Adopting activity theory in HCI
The third wave HCI has several theoretical underpinnings, one of which may be
considered to be activity theory (AT). AT, which stems from 1930s Soviet psychology [Diaper, Lindgaard 2008], has been suggested as a promising theoretical
framework for HCI already in the early 1990s [Kuutti 1991, Bannon 1991], and ATinspired design approaches [Kaptelinin, Nardi 2012, Gay, Hembrooke 2004,
Hyysalo 2002, Kaptelinin, Nardi 2006] have since been developed [Law, Sun
2012] and advocated [Norman 2006]. Although, it must be noted that the adoption
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of the theory in practical research work has not always been straightforward [Diaper, Lindgaard 2008].
The potential significance of AT, from the point of view of HCI and usability, has
been comprehensively outlined and justified in a recent book by Kaptelinin and
Nardi [2012]. In what follows I present the key concepts of AT which I find relevant
from the perspective of control room evaluation.
One of the fundamentals in AT is the concept of mediation. For example, Gay
and Hembrooke [2004] discuss the bidirectional nature of tool mediation, i.e. how
perceptions, motivations, culture and actions shape the tool and simultaneously
are also shaped by the tool (pp. 5–6). Mediation is a relevant concept in analyses
of control room work because, in a modern industrial control room, there are practically no means for direct interaction with the process. All the interaction between
the operators and the process takes place via the medium of automation and the
control system. Thus, the capability of the control room to mediate all the relevant
process information to the operators and vice versa can be considered to be a
success factor of control room systems.
In AT, activity is understood as historically and culturally developed. Hence, the
central aim in the analysis is to ascertain the current state of affairs but also its
historical roots and possible trends toward which development is proceeding. The
approach suits the needs of control room evaluation well in a state in which hybrid
technologies have been implemented and more profound modernizations are
being designed. In order to understand whether the development of tools is proceeding in a good direction, the wider historical context of tools must be understood. This seems valid as transition processes are known to be long in safetycritical domains [Ans, Tricot 2009].
Internalisation in AT signifies the process through which the external activities
(i.e. manipulations of real world objects) become adopted to the extent that they
can be performed internally. Internally performed actions are for instance mental
simulations, considerations between alternative plans and other mental exercises.
The capability to perform internal activities signifies a profound capability to perform external activates. In analyses, internal and external activities should not be
separated because they form a unified system in which the transformation, from
external into internal and again to external, is continuous. In considering the process of internalization in the case of control room modernization, this means that
the internalised functions lose their external counterparts as the representations
and modes of interaction are transformed in the control room. This means also a
shattering of the internalised functions, as they are tightly connected to the external ones. Therefore, even though the controlled process will remain roughly unchanged in the control room and automation modernization, the operators’ skills
and capabilities may be under threat.
The significant contribution of AT is to consider the design and use of technology in a socio-cultural context. As a result, the unit of analysis of tool usage is a
multi-layered system of activity. Usage of tools is seen to be constructed as an
interaction between users of different user groups and designers [see e.g. Gay
and Hembrooke 2004, pp. 2–14]. The detailed means for the evaluation of tools is
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something that the earlier appliers of AT in HCI have not proposed even though
evaluation has been identified as an important function of an activity-cantered
design [Gay and Hembrooke 2004, p. 12].
As already stated, the concept of UX has become important for the third wave
HCI. Even though there have been numerous practical examples in analysing,
evaluating and even designing for UX, presented at HCI-related scientific conferences and in journals [Bargas-Avila, Hornb\aek 2011], the basic concept of UX still
remains debated, bearing many definitions in the community [Roto et al. 2011].
There have also been claims that the published practical descriptions of the studies lack the theoretical explanations and justifications based on which the research
has been conducted [Kuutti 2010, Luojus 2010]. In this dissertation, I utilise the
activity theoretical understanding of the concept of experience as a basic underpinning for understanding the significance of the operators’ UX concerning the
proposed new control room tools.
In AT13, human-environment interaction is considered to take place as continuous embodied action-perception cycles. Perceptions of the environment, including
the embedded technologies, are used in acting on the environment and accumulated in the experience of the actors. The qualities of experiences in action are
interesting, because they reveal inherent features of action that cannot be perceived by observation from outside [Norros, Liinasuo & Hutton 2011]. Mediation is
related to experience in a special way: when people learn to use particular tools
and technologies successfully, new mediations are created into the complex activity and positive emotions emerge [Vygotsky 1978, Koski-Jännes 1999]. For example, when one learns to use a new tool, this may happen. From this point of view
the general genuine positive emotions of operators could be considered as indications of comprehending and appreciating the potentiality of the new tool.
AT understands subjective experiences as profoundly embedded in the activity
and actually determining courses of activity, as opposed to being merely a consequence of interaction, or epiphenomena of the actual defining processes of activity.
From the research point of view, this stance of AT means that understanding experiences may help in making sense of the activities: Rather than trying to capture
the experience that a particular technology produces, one should concentrate on
the experience that produces the activity [Kaptelinin, Nardi 2012]. This is a justification of studying experiences in connection with control room evaluations. If it is
possible to understand the experiences of the operators for instance in emergency
situations, it may be possible to design tools which are better suited to the situational demands.
In AT, emotions are understood as direct indicators of the status of an activity
as a whole [Kaptelinin, Nardi 2012]. From the interaction research point of view
this means that the users’ feelings concern the totality of the activity, and not

13

And according to Norros [2004] also in philosophically oriented analyses of activity within
pragmatism [Peirce 1998a, Dewey 1999, Määttänen 2009] and phenomenology [Kestenbaum 1977, Merleau-Ponty 1986].
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merely the singular technological solutions within the activity. As emotions do not
reveal the reasons for their occurrence, people may not always be aware of why
they experience a certain emotion. This means that the experiences which cannot
be thoroughly explained by the users may also be of significance from the point of
view of the whole activity. The user may have a feeling concerning a tool that
“there is something wrong here” but is not capable of attributing the feeling to a
particular technological feature. Nevertheless, the feeling should be taken seriously because it may be an indication of the inappropriateness of the tool in the context of the particular activity.
Based on the theoretical contemplations presented above, the background assumption concerning the concept of UX within complex systems is concluded as
follows. UX is a subjective phenomenon which is profoundly embedded in the
activity as emphasised in AT. Similarly, the experiences of the users concern the
status of the activity as a whole and can, therefore, be utilised to assess the general potential and promise that individual tools have in light of the objectives of the
whole activity.

2.4 Synthesis of related research: development needs of
control room evaluation approach
In the previous sub-chapters, I have reviewed the related research which I have
found relevant and topical from the point of view of the research goals of my dissertation. The following synthesis of related research presents the research gap
which I will address with the empirical work of the dissertation.
First, I reviewed literature concerning operating work in process control industries and in particular in NPPs. As a result, a pluralistic notion of the work of was
construed and sources of complexity in the work were discussed. A particular
point was made concerning operating procedures: Human work in a control room
covers a significantly wider spectrum of activities than can be described in the
operating procedures.
In the second subsection, I reviewed literature concerning empirical evaluation
of control room technologies both in NPP and other industries. I found that in most
cases, especially in NPP evaluations, the work of the operators is treated solely as
it is described in procedures. This is a clear deficiency in the prevailing evaluation
methods. Almost all the evaluation utilised quantitative measures such as time,
number of errors, task load, and situation awareness as the main information
sources concerning the successfulness of the evaluated solution. In my view the
objective measures mentioned are important indications of the quality of control
room solutions, but the challenge is that they do not cover the so-called extended
view of safety. They do not address the potential because they are not sensitive to
the delicate features of the activity that do not pose an immediate threat but are
the possible seeds from which the operating practices start to develop into a nonoptimal direction. Therefore, in my view, the spectrum of measures utilised in control room evaluations should be widened (for developments in this direction, see
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also Schraagen et al. [Schraagen et al. 2008]). Specific features that should be
addressed in evaluation are for instance the effects that new technologies have on
working practices, the development of professional skills, the development of operating work and the effects on collaborative aspects of work.
In the following subsection I reviewed recent theoretical development in HF/E
and other important fields of science. Based on the review several requirements
for control room evaluation methods can be identified.
In the development of an approach for evaluating control rooms the extended
view of safety should be taken into account. Safety should be treated as a systemic concept. It should be reflected in the measures based on which the successfulness of design solutions is concluded. The collection of measures utilised in evaluation should be such that the capacity of operators to act in a resilient manner
may be identified. This need calls for a methodology which enables the identification of resilient operating practices. As a prerequisite for developing measures that
reflect resilience, a sole characterization of what constitutes resilient operation
practice is needed.
Evaluation methodology should be contextual so that it takes into account the
particular environment for which the new tools are designed. This means thorough
analyses of the controlled process as it constitutes the immediate surroundings for
operating activity. The evaluation approach should include a contextual, situational
description of the operating tasks against which the observed real operating activity
can be compared. A functional and situational task model is needed in order to understand the meanings that should be conveyed to the operators in the situation.
It is evident that HF/E activities should be more beneficial to actual design activity than the current evaluation methods allow. In order for the evaluation to benefit design, it should be conducted in such a manner that the design implication of
the results can be made from the evaluation results. This means that usage activity cannot be treated as “a black box”. Instead, careful attention should be paid to
the ways in which operators utilise information technological tools. The question of
how people use tools reveals the internal mechanisms of activity which are important for understanding which features of the new design solutions the operators
are capable of exploiting and which need more development.
To utilise the concept of usability in an evaluation of appropriateness of control
rooms seems adequate, as usability particularly considers systems in use. Nevertheless, the concept should be understood broadly, and defined contextually, so
that specific characteristics of safety-critical work can be addressed in evaluations.
The strength of the concept of UX in HCI is that it allows the researcher or designer to address the meanings that new technologies have in peoples’ felt life.
Through this understanding, it may be possible to design technologies that support
human roles and responsibilities in profound ways. NPP control rooms are typically designed from conservative starting points. Solutions which have been demonstrated to work adequately are seldom changed. The principle of conservatism
arises from the concern of maintaining safety. Up to 75% of design effort may be
dedicated to detailed design, verification, validation, and documentation [Eckert &
Clarkson 2005] thus leaving the innovative aspects of design for less attention.
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The conservative philosophy is well justified, but the problem is that it impedes
general development and thus is not in line with the modern understanding of
safety culture which promotes continuous development as an attitude and a practice. In order for design activity to continuously develop, it must be aware of developments taking place in the neighbouring fields of science, such as UX in HCI.
Therefore, the potential value of concept of UX in the safety-critical domains
should also be evaluated for understanding its meaning in light of the development
of the field.
Activity theory provides conceptual tools which are meaningful in the context of
control room modernization. Therefore, the potential inputs from AT to address the
expressed development needs of control room evaluation should be further explored.
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Final research questions

In this chapter, I present the final research questions which have been specified
according to the review of the related research presented in the previous chapter.
The research questions are presented under the research themes the goals of
which were identified in introduction (Section 1.2, p. 20).

3.1 Theme 1: Conceptualisation of a good tool in complex
work
The first conceptual research theme addresses the issue of characterising what
constitutes a good control room system in use. The research under the conceptual
theme aims at producing constructs and models as proposed by the research
approach of design science.
As presented earlier, the goal of the conceptual research theme is to explore
the meaning of two central concepts’ usability and UX in the context of complex
sociotechnical systems. In the light of the research gap presented in the previous
chapter, I have formulated the following two research questions for the conceptual
theme:
RQ1: Conceptually, how should usability be addressed and understood in
the context of complex safety-critical work?
RQ2: What is the significance of the concept of user experience (UX) in the
development of tools for safety-critical work?

3.2 Theme 2: Methods of usability evaluation of control room
UIs
The methodical research theme addresses the issue of conducting usability evaluations of UIs within the control rooms of complex socio-technical systems. The
research under methodical theme aims at producing methods as proposed by the
research approach of design science.
As presented earlier, the goal of the methodical research theme is to identify
and test different kinds of evaluation methods in order to develop procedures of
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evaluation which both support control room design and enable taking the safety
perspective into account in evaluations. Based on the research gap presented in
previous chapter, the emphasis in the methodical theme is threefold and condensed in the following research questions:
RQ4: What kind of task model would enable the identification of important
features of operating activity?
RQ5: What kind of analysis method enables addressing the safety implications of particular design solutions in the empirical data of process control
activity?
RQ3: What kind of evaluation process reveals aspects of control room
quality in use that are relevant both for design and understanding the implications of new technologies for operating work?

3.3 Theme 3: Implications for the design of control rooms
The empirical research theme addresses the practical issues of control room design that are relevant from the point of view of control room modernisations. The
research under the practical empirical theme aims at producing instantiations as
proposed by the research approach of design science.
As presented earlier, the goal of the empirical theme is to identify problems and
benefits of the current and developing control room solutions. In the light of the
research gap presented earlier, I am interested in the possible benefits and challenges the digitalization of control room technologies induces for operating activity.
Therefore, I have formulated the following research question:
RQ6: What kinds of problems exist in the current control rooms that are
critical from the point of view of control room modernizations and design of
digital control rooms?
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4.

Overview of the empirical work

This chapter presents the research work, both empirical and analytical, conducted
to complete the dissertation. First the individual studies are presented (Sections
4.1–4.4) and in the summary (4.5) the contribution of each study to the development of conceptualisation of systems usability and the related evaluation approach
is described.
The individual studies presented in the following subsections were all conducted in the nuclear industry between the years 2003 and 2012 in order to support
modernization efforts of the control rooms of the Finnish NPPs.

4.1 Initial studies
This research work started in line with the development and start of the Finnish
nuclear safety research program SAFIR. Automation and control rooms had been
identified as one of the key areas in which there were research needs which could
benefit advances in nuclear safety. At that time, both Finnish nuclear companies
were in the initial phases of planning automation modernisation strategies. A project called “Interaction approach to the development of control rooms” (IDEC) was
launched as part of the SAFIR programme, and the research into the usability of
NPP control room systems started.
Among the first research contributions was a literature study concerning usability evaluation of complex systems [Norros, Savioja 2004]. The literature study
covers both scientific literature concerning usability evaluation and human activity
in safety critical industries, and an overview of the relevant international standards14 concerning usability evaluation and the development of control rooms in the
nuclear domain. One of the most important findings of the literature review was a
problem related to the definition of acceptance criteria to be used in control room
validation studies. It was clearly stated in the literature and standards that in a
validation test there needs to be accepted criteria based on which the system is

14

Since the time of the literature review in question, the amount and coverage of industrial
standards has increased. Also, some of the standards reviewed then have later been
revised.
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either accepted or judged to need further development efforts. But how to define
these criteria, in other words, how to define what is a good control room, was not
explicit in the literature studied. Further findings of the literature study showed that,
even though the industrial standards and the literature describe relevant attributes
that need to be addressed in a usability evaluation, they mainly attribute usability
to the quality of the actual user interface and do not include the wider context of
technology usage in the analyses. In our own conclusions we emphasized the role
of tools in shaping human operators’ work practices.
Simultaneously, in the first phase of the research work, empirical studies were
conducted at the training simulators15 of Fortum’s Loviisa NPP and Teollisuuden
Voima’s (TVO) Olkiluoto NPP. In Loviisa three operating crews each conducted
three scenarios, and in Olkiluoto four crews conducted two scenarios. Evaluation
methodologies which were initially laid out for these tests were based on state-ofthe-art usability testing methods identified in the literature, and earlier work conducted in the VTT research group in evaluating medical tools and NPP control
room systems [Norros 2004, Klemola, Norros 2002, Norros, Nuutinen 2005, Norros, Klemola 1999]. In the previous studies, the scope of evaluation had been
narrower than the whole control room. Completing the first comprehensive NPP
control room studies made evident the practical challenges of conducting comprehensive control room usability evaluations. Approaching the problem with the
methods that had previously been applied in smaller scale own studies or in consumer domains was not practical or sufficient. Conducting a task analysis to make
sense of what the crew was supposed to do in a situation proved nearly impossible, let alone observing whether the crews were actually acting according to the
prescribed tasks. It was clear that new ways of representing the performance reference of an operating crew were needed in addition to other methodological developments already identified in the literature review. This work lead into developing and outlining the modelling efforts required in comprehensive usability evaluation which was published in the Enlarged Halden Programme Group Meeting in
2004 [Norros & Savioja 2004].
The VTT group took part in the so-called EID (ecological interface design) experiment which was conducted within the Halden reactor project in 2005. At this
point the methodical development had advanced and work practices of the crews
were included in the evaluation of new innovative user interface ideas developed
by Canadian and Norwegian colleagues. The results of EID study concerning the
relation of innovative interface concept and operating crew work practices were
published in a book addressing the display support for situation awareness in
process control work on a more general level [Norros et al. 2009].

15

The training simulator is a high fidelity replica of the actual NPP control room, and it is
used for the annual training of the operating crews. As the actual control room is not accessible for research purposes, the training simulator is typically used for studies concerning operating activity and control room studies. All the empirical work of this dissertation is physically conducted at a simulator.
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From the point of view of this dissertation the initial studies resulted in completion of Paper III, which outlines the activity theoretical assumptions concerning the
role of tools in complex work, and thus makes the first suggestion of the concept
of systems usability. Paper III also describes the process of systems usability
evaluation to be utilised in the control room context. This process was first developed based on standard usability evaluation methods and then developed based
on the identified needs of the empirical evaluation case.

4.2 Baseline studies at the Finnish NPPs
The second phase in the research aiming for the dissertation was started after the
initial outlining of the systems usability evaluation had been completed. At this
point both Finnish power companies had completed the initial stages of the control
room modernization projects. Fortum had modernized the control rod monitoring
and manoeuvring systems, and TVO had modernized the turbine control systems.
At this stage it was decided that comprehensive baseline studies should be conducted in order to gather evidence concerning the user interfaces and work practices in the control rooms of the time.
In both plants, the evaluation process outlined in Paper III of this dissertation
was utilised, and the process on a general level proved feasible. Conducting the
studies provided an opportunity to reflect in practice on the theoretical underpinnings of the concept of systems usability which had also initially been outlined in
Paper III. These reflections led to a more detailed operationalization of the concept
which was then utilised in the analyses of the data collected in the reference tests.
The conceptual developments of systems usability are reported in Paper I, which
presents the systems usability framework for analyses of human technology interaction. Paper II presents the more practical results of the reference tests of Loviisa
an Olkiluoto NPPs.
4.2.1 Reference tests at the Loviisa NPP
The reference tests in Loviisa power plant were quite comprehensive, as all 12
operating crews consisting of 3–6 operators (including the trainees within the
crews) took part and conducted three different scenarios: a loss of coolant accident (LOCA), a primary secondary leak (PRISE), and an electrical bus bar failure
(BB). Therefore, the total number of participants was 42.
Data collection efforts were extensive: all the operators were interviewed individually concerning personal orientation towards work, all the simulator runs were
video-recorded with overview and head-mounted cameras, task load information
was gathered after each run and process tracing interviews were conducted as
group interviews after each simulator run. In addition, subjective evaluations concerning control room systems usability were gathered from all the participants
using a questionnaire method, and a process expert evaluated crew performance
with a contextually defined evaluation scheme. The simulated scenarios were
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accident and incident situations, as one motivation for the plant was to gather data
concerning recently renewed emergency operating procedures (EOP).
The outline of the concept of systems usability assumes that not only the directly measurable human performance is evident when considering appropriateness
of tools, but also the way operators act and the way in which operators experience
the suitability of the new technology are of importance. For the purpose of analysing ways of acting, a new model of operating activity was developed. This model,
the functional situation model (FSM) was developed and formalised utilising earlier
models presented by Norros [2004] as an inspiration and a starting point. The
FSM technique is presented in Paper IV. For the analyses of operators’ experiences, a questionnaire was developed which follows the principles of systems
usability by applying the three tool functions and their experiential dimensions. The
application of the questionnaire in the baseline studies is reported in Paper VI16.
During the progress of the research presented in this dissertation, the theoretical concept of resilience [Hollnagel, Woods & Leveson 2006, Hollnagel et al. 2011]
became prevalent in the scientific discussion of safety-critical systems. Thus, the
data gathered in the baseline studies of the Loviisa plant was revisited with a special emphasis on identifying resilience in the proceduralized accident management
activity. The results of the detailed level analyses of operating activity are reported
in Paper V.
4.2.2 Reference tests at the Olkiluoto NPP
The reference tests at the Olkiluoto plant concerned half of the operating crews (6
crews) consisting of 3–4 operators each. The total number of participants was 21.
Each crew took part in three different scenarios: a failure in a decay heat removal
system, an ejector failure, and an automation failure in a pre-heater line. The scenarios conducted at Olkiluoto were of incident category because a particular motivation for the plant was to study situations which have the possibility to escalate if
not acted upon promptly.
The data collection concerning the control room was extensive: the operators
were interviewed individually both concerning personal orientation to work (prior to
the simulator run) and process tracing (post-simulator run), simulator runs were
video-recorded with overview and head-mounted cameras, task loads were measured, and subjective evaluations of the control room systems usability were made.
Also, expert evaluation of crew performance was gathered with a contextually
defined evaluation scheme.
In the Olkiluoto reference tests there were two significant differences in comparison to the Loviisa tests: 1) The FSMs were generated by the simulator trainers. This proved effective and shows that a scenario modelling method, the FSM,
is adoptable in practice, 2) The process tracing interviews were conducted individ-

16

Paper VI also reports UXs in an operating experience study and in a validation study.
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ually for each operator. The reason for this was that, in the Loviisa tests, we had
experienced that sometimes there was too much dominance by one participant in
the group interview. Therefore, we were not able to use the process tracing interview data to analyse the crews’ conceptions concerning past events. For this reason, we developed the evaluation method into an individual interview.
In the Olkiluoto reference tests, we identified important issues concerning the
utilisation of a new digital automation system user interface. In the scenario concerning automation failure, only one crew out of the six was able to solve the situation successfully and avoid an unnecessary partial reactor scram. This same crew
differed from other crews concerning one operating practice-related indicator:
collaboration. These findings lead into further research questions concerning human-automation collaboration, a research line which has been continued in an ongoing research project concerning automation awareness [Laitio, Savioja & Lappalainen 2013, Laitio 2013].
The results of the Olkiluoto reference tests are reported in Paper I and II of this
dissertation.

4.3 Operating experience review at the Loviisa NPP
An operating experience review (OER) was conducted at the Loviisa NPP in order
to gather evidence concerning a particular digital UI solution implemented in the
first stage of the modernization. The OER was conducted while the design of
modernization phase 2 was ongoing. At that time, the technology platform for the
major modifications to take place at the end of stage 2 had been chosen to be a
particular touch screen display already in use in one subsystem. Thus, in order to
guide the design further, information concerning the usage of this existing system
was needed. In addition, the system had had some problems in the validation
tests in the first stage of the modernization, when it was taken into use. Some
modification had been conducted in the positioning of the system screen in the
operating desk. Thus the motivation was also to monitor whether further design
modifications were necessary.
The particular system is utilized by shift supervisors and reactor operators in
order to monitor and control the status of the control rod manoeuvring system. The
system had been in use in the MCR for about three years, and it is important for
maintaining the safety objectives of the plant. The system comprises a touch
screen and a manual rotary switch. In the control room, the system is located in
two separate places; there is one UI in the reactor operators’ desk which is installed roughly at the same angle as the operating desk and one in the shift supervisors’ desk as a normal screen installed in a vertical position.
The systems usability questionnaire, developed originally for reference tests,
was slightly modified so as to fit the particular aims of study B. There were both
modifications and additional statements, especially concerning the instrumental
function questions. A small observation and interview study was conducted in

74

4. Overview of the empirical work

order to detail the necessary modifications, prior to distributing the questionnaire
to the operators.
All licensed operators of the plant were sent the questionnaire in an electronic
format. Participation was voluntary during shift and the response rate was 57%
(n=39).
Results of the OER concerning UXs are reported in Paper VI of this dissertation.

4.4 Prevalidation study at the Loviisa NPP
During the design of stage 2 of the modernization of the control room of the Loviisa NPP, a comprehensive series of so-called sub-system validations (SSV)
were launched. The concept of SSV was an innovation jointly achieved by Fortum
control room designers and the VTT research team to guide and direct the control
room design with independent evaluations during the design process. The overall
aim of the SSVs was to gather evidence of control room systems usability in order
to both accept mature design solutions and support design. The overall validation
of control room transformations will take place in a series of sub-system validations concerning individual systems and related operating concepts and finally in
an integrated validation. Even though they are referred to as validations, subsystem validations also have a design orientation, as modifications to the overall
design of the new system can still be conducted before freezing the specific subsystem design. Three SSVs constitute a comprehensive testing of the systems
comparable in scope to the reference tests. Only the part concerning UXs in SSV1
is reported as part of this dissertation work.
The particular SSV study concerned a new long-term accident management
system user interface based on the same touch screen technology was investigated in the OER study. The system will be utilised by all three crew members for the
tasks of long-term accident management.
It was important to study the UXs in the situation as the operating concept of
the new system is different from the existing one in the plant in a few important
ways. First of all, the system provides process feedback to the operators only from
the parameters which utilise safety classified, very robust and reliable, instruments
and systems. This means that, in comparison to the current control room, there is
less process feedback. Simultaneously, the feedback which is given is more reliable in nature. Secondly, the new system includes the EOPs in digital format on the
displays. This is a change which may have an effect on the UXs, because the
operators are quite used to the paper-based working with the EOPs. Thirdly, the
operating interface is designed based on the respective EOP. This has resulted in
a task-based UI which contains only the controls and monitors prescribed in the
EOP. These changes in the operating concept aim at harmonizing operating practices and increasing the efficiency of operations in an accident management situation.
Nine operators took part in the experiment. The operators had varying levels of
expertise.
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The questionnaire utilised was again slightly modified to suit the particular aims
of the SSV. Prior to completing the questionnaire, the operators had first passed a
two-day validation training organised by the design organisation, and then on the
test day had conducted three accident scenarios in which they had utilised the
new system in nearly full fidelity development simulator conditions.
As the number of participants was quite small, no statistical analyses were
conducted. Thus, the results should be considered as preliminary reflections of the
UX of the new user interface and operation concept. The UX-related results of the
SSV study are reported in Paper VI of this dissertation.

4.5 Summary of methods and materials
The methods and materials of the entirety of the dissertation work are summarised
below (Table 2).
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Table 2. Summary of the methods and materials in empirical work.
Study

Initial studies

Baseline evaluation study in
Loviisa NPP

Baseline evaluation
study in Olkiluoto NPP

Operating experience review in
Loviisa NPP

Sub-system validation
concerning modernized
MCR of Loviisa NPP

Practical
purpose of
the study

Develop initial
version of
evaluation
process

Create a baseline reference to
be used in comparisons with the
new control room

Create a baseline
reference to be used in
comparisons with the new
control room

Monitor adoption
process of new UI

Validate control room
subsystems

Formulate a new
baseline concerning
the particular system

Identify design
improvements

Explore concept of
UX in NPP context

Explore concept of UX in
NPP context

Study adoption of new EOPs
Identify UI problems

Study effects of new digital
UIs in MCR
Identify UI problems
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Develop the evaluation methods

Develop evaluation
methods

Explore methodical choices

# of participants

--

42 operators

21 operators

39 operators

9 operators

Research
process

Literature study

Situation modelling

Outlining initial
evaluation process and developing it in two
empirical evaluation cases

Data collection

Situation modelling jointly
with trainers

Small scale observations and interview
in order to develop
the questionnaire

Questionnaire study
(embedded within
a larger sub-system
validation project)

Study effects of new digital
UIs in MCR

Data analyses
Assessment

Data collection
Data analyses
Assessment

Distribution of the
questionnaire electronically
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Scientific
purpose of
the study

Training
simulator,
test facilities

Training simulator

Training simulator

Normal main control
room of the plant

Development simulator

Interview
materials

Designer
interviews

Orientation interviews

Orientation interviews

--

Process tracing group interviews

Individual process tracing
interviews

Interview
concerning
the studied UI

Observation
materials

Crew activities in
different
accident
scenarios

Crew activity in 3 scenarios:

Crew activity in 3
scenarios:

Observation of
crew activity in one
scenario

--

Systems Usability
Questionnaire

Systems Usability
Questionnaire

Qualitative and
quantitative

Quantitative

LOCA
Electric bus bar failure

Failure in decay heat
removal system

Primary-secondary leak

An ejector failure
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An automation failure in
pre-heater line
Questionnaire materials

Data
analyses

--

Qualitative

Task load index

Task load index

Expert evaluation

Expert evaluation

Systems Usability
Questionnaire

Systems Usability
Questionnaire

Qualitative and quantitative

Qualitative and
quantitative
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Facilities
utilised

Result
reported in

Paper III

Paper I, Paper II, Paper IV,
Paper V, Paper VI

Paper I, Paper II, Paper IV

Paper VI

Paper VI

New questions which
emerged in
the study

Further development of functional situation
models

Development of process tracing
interview method

Further research questions concerning operatorautomation collaboration

Further development
of UX research
method

Longitudinal assessment of
developing control room
concept

Systems usability of a hybrid
control room

Systems usability of a
hybrid control room

Understanding the role of
UX in evaluations

Functional situation models

Functional situation
models

Understanding the
role of UX in
evaluations

Development
of systems
usability
questionnaire
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Contribution
to the
systems
usability
concept and
evaluation
approach

Initial testing of
different
methods
Outline of the
initial evaluation
process

Resilience in proceduralised
operating activity
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UX in complex work

Understanding the challenges in evaluating less
mature technologies

5. Results

5.

Results

This chapter gives an overview of the key results acquired in the research work
comprising this dissertation. The full results are detailed in the papers attached at
the end of the dissertation. This section is organised according to the research
questions presented first as research goals in the introduction (p. 20) and as final
research questions in Chapter 3 (p. 68). This chapter is divided into three main
parts: Subsection 5.1 addresses the conceptual research questions concerning
the notion of usability in the domain of complex work and the role of UX in development of tools for complex work. The details of these results are reported in Papers I and VI. Subsection 5.2 deals with the methodical research question concerning practical ways of studying the usability of control rooms. The detailed results of Subsection 5.2 are reported in Papers III, IV, V. Section 5.3 presents the
practical empirical findings concerning identified usability problems. The detailed
results are mainly presented in Paper II.

5.1 Characterising good usability in the domain of complex
systems
This research deals with the quality in use of control rooms used by professional
operating crews in order to control complex safety-critical industrial production
processes. The fundamental starting point for understanding the appropriateness
of a control room begins by investigating what is, in general, the purpose of the
tools humans use in their lives. The magnitude of change in transferring to digital
tools [Ha et al. 2007] is so great that the role of the tools needs to be considered
“from the beginning” by theorizing about the role of tools in human activity. How do
tools contribute to human activities? In this question, the theoretical contemplations of cultural historical theory of activity (CHAT) were utilised, as the role of
tools in activity has been thoroughly explained in the paradigm. Thus, CHAT has
been the main theoretical inspiration for the concept of systems usability the derivation of which is presented next.
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5.1.1 Concept of Systems Usability
In the section concerning related research (Section 2.4) it was identified that in
order to characterise “the good” of tools within complex socio-technical systems,
the approach needs to be systemic. I have interpreted the quest for a systemic
approach by including multiple viewpoints and abstraction levels in the constellation of the concept of systems usability.
5.1.1.1 The functions a tool shall serve in an activity
In CHAT, or in short, activity theory (AT), the role of tools in activity has been thoroughly examined. One of the founding notions of AT is mediation: In an activity,
the relationships between constituents of the system are mediated by historically
and culturally developed means, for example artefacts. This means, that the relationship between the subject and the object she is acting on is mediated by tools
and instruments. This is a very fundamental characteristic of human activity; it is
often stated that it is precisely mediation that has made Homo sapiens into such a
successful species [Kaptelinin, Nardi 2012].
In the context of process control work, mediation means considering the subject
as the individual operator and/or the entire operating crew, the object as the controlled process, and the main tool the automation and control system UIs which
reside in the control room (Figure 3).

Figure 3. Mediating role of tools. In process control work the subject can be an
individual operator or the entire operating crew, the object is the controlled process, and the main tool is the automation and control system.
From this notion of the mediating role of tools, it can be derived that the purpose of
a particular tool, the automation system and in this case in particular the UI in the
control room, is to provide the object to the operators in a way that enables appropriate acting on the object.
Vygotsky [1978] elaborated mediation by making a distinction between two different functions of tools in an activity: instrument and a psychological tool. Instrument refers to the tool’s ability to produce the intended effect in the environment,
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whereas the psychological function refers to the comprehension of the tool’s potential by the human and the tool’s capability to function as an external control of
human action.
The distinction, in the context of process control work, means the following. As
an instrument, the automation system allows the operators to operate the process
effectively. This means that operators are able to monitor and operate the relevant
process components and sub processes to the extent that the defined work tasks
and responsibilities can be accomplished. The operators are able to have an effect
on the process, which in this case constitutes the environment. Consequently, as
a psychological tool, the automation system enables the psychological processes
relevant in the operators work such as learning and remembering. By using the
automation system, the operators learn how the process actually functions and for
instance what are the interconnections within the process that are relevant for
obtaining the objectives. In more theoretical terms, the automation system provides an external means to control one’s own behaviour; it provides feedback and
enables reflection on one’s own activity, which are basic prerequisites for development.
Fairly recently, Georg Rückriem [2003] proposed a third general function for a
tool in an activity: that of communication. The idea is based on media theory and
the new aspects which the digital tools bring into tool functions in modern society
[Rückriem 2009]. The communicative function of a tool denotes to the social aspects of using a tool.
In the process control context of an NPP, the communicative functions emphasize the role of the community which uses the same tool for the activity. The control room is the nerve centre of the whole plant, in which all the important information concerning the process is interpreted and acted upon by the operating
crew. Within the community of an NPP, it is evident that the usage of particular
features of the tool conveys meanings. For example, in a conventional analogue
control room even the physical location of the operator communicates to the other
members of the same crew the tasks that are being conducted by that particular
operator. The same could be stated more obviously concerning the use of particular emergency-related systems and tools. In more general terms, the communicative function of a tool enables the construction of shared understanding concerning
the work, which is a prerequisite for meaningful collaboration.
As a summary concerning the functions of a tool in an activity system, it is concluded that a technological tool always serves the three distinct, yet intertwined
functions in the activity (Figure 4).
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Figure 4. The functions of a tool in mediation between the subject and the object
are threefold. They include instrumental function, psychological functions, and
communicative function.
A central thesis in this dissertation is that in the systemic analysis of the usability
of the tool, all three functions of a tool should be considered. From the point of
view of conceptualising usability in the domain of complex socio-technical systems, this means that a usable system is such, that it fulfils the demands of all
three functions.
5.1.1.2 Contextualisation of tool functions
Another central concept in AT, which is relevant for considering the purpose of
tools in the activity system, is object-orientedness. According to this principle, the
human activity is always directed to the parts of the environment that provide the
possibilities to maintain and develop human existence. The material (or conceptual)
entity towards which the activity is directed, forms the object of activity.
In the context of considering an automation system, UI as a tool in process control work, this means that the object of the activity is the controlled process. In an
NPP, the object of the operating crew is the power production process which produces electricity by releasing and converting the energy stored in the nuclear fuel.
According to AT in general, the environmental possibilities and the expected
outcomes that may be reached while acting on the object, are the central determinants in structuring the activity [Norros 2004]. Thus, in the NPP context, this
means that the operating activity is structured according to the possibilities that the
process design allows for acting. This is a very fundamental principle, and it describes the level of depth at which the human interaction is actually determined:
The process design already dictates some of the ways in which the human may
interact with the object [Papin, Quellien 2006].
To be successful in their activity it is necessary that actors take into account the
actual and real possibilities and constraints of the domain in fulfilling the objectives
of the activity. Norros [Norros 2004] has developed a framework for identifying and
modelling the possibilities and constraints of the domain and the demands that

83

5. Results

they set on appropriate activity. The formative modelling approach of the human
role in obtaining the objectives of safety-critical systems is called core-task analysis. A central concept is the core task, which denotes the main content of the
work. In core-task modelling, the domain characteristics are analysed with a specific conceptual tool which elicits the dynamism, complexity, and uncertainty features of the object. Based on the features of the object, the demands on the actors
are deduced that relate to the actors’ skills, knowledge and collaboration17. The
elaboration of the core-task demands in the particular context provides knowledge
about what specifically are the features of the object that the tool is supposed to
mediate in order for the workers to fulfil their core-task demands. With this method, the object of activity is analysed to provide the contextual characterisation of
the tool functions.
The second thesis of this dissertation is that, in the systemic analyses of control
room UIs’ usability, the object of activity will be analysed so as to contextualize the
functions of the tool in the particular activity. Core-task demands represent the
contextually meaningful content of the work, and thus provide the basis for identifying appropriateness of activity also from the point of view of tools.
By applying the two theses presented above, a definition of systemic usability, i.e.
systems usability in the context of complex sociotechnical systems, is construed:
Systems usability (SU) denotes the capability of the technology to fulfil the
instrumental, psychological, and communicative functions of the tool in the
activity and the capability of the technology to support the fulfilment of coretask demands in work.
5.1.1.3 Perspectives to analysis of usage activity
With reference to the above definition of SU, it is evident that the evaluation of
tools is possible only by following and analysing the actual activity in which the tool
under evaluation is being used. The successfulness of the activity in fulfilling the
core-task demands is the evidence of SU, along with the support for the individual
tool functions. This means that, in order to identify the SU of a tool, empirical data
concerning the usage activity has to be gathered18. This subsection deals with the
approach utilised in the analysis of activity and details which perspectives on activity are relevant for evaluating the SU of tools. Below, three perspectives on the
analysis of activity are introduced and justified: performance, way of acting, and
experience.
Analysis of performance is the first perspective on the activity. Even in practice,
it is necessary first to identify the sequence of actions and operations the actors
accomplish, and the outcomes they produce in conducting the work. This is also

17

For elaboration of core-task demands in nuclear power production, see Norros (2004).

18

This is, of course, in line with the whole usability and user-centred design approach to
technology development.
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the natural way to start the analysis of usage activity. The performance aspect of
activity answers the questions of what was done in a situation, and with what outcome. The analysis of performance sequence corresponds to those accomplished
in most human factors and end-user studies, in which the attempt is to describe
the quality of the tool by utilising indicators such as task completeness, errors in
use, or time spent in completing the task. Thus, the reference in the performance
analysis of activity is the outcome achieved in the activity. Outcome is something
that is directly observable and even measurable by the external observers of the
activity.
In safety-critical and complex domains, the outcome is, however, not sufficient
as the only measure of appropriateness of tools [Norros 2004]. Analysis of the way
of acting provides the second perspective on analysis of activity. Way of acting
refers to the answers to the question of how the performance outcome was
achieved [ibid]. This aspect is important due to the fact that numerous for example
technical, training-related, or organizational (e.g. procedures) barriers, have been
designed to neutralize the effect of possible performance variance on the outcome. In other words, performance outcome as a measure is not sensitive to variation in the tools. Well-trained operating crews often reach good outcomes even
with poor tools. Yet, the actors themselves and the trainers report that there are
differences in the ways of accomplishing the work, and sometimes one way may
be superior to another by better meeting the general demands of the activity.
Thus, the indicators concerning way of acting are brought to the centre of the
analysis of activity, in order to identify the differences and their significance to
safety and other objectives of activity. Hence, in addition to outcome, the way of
achieving the outcome should be analysed. The reference for the quality of way of
acting is the orientation to the core-task [Norros 2004] because it assumes that the
operators are attuned to the general safety-relevant characteristics of the domain
on top of fulfilling the immediate process control tasks. This orientation in activity
creates the potential for resilience. From the point of view of evaluating control
room tools, this means that it must be identified in the empirical data, that with the
tool the operating crew is able to maintain the ways of acting which enable obtaining the objectives of the whole system.
The third perspective on the analysis of activity is user experience. Because of
the complexity of the work of the operators and the expertise needed in it, it is not
possible analytically to grasp all the possible implications that a tool will have in an
activity. This is particularly difficult for an external observer who is not an expert on
operations in the domain19. Therefore, the expertise of the professional operators
concerning the appropriateness of the tools must be exploited. This is labelled
user experience, because in this aspect of usage activity, the interest is in the
feelings and emotions which the tool evokes in the users. These experiences,

19

For example in the NPP context operator training takes several years, during which the
production process and the tools in the control room become profoundly internalised by
the operator candidates.
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which have arisen in the real usage of the system, are an important indication
concerning the development potential of the tool [Norros, Liinasuo & Hutton 2011].
Also, in AT, emotions are understood as direct indicators of the status of an activity as a whole [Kaptelinin, Nardi 2012]. Hence, analyses of experiences provide yet
another perspective on the analysis of usage activity which reveals aspects concerning the suitability and potential of the tool, experienced by professional users,
on the level of the totality of the activity. The overbearing quality of user experience is that the user feels that the technology has the potential to develop into a
meaningful tool for the activity [i.e. instrument genesis in Béguin, Rabardel 2000],
and benefits the interaction with the object of activity.
The three perspectives on activity add to the systemic nature of the approach of
considering the systems usability of tools because they provide different viewpoints of and abstraction levels to the analysis.
In some way, the performance outcome is the primary perspective in comparison to other two perspectives. If outcomes are not acceptable, e.g. tasks cannot
be completed with the tool, it is evident that the tool is not acceptable, and it is not
worthwhile to more thoroughly investigate the ways of acting and experiences
which are often more labour-intensive to analyse. But, even in this case, the other
perspectives may provide explanatory power which enables the analysts to comprehend the mechanisms in usage that contribute to the poor performance. These
analyses may be crucial in understanding how the tool should be developed to
better support performance.
Activity can be analysed for external and internal good [Norros 2004 citing,
MacIntyre 1984]. The three perspectives can be described as a continuum from
the external to the internal good of activity (Figure 5). In a safety-critical domain
which is regulated by laws and acts, and which is societally significant, it is necessary to demonstrate the quality of the system by utilising externally defined and
observable outcome measures. At the same time, it must be acknowledged that
the strict requirements on the external measures make them such, that they are
not always sensitive, and even more importantly, they are not always easy to interpret because the mechanisms of usage that produce the outcome are hidden in
the complex couplings within the socio-technical system. Therefore, also internal
indications of appropriateness of activity are needed.
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Figure 5. Perspectives on the analyses of activity: Performance outcome, way of
acting, and user experience.
The definition of systems usability is completed by adding the three perspectives
on activity:
Systems usability denotes the capability of the technology to fulfil the instrumental, psychological, and communicative functions of the tool in the
activity, and to support the fulfilment of core-task demands in the work.
Systems usability is evidenced in technology usage in appropriate performance outcome, way of acting and user experience.
5.1.2 Framework for identifying SU indicators
The evaluation of SU necessitates defining concrete indicators that express SU.
By combining the principles concerning the tool and the activity (functions of tool
and perspectives to activity), a two-dimensional plane (Figure 6) can be construed.
This plane is a frame which describes the general classes of SU indicators. The
framework is a conceptual tool which aids in finding relevant measures to be used
in comprehensive evaluation.
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Figure 6. Nine categories of systems usability indicators.
In what follows, a description is given of the measures of systems usability in the
context of control room evaluation. At the same time a characterization of appropriate process control work utilising the three perspectives to activity is made. An
example of a set of measures that were utilised in a concrete evaluation is presented below (Figure 7).
Measures of performance: Measures of performance describe the outcomes of
work and reflect the first perspective on activity. The measures aim at being objective, and characterize the work as it can be seen from the outside by an external
observer. In control room evaluation, instrumental outcome refers to the operators
being able to carry out their tasks with the tool. This means that the tasks are
completed in a manner that does not endanger safety or the production- related
goals of the activity. Psychological performance refers to the measures which
capture the cognitive performance of the operators such as cognitive load. Communicative performance refers to the collaborative aspects of process control
activity, for example the extent to which process information is communicated out
loud by the members of the operating crew.
Measures of way of acting: On an instrumental level, the way of acting means
that the tool helps the users to focus on relevant phenomena in the process; it aids
in focusing on the tasks that are most crucial and relevant in the given situation.
This is manifested in a way of acting that can be characterized as focusing on core
issues and effective prioritization in work. On a psychological level, the way of
acting means that the practices of use are such that they strive for understanding
of the process situation, thus being able to anticipate and being in control. On a
psychological level, this way of acting requires profound conceptual knowledge
and operative schemes about the process, its conformance with the natural laws
and the controlling automation system. The tool should be such that it enables and
supports the development of these psychological capabilities. On a communicative
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level, the way of acting refers to the features of teamwork and a shared understanding of the prerequisites for good performance. A good way of acting in the
communicative form is such that it enables the crew to share the object. This
means that each individual is able to see their own influence on the joint object. In
order to support a communicative way of acting, the tool should support good
teamwork and shared awareness of the process status.
Measures of user experience: Instrumental experience means that users feel
that the tool works well; there are no unnecessary complexities in using the tool.
Feelings of achievement also belong to this category. In the psychological function, the user experience means that the user is confident in using the tool and the
tool is embodied to the extent that the usage feels effortless and natural. In the
communicative function, the user feels that they can trust the tool in the same way
one can trust another operator within an operating crew. The tool is trusted to
communicate all the required process information in a way that is comprehensible
to the users. The tool improves transparency and anticipation within a team and
also improves shared understanding of the situation. In a wider perspective it also
mediates the values of good practice.

Figure 7. An example of applying systems usability framework to identify
measures: The indicators utilised in the base line studies in the Finnish NPPs.
In what has gone before, the notion of systems usability and theory based justifications were described. They constitute one of the main results of the dissertation.
SU emphasizes the systemic and mediating role of information technology in an
activity system. The concept refers to a system’s overall meaningful role in an
activity, which can be demonstrated and assessed by defining a contextually
meaningful set of SU indicators. The point of utilising SU in control room development and evaluation is to ensure systemic consideration of the tool. This means
that the activity is considered from different perspectives, which enables inclusion
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of the global, societally defined purpose and objective, which are the reasons for
the activity. The SU framework for developing indicators covers the functions of
the tool and the perspectives to activity to ensure the necessary scope and depth
in terms of abstraction levels in the analyses of tool appropriateness.
5.1.3 Significance of UX in designing tools for complex work
The other conceptual research question regarded the role of the concept of user
experience (UX) in the development of tools for complex safety-critical work. As
indicated above, the concept of experience is one perspective from which an activity is analysed (Figure 7) in the evaluation of the SU. The exploration of the concept of UX was conducted in the NPP domain, and the results of empirical work
are reported in Paper VI of this dissertation.
In principle, the design of new control room UIs in the nuclear industry is based
on a conservative strategy. Conservatism in design, if pondered in particular from
the point of view of human factors and design of interaction technologies, means
that the new control room systems in NPPs apply the same design philosophies
and are based on the same design principles as the existing ones. This approach
to design precludes the taking into account the modern understanding of human
cognition and technology mediated activity cited in the related research section of
the dissertation, such as the theory of situated action [Suchman 1987], embodiment
[Dourish 2001], distributedness of cognition [Hutchins 1995], and the socially constructed and driven meanings conveyed by the technology [McCarthy & Wright
2004]. Thus, even if evolutionary improvements in human system interfaces are
being conducted in the nuclear domain, they are mainly based on dogmas and “industry standards”. This conservative approach to design imperatively hampers the
development of the whole field, because the requirements of a modern understanding of design as pluralistic and inherently humanistic [Bardzell 2010] are not fulfilled.
”The human factor” is, of course, reckoned to exist and actually to have quite a
significant effect on overall system safety in the nuclear domain. Even though the
advances in understanding the foundations of human behaviour cited above have
shown that the human role in achieving the objectives of activity could be perceived more widely than seeing the human as a risk factor, the contemplation of
only the possible negative consequence of human action is still quite dominant in
a safety-critical industry. Constituting an opposite approach, the objectives advocated by resilience engineering [Hollnagel, Woods & Leveson 2006] aim at understanding also the positive role of human beings in construing safety. In considering
the role of UX in the design of new systems, the idea of utilising UX as an early
indication of the successfulness of a new design solution was developed.
Inspired by the resilience engineering paradigm, it is also possible to address
the design of new systems from the point of view of positive variation. The question may be formulated: What makes design activity resilient? In order to be resilient, design should be sensitive in its practices to different kinds of signals concerning the successfulness of new solutions. Relying solely on dogmas and norms
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surely standardizes designs and lessens variability, but maybe at the same time it
may hamper general development because the emergence of positive variability is
also restrained by the standardization. In the three studies presented in Paper VI
of this dissertation, the motivation was to investigate whether, by utilising UX as an
indicator of system appropriateness, some conclusions could be made about the
successfulness of designs which vary in maturity. In the studies, UX was utilised in
addition to the standards, guidelines, and existing solutions which are prevailing
design drivers today. It was claimed that the UXs of the potential users could be
utilised as anticipatory indicators of the effects that the new system will have on
the usage activity, because they are exactly such; users try out and test new tools,
and general feelings concerning the tools emerge. The usage activities of the new
tools are not yet mature enough that it would be meaningful to use indicators such
as errors, performance accuracy or time. Therefore, the following and taking into
account of the UXs emerging in different test situations during the design process
is considered as a characteristic of a resilient design activity aimed at foreseeing
the impacts of new technologies already in the design phase. It was proposed
that, in resilient design activity, the UXs of the individual users concerning the new
developing tool could be utilised as early signals indicating the potentiality of the
new tool. The professional users, who have years of experience of working in the
domain, may have an intuitive feeling concerning the general appropriateness of
the proposed new tools for the activity. Also, a notion of promise has been utilised
[Norros, Liinasuo & Hutton 2011] to indicate the added value that only the professional end-users could experience concerning the technology. It may only be a gut
feeling of an operator that a proposed tool is, or is not, suitable for the particular
work, but in the safety-critical settings, the feeling should be taken seriously and
explored thoroughly to find its sources and significance.
Based on the explorative studies concerning UXs in a complex NPP context, I
conclude that significance of the concept of UX is in informing design activity of
the potentiality of the new tool very early when it is not yet feasible to use performance measures. A design activity which is able to take advantage of this kind of
anticipatory indicator concerning future usage can be considered resilient, because it addresses the issues which do not yet exist but contains inclinations of
developments which are relevant for safety.

5.2 Procedures for identifying the SU of the control room
This subsection provides the results related to the methodical research questions
concerning practical ways of assessing the SU of a particular tool. In the review of
existing approaches, development needs were identified in 1) analyses of the
domain and the related implications for evaluation approach, 2) modelling of operating tasks, 3) analyses of operating practices to identify resilience. These specific
methodological questions complement the results of the conceptual theoretical
elaborations concerning SU, as it is expected that systemic evaluation may need
detailing of the evaluation methods.

91

5. Results

5.2.1 Evaluation process to reveal systems usability
In order to build a methodology for evaluating the appropriateness of control
rooms, the human factors evaluation methods and the state of the art usability
evaluation were reviewed and some development needs were identified (Section
2.4). As a result, an evaluation process which addresses the identified short comings in the existing methods was outlined (Figure 8). The approach aims at an
evaluation process which is able to assess the effects of the technology on safety,
and to understand the mechanisms of interaction on a level which enables identification of directions towards which the tool may drive the operating practices in the
long run. The potential hazards may not be evident on the level of outcome, but
the possible early signs of degradation in the sociotechnical system are made
explicit in the evaluation. The process was labelled contextual assessment of systems usability (CASU), and it was first introduced in Paper III of this dissertation. In
the CASU evaluation approach, the empirical-positivist approaches, as Upton et
al. [Upton et al. 2010] term them, arising from, for instance, cognitive psychology,
and the empirical-hermeneutic approaches deriving from a post-modern understanding of human conduct have been interwoven. The approach implements in
practice the theoretical concept of SU introduced above. The CASU method has
been used in studies of nuclear power plant control room modifications.
The CASU approach to evaluation consists of four separate phases – Modelling, Data collection, Data analysis, and Assessment – which are all briefly described below. The main additions of the CASU approach to other prevailing evaluation approaches are in the detailed analyses of the work domain and the operating
situations, and the operationalization of concepts of practice and user experience.

Figure 8. The process for contextual assessment of systems usability.
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5.2.1.1 Modelling
The first phase – the modelling phase – outlines the basis for the evaluation by
analysing in depth the context of use of the control room. This phase in particular
is in concurrence with the activity theoretical thinking concerning the objectorientedness of activity, as the models elicit information concerning the object. The
models act as internal references on which the data analyses are based.
The modelling includes analyses of the of the work domain. This means that
the intrinsic physical laws governing the production process are identified, and the
technical process components which realise the processes are mapped. For this
purpose, an analysis method originally developed by Jens Rasmussen [Rasmussen 1986], the abstraction hierarchy (AH), may be utilised. An abstraction hierarchy provides a general view of the controlled process. It reveals, in means-ends
relationships, how the process components are capable of realising the objectives
of production.
In order to be successful in their activity, it is necessary that actors take into account the possibilities and constraints of the domain (expressed, for example, in
the AH). So as to elicit this information, the modelling method developed by Norros [Norros 2004], the already briefly mentioned core-task modelling, has been
utilised.
In order to conduct an evaluation of systems usability, it is necessary also to
analyse what type of information and possibilities of acting the system under evaluation provides to the operators. This modelling is called modelling of the UI informativeness and it produces as an outcome the intended affordances in the
system under evaluation. [Norros et al. 2009]
The previously mentioned domain and work modelling methods are general in
nature, but as evaluation must be conducted in real usage, a model of the particular situation utilised in evaluation must be created. In the situation, it is possible to
describe in more detail the functions of the domain which are in question in this
situation, and the expected operator actions to respond to the requirements of the
domain. To elicit this information, a task analysis method, the functional situation
model (FSM) is used, which is presented in more detail below in Subsection 5.2.2
(p. 96).
All the modelling methods together produce the collection of contextual models
which can be used as a reference for comparing the empirical data collected later.
Also, the evaluation measures and criteria can be defined based on these models.
In the modelling phase, the main functions of the domain and how they are realised by the technical system, what is the core task of the human operators of the
system, what are the affordances in the UI with which the work is supposed to be
conducted, and finally in the particular operating situations selected for the evaluation, how are all the above manifested.
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5.2.1.2 Data collection
The second phase in the evaluation process is data collection. The aim of this
phase is to collect empirical data which is relevant from the point of view of the
SU. This means that the data should be such that fulfilment of the three functions
and the core task can be evidenced.
In practice, there needs to be at least objectively and independently gathered
data in order to judge performance, personal conceptualizations and observations
of behaviour so as to reveal ways of acting, and subjective considerations so as to
reveal experiences.
Performance data can be categorised to concern either operator (human) performance or process performance. Human performance refers to measures such
as task completeness, time and errors. For these, there are approved methods,
the predictive power of which has been studied [Hwang et al. 2008b]. Such
measures are for instance the NASA Task load index [Hart, Staveland 1988],
some physiological indices, task error rates. Process performance data is based
on important process parameters. It can for instance be analysed that in the particular scenario the primary circuit pressure is an important parameter, and its
behaviour is indicative of fulfilment of some of the goals identified in the modelling
phase. Thus, data concerning primary circuit pressure should be collected. Typically, process simulators utilised in the test situations store this information in the
log files. Expert evaluations basing on the FSM were also conducted in the empirical studies of research work so as to gather data concerning performance. In addition, process tracing interviews were conducted post scenario. In these interviews
the operators revealed their understanding concerning the process situation and
the tools utilised in order to control the process.
Data concerning ways of acting is somewhat more complicated. An interview
method was developed (based on earlier work [Klemola, Norros 2001, Norros,
Klemola 1999]) within the CASU framework to reveal operators’ personal conceptualisations and valuations concerning their work. It is difficult to establish causal
relationships, but there is little doubt that attitudes and behaviour are somehow
linked [Stanton, Ashleigh 2000]. The method developed, the orientation interview,
is a short interview in which, based on answers to a few indicative questions, the
operators’ personal epistemic attitude towards their work can be assessed 20. In
addition to conceptions, the way of acting is evidenced in the operators’ actual
corporeal practices of conducting process control work. This data is best captured
by video-recording the activity of the crew. In the studies, head-mounted cameras
were utilised to enable the operators to view the work and to enable detailed level
analyses of information usage. In addition, an overview camera recording provided
information concerning operators’ physical locations, movements, and communi-

20

The orientation interview method has been reported in detail by Norros et al. [Norros,
Liinasuo & Savioja 2013], but the results are also discussed in articles 1 and 2 of this dissertation.
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cation and collaboration. Additionally, the operators’ own viewpoint on the conducted process control activity was acquired by conducting process tracing interviews.
In order to gather data concerning the operators’ experiences, a questionnaire
method was developed, in which the three functions of a tool were operationalized
for the benefit of understanding experiences concerning them. This work concerning UX evaluation is reported in Paper VI of this dissertation. In addition to the
questionnaire method, UXs can also be analysed based on the interview data,
especially the process tracing interview.
5.2.1.3 Analysis
The third phase is the analysis phase. Analysis aims at making sense of all the
data gathered concerning the SU of the control room systems under evaluation. In
the analysis it is important to maintain the systemic approach. This means acquiring different perspectives on the collected data.
As the data collection really produces an abundance of data, it was found useful to start making sense of it by first creating a chronological view of the scenarios. In this, the information from the simulator logs is combined with the videorecorded observations of the activity of the crew. All the communications, movements, process operators, and critical parameter behaviours are transcribed in a
single file. From the results of this analysis it is possible to identify the process,
and the human performance, by comparing the results to the reference identified
in the modelling phase.
In the analysis of practices, the results are based on two different data sets: the
operators’ conceptions concerning the work and the crews’ ways of acting in process control. As main data, the orientation interview results and the observations
of crew activity are utilised. The FSM serves as a fundamental reference in the
analyses based on the ways of acting which can be valued. In analyses of activities special attention is in addition paid to ways the crew is utilising the information
technological resources. This can be considered 1) an indication of the feasibility
of the systems and 2) an indication of the person’s intentions in activity [see Edmondson, Beale 2008 for "projected cognition"]. The methodology of analysing
operating practices is presented in more detail in Section 5.2.3 (p. 102) and in
Paper V of this dissertation. In Paper V the differences identified in practices between the crews in observational data are also characterised.
The questionnaire-based method utilising the analysis of user experiences is
presented in Paper VI of this dissertation. UXs can also be identified from the
interview data, especially the process tracing interview.
5.2.1.4 Assessment
The final phase of the evaluation process is the assessment. In the assessment,
both positive and negative issues identified in the data analyses are gathered
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together. The assessment is made by combining three points of view: performance results, results concerning the tools’ ability to promote appropriate work
practices, and results concerning operators’ experiences. In either of the three
viewpoints there may be both positive and negative issues that are identified.
By connecting the identified issues to the three general tool functions, it is possible to discuss their significance and the possible design changes they necessitate. For example, it is evident that a significant problem in the instrumental function most probably may directly point to a design implication, whereas a problem
concerning psychological function may require more thorough investigation of the
possible reasons for the problem.
If the evaluation is a validation study, it is necessary to make a statement concerning the acceptance of the system. To achieve a final statement, methodical
triangulation is needed. In this process the question of the appropriateness of the
control room design is approached from different perspectives and in the light of
different kinds of evidence. As the sheer amount of evidence may be colossal,
ways of organizing and structuring evidence are needed so that traceability can be
assured.
5.2.2 Scenario model for identifying operating practices
This subsection describes, in more detail, the task-analysis method developed
specifically so as to provide an evaluation basis for analysis of operating practices21.
A more detailed elaboration of scenario modelling is presented above as part of
the modelling phase of the general process of evaluating systems usability of UIs
in complex work.
As stated earlier, the analysis of operating practice answers the question of
how operating work is being conducted. This is a distinction from the more typical
question of what actions are being conducted. The question of how is important
because it reveals the meaning that the particular action has for the actor. By analysing meanings it is possible to generalise the results, because people have a
tendency to act in a way they find meaningful. For example, an action which is
considered important or critical by the actor, is more likely to be conducted with
particular care as opposed to something that is not considered critical. This feature
in operating activity, the meaning that particular actions have for the actor, does
not become evident if only “what” type questions are asked in the analyses.
In the domain of process control work generally the meaning of an action is reflected in its significance from the process control point of view. In order to understand what the situational meaning of each action is, a task model is needed
which connects the actions to the critical functions of the domain. For this purpose,
we present the FSM approach. A general schema of an FSM is presented below
(Figure 9).

21

“Way of acting” and “practice” are used synonymously here.
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An FSM combines two viewpoints to the modelled situation; chronological and
functional. These two dimensions define a two-dimensional plane in which the
most important operator actions and process phenomena are mapped for the
purpose of understanding both operating performance and practice.
5.2.2.1 Chronological view
The chronological view is the most obvious way of analysing the operating activity.
In the chronological view the scenario is divided roughly into different phases in
which the operating actions have a specific goal. In the FSM the chronological
phases are labelled according to the general goals: Detection, Mitigation of effect,
Diagnosis, and Stabilising the process state. Although the distinction is made between the phases, it must be acknowledged that in real activity all the goals are all
present simultaneously. But, for the purpose of making sense of the process situation, the distinction is nevertheless made in FSM modelling. Also, in a different
circumstance the phases might have different goals, and thus different labels for
the phases could be utilised.
Detection: In the model, detection phase denotes that the crew identifies some
process events requiring operator actions. The process information presented to the
operators is typically alarm information and notifications. Simultaneously, monitoring
of all process information is conducted by the crew. In the FSM, the detection phase
is concerned with the information that is available in order for the operators to understand the deviations in the process. In modelling the detection phase, it is also
important to explain the initial event(s) in the scenario. The most important alarms
informing the operators are included in the model. The implications of the initial
event on the process state are depicted at parameter and overall process level.
Mitigation: The line between mitigation and detection is not always distinct, as the
operating activity actually constitutes a continuous cycle of monitoring and acting.
Thus, the exact point in time when the mitigation phase “starts” is not so important,
but we do want to make a distinction that some operating actions are tuned more
towards mitigating the situation than perceiving information about the situation. It is
also typical that automatic functions handle some of the actions in this phase. In this
case, important operator actions are to monitor and confirm the fulfilment of the
automatic functions. In the mitigation phase of an FSM, the operating actions that
mitigate the process situation are mapped under the specific process information
and the initial events of the detection phase to which they are connected.
Diagnosis: As the ultimate operating goal in an accident situation is to bring the
process into a safe stable state, diagnosis related actions are required from the
operating crew. It is important to realise what the process situation is in order to
identify the required actions. In the diagnosis phase, these actions are depicted in the
model under the specific parameters of detection phase to which they are related.
Stabilisation phase refers to the operating activities which aim at bringing the
process into a safe and stable state. These actions are also connected to the relevant initial events.
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5.2.2.2 Functional view
A functioning sociotechnical system has the objectives of production, safety, and
health [Vicente 1999]. These objectives form the basis of the functional view of the
FSM. These objectives are depicted as the three “lanes” below (Figure 9). The aim
of the functional view is to identify, on a situational level, which process functions
are the means to maintain the three overall objectives, and how these means
translate into actual operating actions and operations.
The most important items in the functional view are the critical functions of the
process which are endangered in the specific situation. Critical functions refer to
the domain-specific core functionalities of the process, which enable achievement
of the general objectives. Typically, in a complex situation there are critical functions related to all of the above objectives which are endangered. For example, in
the nuclear domain the critical functions originally explained by Corcoran et al.
[1981] may be summarized as Norros [Norros 2004] writes: Reactivity, Core heat
removal, Coolant inventory, Pressure control, Heat transfer from the primary to the
secondary circuit, Containment pressure control, Containment integrity, and Power
for emergency systems.
Operating activity, on a high level, is oriented towards maintaining the critical
functions of the process. Thus, the operating actions required in the situation can
be collated under general means to respond to the endangerment of the critical
functions. This is depicted in the FSM by presenting a specific functional level in
the model “functional means to respond”. This level makes the connection between the individual operating actions and the critical functions. The relationship
with critical function level upward and with individual actions downward is of the
type means-ends. The means-end relationship resembles the one utilised in the
abstraction hierarchy AH [see also Lind 2003, Rasmussen 1986].
5.2.2.3 Connecting chronological and functional views
By connecting the individual level actions of the crew in depicted chronological
view with the functional view to the situation, the meaning of each action in the
wider context of the scenario is made explicit. This is the core of an FSM which
enables the analysis of operating activity on the level of way of acting.
This notion is based on an idea that making this connection in action is actually
what enables operating practice to support resilient activity in a situation. If and
when the operating crew is tuned towards the critical functions of the domain, they
always take them into account in their actions and follow how the critical functions
behave and are affected during the course of complex process control activity.
Making the critical functions the object of attention in the activity is a way of remaining vigilant also for the unexpected features of the situation and thus enabling
resilient activity. Resilience in this sense means that the activity is able to respond
to external events that may not have been rehearsed or pre-planned. In order for
the operating crew to be able to handle the unexpected situation when it takes
place, they must always be tuned to the critical functions, even in a situation which
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is well rehearsed or planned. The FSM makes explicit which critical function is
targeted with which action. Thus, in following when the crew takes the particular
action, it is possible to analyse whether they make the connection to the function.
This connection may be verbal (in communication) or there may be evidence for
instance in the direction of gaze data, whether the critical function-relevant parameters are followed. Observing this, enables analysis of the meaning processing
[Bennet, Flach 2011] which takes place in the situation by the operating crew.

Figure 9. The general schema of an FSM. In modelling a scenario with an FSM,
the boxes describing process events and information (yellow), critical functions
(red), and operating crew actions (grey) are depicted as connected to the critical
functions (read: safety, production, health) and the operative means to mitigate the
functions (blue). The description is organised according to the chronological phases
(detection, mitigation, diagnosing, and stabilization) according to the scenario in
question.
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5.2.2.4 Example: FSM for LOCA in a PWR plant
The following is an explanation of the FSM depicted below (Figure 10). The model
was developed for the analyses of LOCA scenario of the Loviisa NPP baseline
studies.
In the particular LOCA the initial event is a leak in one of the primary loops. The
leak is of the size 50 kg/s. The process consequence visible to the operating crew
is that the pressurizer level drops dramatically. Also some alarms go off, but they
are not depicted in the model. Another initial event was also included in the scenario. This was a failure in a plant protection signal which governs the automatic
protection systems of the plant. The failure was such that the signal was initiated,
but it failed to launch the implications.
A critical function which is primarily endangered in the LOCA is that of primary
circuit mass balance. This function is supposed to maintain that there is always
enough mass (cooling water) in the primary circuit in order to cool the reactor core.
In addition, heat transfer is endangered, as the coolant is leaking in the containment building and is not capable of transferring the heat to the secondary circuit,
although there is no real failure in the systems related to heat transfer.
The failure in the plant protection signal (modelled as a secondary initial event)
endangers the critical function of containment integrity. When the automatic plant
protection system is not functioning correctly, the containment is not isolated
properly.
The critical function of emergency power was also considered to be endangered, because power systems are crucial in any accident situation in order to
enable the functioning of safety systems which require electricity.
Production-related critical functions were not considered in the LOCA scenario,
as it is an accident, and operating activities are mainly directed towards ensuring
safety.
A personnel well-being-related function was identified as in a LOCA situation
the whole plant is evacuated for safety reasons.
Several means to mitigate the endangered safety functions were identified. In
order to maintain mass balance in the primary circuit, it is necessary to take the
auxiliary feed water systems into use. This happens via automatic plant protection
functions, and the operating crews’ responsibility is to monitor and detect that
safety injection pumps are starting. Heat transfer is mitigated by concentrating on
primary circuit cooling. At the outset, the important operating task is to assure that
the automatic scram has functioned correctly. This can be done either by the shift
supervisor’s decision or based on an emergency operating procedure. Containment integration is mitigated by means of isolation and emergency power by manually assuring the start-up of the diesels. Personnel safety is mitigated by means
of evacuation.
In the diagnosis and stabilisation phases, the relevant operating crew actions
were picked from the emergency operating procedure and depicted under the
critical function to which they mostly refer.
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In the LOCA FSM the process events are depicted as yellow boxes. The initial
events have a red line. The endangered critical functions are marked as red boxes
and the relating operative means are depicted below as blue boxes. The operating
crews’ actions are marked as light grey boxes. In the text it is always marked
whether the action is the duty of the turbine operator (T), reactor operator (R) or
the shift supervisor (VP).

Figure 10. An FSM of a particular LOCA situation in a PWR NPP.

101

5. Results

5.2.3 Analysis of operating activity for evaluating ways of acting
This subsection details the analysis approach utilised in identifying the potential for
system level resilience in the observational data of operating crew activity in accident management. The detailed level results are presented in Paper V of this dissertation. The empirical results: the characterization of practices supporting resilience are reported later in Subsection 5.3.2 (p. 115).
The LOCA scenario of Loviisa NPP baseline studies was carefully analysed in
order to understand the operating crews’ ways of acting. Simultaneously, an analysis method was developed while the actual operating practices were investigated.
The data utilised in the analyses was the video-recorded behavioural data of
each crew’s activities in the scenario. Each scenario was video recorded with 5
cameras: Each of the three operators carried a head-mounted camera which recorded operations, directions of gaze, and communications. In addition, there were
two overview cameras and an audio recorder which recorded as widely as possible the whole activity taking place in the control room.
The analyses were conducted on two different levels within the activity: action
and habit of action22. In practice this means that, first the activity was considered
on the level of action. Answers to the question “What do operating crews do in the
situations?” were sought. In this analysis, a detailed description of all operations,
communications, movements etc. was made23. Next, the level of analysis was
raised to the level of habit of action. On this level the question guiding the analysis
is “How do crews act in these situations?” This means that qualitative differences
in the ways the crews acted were first identified and then classified. In the third
phase of the analysis the categorisations identified on the level of habits were
brought back to the level of action, and an understanding of explanations of actions with regard to system resilience was sought (Figure 11).

Figure 11. Process of identifying resilience by analysing first actions and then
habits of action.

22
23

Habit of action is the operationalization of operating practice.
This also enables analyses of performance.
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5.2.3.1 Habit of action as the unit of analyses
The idea of using habit of action as the unit of analysis and operationalization for
the concept of practice comes from Norros [2004]. The general idea is that habit is
the notion which expresses an organism’s way of meeting the changing and
sometimes unexpected features of the environment. By standardizing features of
own behaviour into habits, the organism is prepared to face the dynamic world.
Without habits, every situation would be treated as new, and acting in a situation
would always be as difficult as the first time. The reasoning that a particular behaviour expresses a habit, and would appear again in corresponding situations,
draws on Georg Henrik von Wright’s idea concerning behavioural inference of
reasons [von Wright 1998]. It states that, if a person understands the meaning of a
particular sign as a reason for acting, this means that ordinarily the person responds to the sign accordingly, unless they have overruling reasons against the
action (see also Norros [2004]).
Philosophers Charles Sanders Peirce and John Dewey saw habit as a fundamental principle of human thinking and action [Norros 2004 citing, Peirce 1998b,
Peirce 1998a, Dewey 2002]. Human actors relate to the possibilities of the environment by continuous action-perception cycles, via which the outcomes of action
are observed by themselves. Acting and observing and interpreting the effects of
acting are inseparable. In the process, guesses concerning the world and possible
explanations are made and tested. The fundamental role of habit is to enable interpreting the cues of the environment and anticipating the effects of one’s own
actions. Habits are repeated as they are meaningful.
Peirce proposed that habits have a semiotic structure [Norros 2004, citing
Peirce 1958]. Habit expresses the principle of human thought, which allows a thing
to be in some way substituted or represented by another thing, i.e. representing
real world objects with crafted ones. For example, in a control room, the real process phenomena is presented utilising different kinds of signs. Signs, the form of
which is heavily dependent on the technological medium applied, are used to represent objects, and understanding of this relationship becomes evident in an action, thought, emotion, or another act or behaviour labelled as interpretant by
Peirce (Figure 12)24.

24

See also the presentation of Peirce’s model by Bennet and Flach [2011, p.18].
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Figure 12. The semiotic structure of habit [Peirce 1958].
Exploiting the former theoretical ideas, Norros [2004] proposed that the semiotic
concept of habit could be used in an empirical analysis of action so as to identify
what meaning the observed actions of subjects have in a certain domain and in
the particular studied situations. In this work I demonstrate that by utilising the
semiotic notion of habits it is possible to find differences in operating crews’ ways
of handling proceduralized emergency situations which may be significant from the
point of view of reaching the general goals of process control.
Using the above-described apparatus in the analysis of accident management
practices in simulated LOCA, indicators of habits were constructed from the observed behaviour of the operating crews. In the LOCA study the intention was to
characterise nuclear power plant operators’ ways of acting and using procedures,
in order to see whether it was possible to identify inclinations towards behaviours
which could become unsafe over time or in a particularly demanding situation. A
set of indicators of habits of action were constructed which characterise NPP operators’ actions and the ways procedures were incorporated in the actions. The
construction of the set of indicators is explained in the next section.
5.2.3.2 Identifying habits of action in the data
First in the analysis of practices based on FSM and analyses of the operating
practice of one crew, the whole scenario was divided into meaningful episodes.
Altogether, there were three separate episodes which were especially meaningful
from the point of view of objectives in the situation. In the second phase of the
analysis, the operating activity of each crew in these episodes was analysed utilising the concept of habit.
Identification of habits was conducted for each episode and for each crew separately. The treatment was carried out first for all crews in episode one, then for all
crews in the next episode, etc.
In the study of habits, in actual operation, the perception action cycles via which
the operating crews conducted the proceduralised tasks in the situation were investigated. The three interconnected components of habit – sign, interpretant, and
object – were utilised. The interpretant was considered to be the element of habit
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which is directly observable in the behaviour of the actor. It was assumed that the
acting of a person is driven by interpreting the signs in the environment. The sign
was considered to be any perceivable element or feature in the environment. It
could be an action (e.g. a communication) of another person, or it could be technology-mediated sound or a visual feature. The idea or object to which the sign
can be connected via the interpreting behaviour reveals the objective which is
sought by the actor, in other words, the way the crew acts based on particular
signs reveals what they consider the situation to demand from them.
In the identification of habits, what people did (interpretant) was first studied. In
this step the key actions (verbalisations, operations, movements etc.) of each crew
member in the episode were written out in text format. The next step was to look
at the very moments prior to the defining actions of the episode, and identify the
signs based on which the particular actions were carried out. The signs were for
instance previous actions, process information, information in the procedure,
sounds, communications, etc. This information was detected from the video recordings and, for example, directions of gaze were utilised. In the last step, we
deduced the objective in the habit by analytically comparing the interpretant, the
sign and the demands of the process situation described in the FSM.
As this analysis of perception-action cycles was carried out for the entirety of
the data, it was discovered that there was definable variation in the micro-level
activities of the crews. All the crews conducted the process control actions complied with the procedure, but the ways of conducting the tasks were different. In
particular, the signs based on which the actions were carried out. As these differences were further analysed, process control tasks became identifiable in which
the crews’ habits of action differed from each other. If, based on the analysis,
there were significantly different perception action cycles in an episode concerning
some particular issue, it was analysed whether it constituted a process control
task. In episode 1 we identified four different tasks, in episode 2 two tasks, and in
episode 3 one task. The tasks and the respective habits are presented in Section
5.3.2 (p. 115) of the dissertation.
5.2.3.3 Grading of habits with respect to resilience producing mechanisms
In the analyses of the habits it became evident that distinctively different habits
exist to fulfil the identified tasks of proceduralized accident management activity.
This variation occurs not only between the crews in different episodes, but also
within the crews continuing process control activity from one episode to another.
In the grading of habits the aim was to identify the habits which could be justified as adding to the system level resilience in the activity. For example, an alarm
as a sign might be interpreted by seeking other process indications confirming the
particular alarm, which could be a resilience-producing habit of action because it is
oriented to the process information and making thorough sense of the situation.
Whereas, the same alarm could also be interpreted by conducting exactly and
only the action the alarm indicates. This kind of habit of reacting to alarms can be
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argued to have less capacity to produce system level resilience, because it takes
the alarm information provided for granted and does not aim for contextual interpretation of the situation, which is a prerequisite for identifying whether the predefined procedure actually fits the situation.
The grading of habits was carried out on a scale ranging from interpretative to
reactive, interpretative being the one which is reflects most profoundly developed
human-environment relationship. This scale of grading habits was originally introduced by Norros [2004]. As explained earlier, the basic distinction between reactive and reflective relationship with the environment is made, and a confirmative
relationship is assumed between these two. In this study the scale was predefined, but the qualitative characteristics of each class were grounded in the
data. An interpretative habit is such that behaviours can be identified which point
in the direction of questioning the observed phenomena, building expectations of
future events, and one’s own interpretation of the situational demands. At the other end of the scale is a reactive habit. A reactive habit is such that it reflects passivity and a lack of expectations concerning the situation. No indications of own
interpretations and reflections are identified in the data. Weakness of reactive
habit is that it is only able to react to situations; there are no anticipatory aspects.
A confirmative habit is such that neither reactive nor interpretative characteristics
can be identified. A confirmative habit can be described as taking the situation for
granted, acting in a pre-defined way, and over-emphasizing rules and procedures.
As an end result of all the analyses, it became possible to formulate results
such as: Crew A fulfils a function z with a habit y. It also became possible to give a
contextual description of the function z and the habit y. These results, the functions, characterisation of the interpretative, confirmative and reactive habits in
them, and the distribution of the habits among the crews are reported in below in
Subsection 5.3.2 (p. 115).
5.2.4 Procedures for analysing UXs in complex work
The significance of the concept of UX in NPP operating work was addressed by
operationalizing the concept of UX within the SU framework for each function of a
tool in an activity (instrumental, psychological, and communicative). Based on the
operationalization a questionnaire was developed, which was utilised in three
different studies to elicit information concerning the potential of the evaluated systems.
Below are also depicted the specific indicators which were utilised in the questionnaire studies (Table 3 – Table 5). Many of the statements were modified during
the studies to fit the purposes of each study. Nevertheless, there was an attempt
to keep the indicator levels constant.
5.2.4.1 Operationalization of UX for instrumental function
The instrumental function refers to the tool’s ability to have an effect on the environment for which it has been designed, e.g. a control system user interface al-
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lows the user to manipulate process components. Instrumentality or instrumental
value is often discussed in UX research also, but the point is usually to contrast
UX with usability [Palviainen, Väänänen-Vainio-Mattila 2009]. In a systems usability approach, based on the notion of experience in AT, I do not separate UX from
the instrumental role of tools. The experiences of the actor concern the whole
activity, including the instrumental value of the tool. Especially in work settings, it
is the fulfilment of the instrumental function of the tool which is important for the
emergence of positive user experiences. Probably everybody can relate to the
positive emotions associated with “getting the job done” or “finishing a project”.
This is perhaps a difference in comparison with “main stream” UX research which
considers UX almost as a counterforce to the earlier usability research which emphasized the more utilitarian values in product usability development. The instrumental function of the tool is concerned with the tool’s ability to allow the user to
have an effect on the environment. If the control room functions well in instrumental function, the operators are able to use the system to conduct the process control actions they see adequate in the situations. They are also able to monitor the
fact that the intended process effects are reached. Through analytical contemplation, including the principles identified in relevant theories, applying notions of
dialogical empathy [Wright, McCarthy 2010], and exploiting one’s own experiences
of several development projects in the NPP industry, five indicators of good UXs
were developed for the instrumental function of a MCR under the general heading
of: Feelings of appropriate functionality.
The first indicator (I1) addresses the feeling of suitability of the tool for controlling the process. The operators must have a feeling that the control room systems
are actually capable of conducting the process operations that are indicated. This
is quite a basic requirement for the system, and it reflects the AT principle that
emotions concern the status of the whole activity [Kaptelinin, Nardi 2012].
The second indicator (I2) addresses the feeling that control system interfaces
are consistent with what is required from the operating crew in the light of their
operating procedure. The operators must feel that the control room systems support them in achieving the objectives of the work. This general “feeling of support”
was also identified by Palviainen and Väänänen-Vainio-Mattila [2009] as a relevant UX factor in work settings.
The third indicator (I3) addresses the feeling of ease of use, and effortlessness
in monitoring and controlling the process through the control room systems. Even
though control room operating is work and can be very demanding in certain situations, the general feeling of the operators should be that utilizing the control room
systems is effort-consuming only to the extent that is necessary.
The fourth indicator (I4) addresses the feelings that the operators have about
the quality of the control room systems. In order for the tool to function in instrumental function, the operators must have accumulated experiences which indicate
that there are no recurring or obvious problems in the control room systems. This
indicator reflects the same phenomena that Obrist et al. [Obrist et al. 2011] referred to as usability/ergonomics.
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The fifth indicator (I5) is concerned with the feelings that the physical form of
the user interfaces induce in the operators. In a well-functioning control room the
operators should have the feeling that the physical input devices “obey” nicely.
The operators should have the feeling that the systems behave appropriately at
their hands and fingertips. This is a kind of feeling of appropriate embodiment
[Dourish 2001].
The indicators for good user experience of the instrumental function of the control
room are not a complete set, but address control room functioning from multiple
perspectives, for example appropriateness of work and embodiment and on different abstraction levels, thus fulfilling the general objective of a systemic approach.
Table 3. The statements used in the questionnaires. I1–I5 indicators of instrumental UX A, B, C refer to the separate studies and the exact format of the statement
that was utilized in the particular study. The number after the letter, e.g. B2, refers
to the modifications made to the statement in the course of the three studies. If
there is no number, the statement was utilized in exactly the same way in all studies. If there are numbers, it means that the statement was modified for the purposes of the later studies. Some of the indicators were utilized for more than one
statement, e.g., I1 had three statements in study B (I1_B1, I1_B2, I1_B3). In the
modifications, the statement was contextualized for the study, but the main content of the indicator was kept constant.
Instrumental function UX: Feelings of appropriate functionality
I1

(A1, B1, C1) In my experience, the control room systems function as
they should
(B2, C2) Touch screen response feels appropriate to me
(B3) The system functions in a way which corresponds to my comprehension
of how it should function

I2

(A1) According to my experience, the control room systems support
operators in achieving the goals of work
(B2) The layout of the pages supports operators in their tasks

I3

(A1,B1) I experience that following the process from the control room
systems is easy

I4

(A1, B1, C1) There are no specific problems in the control room systems
that I would encounter repeatedly
(B2, C2) In my experience, touch screen technology is appropriate for
the control of safety critical systems

I5

(A1, B1, C1) The control room systems allow a good sense of control in
the fingertips
(B2) The rotary switch allows a good sense of control in the fingertips
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5.2.4.2 Operationalization of UX for the psychological function
The psychological function refers to the effect which the tool has on the user. In
order to be able to use the tool, the user must have an understanding of the
mechanisms with which the tool has an effect on the environment. In usage, the
user develops ideas, mental models and schemas about the tool as such. Even
further, in the psychological function, the tool shapes the user’s understanding of
the environment, for instance the controlled process and the physical phenomena
taking place in the process. Thus, the tool affects the user’s conceptualization of
both the tool itself and the controlled process. The psychological function of a tool
is of utmost importance in the activity because it enables reflection about the activity,
which is a pre-requisite for learning and development. When the users’ understanding concerning the tool and the environment develop, possibilities emerge for
the whole activity to develop and thus to respond to external changes in the environment, which is a pre-condition for resilience. If the tool functions well in psychological role the operators are able to create and maintain personal interpretations
and models concerning the controlled process and the tool. This interpretation
enables appropriate situational awareness, which in turn is a pre-requisite for adequate activity. The following indicators of experiencing the psychological function
of a tool were generated under the general heading: Feelings of suitability for self.
The first psychological experience indicator (P1) addresses the feelings that the
operators have accumulated over time about learning to use the control room
systems. A certain level of effortlessness should be connected to the learning
experiences if the tool is felt to be supportive of the objectives of the whole activity
[Kaptelinin, Nardi 2012].
The second indicator (P2) addresses the experiences which both the external
appearance and the functional aspect of the tool induce in the operator users. In a
well-functioning psychological control room system the users should have a feeling
that the tool suits their expert identity [Nuutinen 2006] and professional self-esteem.
The tool must appear to the users as the tool of a qualified professional operator.
The third indicator (P3) addresses the feeling of control emerging in the user in
operating activity. If the psychological function is in good shape, the operators
have accumulated experiences which allow them to gain a developing understanding of the complex interrelations within the controlled system. The feeling of being
in control is related to understanding and anticipating the dynamic nature of the
controlled process, which is a prerequisite of resilience in the system [Hollnagel et
al. 2011]. A feeling of control has also been identified as a relevant UX factor in a
study in process control domain [Paunonen, Oksanen 2011].
The fourth indicator (P4) addresses the negative experiences possibly emerging if the psychological function is not fulfilled by the tool. Probably the most identifiable negative feeling is the frustration experienced in usage. Thus, lack of frustration is a positive user experience indicator. Similar indicators were identified in the
study by Obrist et al. [Obrist et al. 2011] which they labelled stress and emotions.
The fifth indicator (P5) addresses the feelings of self and agency which emerge
in using the control room systems. In a psychologically well-functioning tool the
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users have an appropriate self-confidence as regards their own skills. This indicator is also related to professional self-esteem, the development of which the tool
should promote and enable, and is aligned with basic AT notions of agency
[Kaptelinin, Nardi 2012].
The indicators concerning the psychological functioning of the tool have a resemblance to the UX indicators utilized in developing and evaluating consumer
products and systems, but the work context is integrated by utilizing work-relevant
concepts and related terminology.
Table 4. The statements used in the questionnaires. P1–P5 indicators of psychological UX. Letters A, B, C refer to the separate studies and the exact format of the
statement that was utilized in the particular study. The number after the letter, e.g.
B2, refers to the modifications made to the statement in the course of the three
studies. If there is no number, the statement was utilized in exactly the same way
in all studies. If there are numbers, it means that the statement was modified for
the purposes of the later studies. Some of the indicators were utilized for more
than one statement, e.g. P1 had two statements in study B (P1_B1, P1_B2). In the
modifications the statement was contextualized for the study, but the main content
of the indicator was kept constant.

Psychological function UX: Feelings of suitability for self
P1

(A1, B1) Learning to use the control room systems feels effortless
(B2) I have developed personalized routines concerning the operation of
the system
(C3) The system promotes formation of appropriate routines

P2

(A, B, C) The control room systems have a convincing look and feel and
seem to be the tools of a professional user

P3

(A, B, C) In my opinion I can control the process through the control
room user interfaces

P4

(A, B, C) Utilizing the control room systems does not frustrate me

P5

(A, B, C) I master the usage of the control room systems

5.2.4.3 Operationalization of UX for the communicative function
The communicative function refers to the effect that the tool has within the community of the users. Use of particular tools can be interpreted as communication.
For example, by selecting a certain tool for a task, a person communicates something. Choosing a specific cooling method in an accident situation reveals how
severe a situation is considered to be. The communicative function entails that by
using the shared tools the community adopts and shares vocabulary, knowledge
structures, and even values concerning the work. Thus, the tools shape and construct the user community. Most importantly, the communicative function empha-
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sizes how meanings are conveyed by the tool in the community. If the tool functions well in the communicative function, it communicates what is valued in the
community. And these values are approved by the user community. For example,
the tool must convey to the operators what is considered to be the important phenomena in the process by the wider plant organization. As the design of the control room fulfils the requirements of the safety department of the NPP, the control
room constitutes a view to what is considered safe operating of the plant. The
control room design should also convey an appropriate level of trust in the technical systems. The following indicators of experiencing the communicative function
of a tool were generated under the general heading: Feelings concerning the joint
capabilities of the system.
The first communicative experience indicator (C1) addresses the feelings the
operators have concerning a specific communicative feature of the control room
system. That is the feature of communicating about the available resources. If the
communicative function is supported correctly, the operators should have a feeling
that the availability of resources is communicated on a level that exceeds the immediate situational needs. This is the prerequisite for achieving resilience, and is
often referred to as building slack resources into the system [Hollnagel et al.
2011]. If the operators can feel that there are slack resources, it means that level
of communication is such that help can be obtained from the system more widely
than the immediate situational needs indicate.
The second indicator (C2) addresses the feelings towards collaboration with
automation. A commonly used metaphor concerning operating a highly automated
plant is that of collaboration of humans and automation. The indicator reflects
positive feelings concerning collaboration with automation, and it deals with control
room systems’ support in finding operating paths in a situation in which it is unclear what to do. This indicates a feeling that a human and automation can jointly
function with a superior performance in comparison to either one functioning
alone. This aspect was also found relevant in the study by Palviainen and
Väänänen-Vainio-Mattila [2009].
The third indicator (C3) relates to the feelings towards the EOPs’ communicative features. If the EOPs function well in the communicative role, the operators
should have a feeling that the EOPs help in understanding what is happening in
the process. The EOPs should be experienced to communicate, not only what
should be done next, but what is important about the process to monitor and control. This feeling is relevant from the resilience point of view.
The fourth indicator (C4) is also concerned with the feelings concerning specifically EOPs. It is the feeling of understanding the logics of the EOPs. The EOP
should communicate to the operators why particular actions are required, and the
operators should have a feeling that they understand and can accept the reasoning behind the logic of the EOPs. The fifth indicator (C5) addresses the feeling of
trust concerning the control room systems. It is quite important in a safety critical
domain that the operators do not either over- or under-trust [Lee, See 2004] the
tools. The trust is related to the communicative function of the tool because trust-
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worthiness and reliability are qualities which the tool should communicate to the
users about itself.
Table 5. The statements used in the questionnaires. C1–C5 indicators of communicative UX. A, B, C refer to the separate studies and the exact format of the
statement as utilized in the particular study. The number after the letter, e.g. B2,
refers to the modifications made to the statement in the course of the three studies.
If there is no number, the statement was utilized in exactly the same way in all studies

Communicative function UX: Feelings concerning the joint capabilities of the system
C1

(A1) The control room systems present the operating resources
available to operators
(B2, C2) In my experience, the displays communicate the essential in
formation

C2

(A) The control room systems help in finding the right solution in a
situation in which it is unclear what to do next

C3

(A1) The emergency operating procedure helps me understand the
process
(B2, C2) In my experience, the system supports communication within
the crew

C4

(A1) I understand why the emergency operating procedure directs me
to a particular path of operations
(B2) I am aware of the internal design restrictions of the system

C5

(A, B, C) According to my experience, I can trust the control room
systems

5.3 Identified systems usability issues in control rooms
This subsection addresses the systems usability problems identified in the empirical work concerning the systems usability of the current hybrid control rooms of
NPPs. The detailed descriptions of the studies and of the findings are presented in
Papers I, II, V, and VI of this dissertation.
5.3.1 SU Findings in the hybrid control rooms
As reported earlier, baseline studies were conducted in both Finnish NPPs concerning their main control rooms25 (MCR) prior to major modifications to the critical
safety systems. The plants are referred to as plant A and plant B in this research.

25

The actual data collection was conducted on a training simulator.
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Although both of the MCRs were mainly based on analogue UI technology, they
can be characterised as hybrid: Plant A had a digital control rod manoeuvring and
monitoring system, and plant B had digitalised the turbine control systems. Although both MCRs studied constitute a unique case, some conclusions can be
drawn concerning hybrid control rooms on a general level. In the studies the operators apparently conducted the required activities well, and no real safetythreatening findings were made. This result was as expected because this is the
control room where the normal daily work is carried out, and the operating records
are quite good. Nevertheless, some problematic issues were also identified in the
studies, which may be traced back to the hybridity of the control room.
The study of systems usability proved beneficial, as the problems caused by
hybridity did not fully become evident in the performance outcomes of operating
activity, but were rather visible on the level of operating practices in which diversions were identified. Especially processes of learning were considered difficult in
the hybrid control rooms. Also, consistency concerning different features of the
control room easily becomes compromised within a hybrid control room. As a
solution to these problems a more continuous monitoring (evaluation) of the prevailing operating practices in connection to the development of training programs
was proposed. In addition the practice point of view should also be exploited in the
design of new control room features.
5.3.1.1 Instrumental function in hybrid control rooms
In the instrumental function, both of the evaluated control rooms worked quite well.
This means that the operating crews were able to effectively carry out the control
operations considered necessary in the simulated accident and incident situations.
This issue is featured in relatively good operator performance results obtained in
both plants from an expert judgment method.
Specific problems in instrumental function were as follows: according to the expert evaluator, the operating crews in plant B had problems in the detection phase
of the scenario. Also, the use of procedures received relatively low performance
scores. Both of these tasks are heavily affected by the tool that is used. Also, in
plant B it was seen that turbine operators, utilizing the modernized interface, were
more satisfied with the tool. This is a hybridity-related concern because modernizing
the control room only partly, may cause such polarization within operating crews.
Generally the results from systems usability questionnaire were also on quite a
good level. When the statements concerning instrumental function were analysed
separately for both plants, it was found that the percentage distribution of answers
was such that in plant A 35% of the statements were responded to with completely
agreement and in plant B 30%. Some problematic issues concerning instrumental
function were identified, however. The lowest scores within instrumental function
were received for feedback on the digital touch screen solution (in plant A). The
operators stated that it is not always clear whether a command has been implemented. Another problematic issue was the possibility of errors especially in using
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the digital interface. The recovery from errors was in addition experienced as problematical. Also, the operators claimed that the systems in the control room do not
help in focusing on the relevant phenomena when support for prioritization is
needed. These issues were common in both plants, and, as both constitute a hybrid solution, it may be one of the causes of the problems.
5.3.1.2 Psychological function in hybrid control rooms
The psychological function was also supported relatively well, but it was the most
problematical of the three general tool functions. In the questionnaire data, only
25% in plant A and 28% in plant B completely agreed with the positive statements
concerning psychological function. The learnability of the control room systems
was considered by the operators in both plants not to be on an optimal level. Even
though the control room is a complex system, and thus learning its use cannot be
expected to be effortless, the operators made statements that, in fact, it is confusing to have different information presentation principles and notations within the
systems of the same control room. The learnability is affected by hybridity, as it
induces more learning challenges in the form of multiple different systems utilizing
different interfaces and operating logics.
It was evident in both plants that the psychological function of the control room
was not fulfilled as successfully as the instrumental function. This is an indication
that hybridity complicates the operating work. This means that more careful attention should be paid both to consistency throughout the different systems (in overall
operation logic) and to the training processes. In a well-functioning psychological
tool, there would not be inconsistencies in the operating practices between the
crews, because the functionalities would be such that they could be exploited by
all the crews to the same extent (at least roughly). In the current solutions there
were tendencies in the operational practices to differ between the crews. This is a
weakness on the overall level, because in the long run it may also develop into
variation in the performance outcome.
In plant B, where there were more digital user interfaces in use, the understanding of the automation information provided in the interface was not on an
optimal level. Only one crew was able to solve an automation-related problem in
scenario 3, and was thus able to avoid the production loss related to an automatic
scram26. In the analysis it was found out that the problem was related to the psychological function, because the other crews’ abilities to utilize the system were
not on the same level with the system capabilities. This is related to hybridity as it
is evidence of polarization of the skill levels between the different operating crews.
In plant A there were differences on the micro-level in the crews’ operating
practices in proceduralised scenarios. We considered this also to be a problem in

26

A reactor scram also always increases the risk level, thus it can also be regarded as
impacting on safety.
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the psychological function of the tool. Not all crews had been able to create interpretative ways of acting which would be manifested in the crews’ mitigating actions concerning the core safety functions of the plant. This micro-level analysis of
operating practices was not conducted in plant B.
A positive issue concerning psychological function was the new state-based
EOPs in plant A. They truly seemed to lessen the task load of the users, and as
such, support the psychological function of the totality of the control room.
5.3.1.3 Communicative function in the hybrid control rooms
Overall, the communicative function lies somewhere between the psychological
and the instrumental in terms of successfulness. In plant A, 29% of the questionnaire answers were completely agreed upon and in plant B, 44%. Most problematic communicative features, according to the questionnaire data, concerned the
interpretation of the audio information in the control room, operator support in
unclear situations, and the EOP’s ability to help in finding new solutions. The fact
that operator orientations lay mostly in the confirmatory category was also considered to be a problem of the communicative features of the control room. The tool
should more firmly support an operating attitude which identifies the connection of
the sometimes mundane process control work to the higher level objectives of
ensuring nuclear safety. The differences in collaboration practices (movements,
communication, time spent together) show weakness in the communicative function of the tool – not all crews are able to collaborate effectively and efficiently in
the control room.
The communicative function is reflected in the ways operating crews collaborate in the control room, and also in the ways the control room systems manage to
convey meaningful information for operations. Based on the findings in the reported experiments, the communicative functions of both control rooms studied could
be improved. The needs for improvement were evident in the results of the orientation interview results of both plants. The dominant orientation was confirmative,
which reflects an attitude towards work according to which process control work is
confirmatory in nature. This means that the benefit of hybridity, the variety of information presentation formats and operating interfaces has not been exploited by
the operators. But rather, it works against the development of the interpretative
orientations.
5.3.2 Variability in proceduralized activity in simulated LOCA
In the detailed analyses of operating practices in plant A, differences between the
operating crews were identified. The method of analysis was explained previously,
in Subsection 5.2.3 (p. 102).
Altogether, in the analysis of the crews’ habits of action in the LOCA, six different process control tasks were identified, for which it was possible to grade the on
a scale from interpretative through confirmative to reactive. The six tasks were:

115

5. Results

Information usage (in two different episodes), Process situation interpretation,
Dealing with automation, Decision making, Communication, and Leadership.
These functions resemble, for example, the macro-cognitive functions described in
naturalistic decision-making [Schraagen et al. 2008] and non-technical skills described by in previous literature [see e.g. Fletcher et al. 2004]. But the fact that, in
the study, the differences in operating practices within these specific functions
emerged in the micro-level examination of proceduralized activity is convincing
evidence for the argument that, even in following procedures, human actors may
act in different ways. A qualitative characterisation of the identified habits of actions is presented below (Table 6).
Characteristic of the interpretative habits is that the crew activity is profoundly
connected to the process situation. On a general level, this characteristic enables
resilience, because it becomes possible to observe the possible deviation from the
expected process phenomena, which is a fundamental pre-requisite for dealing
with unexpected situations. This means that, in order to create resilience in the
system, process information produced by the automation system should be widely
used; both redundancy and diversity in the types of information to be used are
important. Cross-checking is utilised for gathering re-assurance [see also Patterson et al. 2007]. The interpretations made concerning the process status aim for
deep functional understanding of the situation and the possible consequences for
the other parts of the process. Dealing with automation reflects an appropriate
division of labour. Human agency is reflected in the decision-making. The group
work can be characterised as active and dialogical. All of these features of habits
are such that they may help the operating crew to survive unexpected situations
which have not been considered during the design of the system.
The confirmative habits are such that they also result in good outcomes of activity in most cases, but, in comparison to the interpretative habits, the confirmative
habits are less tuned to understanding the process phenomena on a profound
functional level and are more concerned with the events that are taking place.
Thus, controlling the events with the pre-defined measures (procedures and practices) becomes the focus and objective of activity. This type of habit may easily fall
into utilising a pre-categorised typology of events, which is not an effective strategy to manage the unexpected events and thus does not add to the system level
resilience.
The reactive habits may also produce a relatively good end result in the situations in which the process behaves in a way that has been fully anticipated in the
design of the system. The pitfall of this habit is that there is little potential for creating new ways of handling the work for some reason if it happens to be required at
one point in time.

116

Reactive

117

Confirmative

Interpretative

Table 6. Characterizations of interpretative, confirmative and reactive operating practices identified in the LOCA scenario.
Information usage

Interpretation of
situation

Dealing with automation

Decision-making

Communication

Leadership

Variety of sources,
redundancy and
diversity in
information sources,
dialogue in
interpretation of
information

Interpretation by
considering functional
meaning of process
events

Human assures the
automatic functions.
Shared responsibility of
human and automation.

SS decides to
scram the
process. Human
as an active,
present agent in
decision making.

Dialogue concerning
process status in the
situation. Diverse and
redundant information
communicated. Reflects
creation of joint
awareness.

Active engagement of
each operator in all
the decision points.
Transparency in
contemplation enables
one to spot false
conceptions.

Multiple source but
taken for granted

Identify the process events
based on an existing
typology of possible
events, e.g. a leak

Automation functioning is
observed but not acted on.
Reliance on the predefined roles of human
and automation

Scram is
conducted paced
by the procedure.
Actions are
controlled by the
procedure

Statements made aloud
concerning process
parameters. Reflects
confirmation of own
interpretations.

The end result of
the decision making
process is stated and
confirmed by all the
operators

Variation in
information sources
not sufficient

Identify that something is
going on; no strive to
understand or label the
situation

Automation information is
taken for granted, reflects
total reliance on
automation

Not identified in
the data

Process state is not
explicitly mentioned.
Transfer of support system
information.

No real collaboration.
SS announces the
next steps.
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The summary of the different crews’ habits in the different episodes with regard to
the emerged tasks is presented below (Table 7). Most of the crews had constructed operating habits that vary on the scale from reactive to interpretative during the
scenario. Almost all the crews had habit characteristics from all three classes.
Nevertheless, some inclinations towards different habit profiles can be identified.
In what follows an assumption has been made that, if the crew has 6 or more indicators of a certain habit, there is a strong inclination towards the respective habit.
Secondly, if the majority of indicators is in a certain category, this is the dominant
habit characteristic of the crew. Thirdly, if different habits are represented equally,
then often the habit profile is diffuse. According to this analysis, crew J is quite
strongly reactive. Crews A and D are dominantly reactive. Crew B is strongly confirmative, as is also crew G. Dominantly confirmative are crews F and H. Crews C,
K, and L are quite diffuse between confirmative and interpretative, and crews E
and I are dominantly and strongly interpretative respectively.
The point of the analysis was not to make comparisons between the operating
crews, or to be able to say which crew has constructed the superior habits, but
rather to have an idea of the variation and dominant characteristics of the habits of
action of the operating crews within the one plant. At the top level 7 separate functions27 were analysed altogether for each of the 12 crews, covering 84 separate
habit characteristics in total. Out of those 27 were interpretative, which yields
32.1%, 34 confirmative, which yields 40.5%, and 23 were reactive which yields
27.4 % (Figure 13). This result shows that confirmative way of acting is the prevailing habit of the operating crews.

Figure 13. Distribution of habits of action in a simulated LOCA scenario. Confirmative habit of action is the prevailing one.

27

Out of which 6 were different: information usage was analysed for two episodes.
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Table 7. Summary of the different crews’ habits in the different episodes with regard to the emerged functions.
EPISODE 1
Info use
Crew

Sit. intrp.

Deal. w.
autom.

EPISODE 2
Decis.
making

Info use

Comm.

EPISODE 3

Habit profile

Leadership

119

A

dominantly reactive

B

dominantly confirmative

C

diffuse btw. confirmative and interpretative

D

diffuse btw. confirmative and reactive

E

dominantly interpretative

F

dominantly confirmative

G

dominantly confirmative

H

dominantly confirmative

I

strong interpretative

J

strong reactive

K

diffuse btw. confirmative and interpretative

L

diffuse between all classes
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5.3.3 Findings concerning UX in three studies
The proposed operationalization concerning UX for the three functions of a tool in
an activity system were utilised in three different studies. In each of the studies,
the investigated system varied in scale and technological maturity. Study A concerned the current control room of a particular plant; study B concerned an individual system which had been in use for couple of years during the study, and
study C concerned a totally new system still under design. In study A, the systems
studied were a collection of digital and analogue UIs, whereas studies B and C
concerned a touch-screen-based digital UI.
Study A, concerning the totality of the control room, elicited the most positive
UXs of all the three studies. This was especially evident when only the instrumental function UXs were considered (Figure 14). This may well be a reflection of the
familiarity, of the studied technology for the users. The maturity of the technology
in study A room is high. It is based on quite concrete analogue interaction devices
which enable very tangible interaction with the controlled process. The current
control room is the tool through which the operators have learnt their profession,
and presumably many of their conceptions concerning the controlled process are
based on the process representations utilized in this current control room. It is also
evident that all operators perform quite well with the tool they are currently using,
and thus the instrumental experiences also become high. The control room in
general feels like an appropriate tool to control the process. In study B, the technology had been in use for couple of years, and study C concerned a completely
novel system. The main finding in this line of reasoning is that, when the familiarity
and maturity of the technology are lower, the instrumental UXs do not seem to
reach the same level as with the current tool, the familiarity and maturity of which
are higher.
Another interpretation of this same result is that it is an indication of the touchscreen based technology tested in studies B and C on a more general level. The
operators may feel that it does not provide as tangible a feedback of operations as
the analogue controls in the current control room. And thus it does not feel as if it
is an appropriate tool for the work as the analogue user interfaces.
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%

Comparison of Instrumental UX cross
studies

80,00
60,00
40,00
20,00
0,00

Study A
Study B
Study C
completely somewhat
agree
agree

somewhat completely
disagree
disagree

Figure 14. Comparison of instrumental UXs in three studies.
The fact that the psychological and communicative functions received lower
scores in study C than in studies A and B (Figure 14) is well in line with the theory
behind the functions of a tool. As the interface studied in study C was totally novel,
the psychological and communicative functions have not yet developed to the
same level as in the other two studies.

%

Comparison of Psychological
UX cross studies

80,00
60,00
40,00
20,00
0,00

Study A
Study B
Study C

Figure 15. Comparison of the psychological UXs in three studies.
The individual indicator P3 (see p. 109 for description) concerning the feeling of
control is quite interesting. It is the highest scoring psychological experience indicator in studies A and B (43% and 41% answers in the “completely agree” category respectively). But in study C its score was the lowest of all the psychological UX
indicators, having 60% of answers in the “somewhat disagree” category. This is
something that cannot be excluded in the contemplations concerning the operational concept of the systems studied in study C.
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In the comparisons of communicative function UXs over the three studies there
seems to be a similar difference in the answers to in the ones concerning instrumental function: In study A, there are more replies in the category “completely
agree” than in studies B and C (Figure 16). Consequently, in the category “somewhat disagree”, the situation is reversed. This may be a reflection of how the
communicative function of the tool is the slowest to develop. Perhaps it is more
time-consuming to adopt the societal meaning of the new tool and develop trust in
their capabilities than it is to “merely utilize” them in some familiar task.

%

Comparison of Communicative UX
cross studies

70,00
60,00
50,00
40,00
30,00
20,00
10,00
0,00

Study A
Study B
Study C
completely somewhat somewhat completely
agree
agree
disagree disagree
Figure 16. Comparison of communicative UXs in three studies.

The object of study varied between the three studies. Study A’s scope was the
totality of the control room, whereas studies B and C focused on particular systems under development. This is probably a factor affecting the present results
concerning UXs. The abstraction level at which the answers consider the object of
study in study A is higher than in studies B and C. Considering the whole control
room consisting of several different systems, it is probably easier to give a high
score than when a particular system with particular features is in question.
Overall, the category “somewhat agree” is the most common answer in all three
studies. Overall, 50–60% of the answers are in this category. On one hand, this
can be interpreted to reflect the weakness of the questionnaire methodology. It is
probably the easiest one of the choices to pick, if the system is such that it doesn’t
feel perfect, but there are no specific features reflecting negative feelings either.
And, as justifications for the answers were not required, it is not possible to trace
back why operators choose this option so often. On the other hand, the expression
may also just be felicitous and for this reason gather a large number of responses.
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5.4 Summary of the results: Answers to the research
questions
Previously in this chapter, the main findings of the studies comprising this dissertation work have been introduced. This last subsection of the chapter summarizes
the results and provides concise answers to the research questions.
5.4.1 Theme 1: Characterising quality of tools in complex work
The research questions within the conceptual theme concerned the characterisation of usability in the context of complex process control work, and the role and
significance of the concept of UX in the same context.
5.4.1.1 Systems usability outlines quality in use for complex UI
Based on theoretical contemplations concerning the functions of a tool in work, a
model of systems usability was presented. Systems usability assumes that a tool
in an activity system serves the functions of: 1) an instrument, 2) a psychological
tool, and 3) a communicative tool. The meaning of each function in the specific
domain (e.g. an NPP) is contextually defined and reflected in the core-task demands of the particular domain.
Furthermore, the quality of the tool can be assessed utilising different perspectives on the usage activity: performance, way of acting, and user experience. The
three perspectives on activity constitute a set of viewpoints which enables an investigation of operating activity from multiple angles in order to fulfil the objectives
of systemic analyses.
By combining the functions of the tool and perspectives to activity, a systemic
framework for developing indicators for a good control room is construed. This
framework depicts nine classes of SU indicators which revealing different aspects
of quality of a UI utilised in complex work.
5.4.1.2 UXs indicate aspects of a tool’s development potential
The significance of UX in complex work was addressed both analytically and empirically. Based on theoretical notions of concept experience in AT, the users experiences were hypothesised to concern the development potential of new tools,
an issue which is otherwise hard to measure in empirical tests.
The idea was explored in three studies in which nuclear power plant operators’
user experiences (UX) concerning tools were studied in different technology maturity phases. The method utilised in order to study UXs was a questionnaire,
which was developed based on a systems usability framework. UX indicators were
operationalized for all three tool functions (instrument, psychological, communicative), and the results obtained with the questionnaire method in three studies dis-
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cussed. The importance of UX as a measure of germination, for an as yet nonexistent tool, was explored.
The significance of the whole concept of UX in complex work is connected to
practices of design in the safety-critical domain. Currently design activities in control room development rely heavily on existing solutions and other industry dogmas such as standards and guidelines to an extent which may hamper developments and natural progress in the outcomes of design. The conservative design
approach has known advantages but also disadvantages. Basing evaluations on
new designs only on strict performance measures may result in too early a rejection of innovative designs. Therefore, new indicators of potentiality of proposed
solutions are needed. Formulation of the UX indicators for the three tool functions
allowed a different perspective on the evaluation from that of the traditional task
performance-based view. The results show that, in designing the work systems of
the future, experience-related factors should also be treated as design drivers, as
they may be considered signals concerning the potentiality of the tool, evaluated
by the professional users.
For the design activity to be resilient, it should profoundly “address the potential”, i.e. consider not only actualised performances but also other possible outcomes. UXs of future users of the system could be used in resilient design activity
for this purpose.
5.4.2 Theme 2: Methods of usability evaluation of control rooms
The research questions in the methodological theme concerned the development
of practical methods for studying the quality in use of UIs within complex work.
Several empirical studies were completed over the course of the research work for
this dissertation. In the empirical studies, different evaluation methods were tested
and developed. In what follows, the main characteristics of the evaluation methods
are recapitulated.
5.4.2.1 Systematic and broad-scoped evaluation process
On the level of evaluation process, the whole approach to evaluating the systems
usability of control rooms in safety-critical domains should be systematic, broad in
scope, and based on relevant internal references.
Systematics may be achieved by utilising a process in which the line of reasoning concerning quality in use is explained to the extent which allows a critical review of the reasoning. Pre-requisite for this level of explication is the outlining of
the evaluation bases, i.e. the reference which is used in evaluation as thoroughly
as possible. In the evaluation process that I have proposed in this dissertation, the
whole reasoning concerning the quality of the proposed tool is based on modelling
both the general characteristics of the domain and its situational manifestations. In
addition, the demands on operating work, i.e. the core-task demands, are used as
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a reference, as well as the informativeness of the proposed UI solution (the latter
models are not included in the scope of the dissertation).
The models set requirements for data collection and analyses followed by the
assessment of the systems usability of the proposed new tool.
The broad scope in evaluation is achieved by not drawing the lines of the evaluation too tightly around the system under evaluation. In the case of a complex
work system, it is not possible always to understand all the relations between the
system components in advance. Therefore, the scoping in evaluation should be
sufficiently broad to allow emergence of the effects of new systems not envisioned
in the design.
The individual methodical suggestions are presented in what follows.
5.4.2.2 Functional modelling of tasks
In the literature review part of this dissertation it was identified that, in evaluating
the appropriateness of new control room solutions, the tasks of operators are most
often treated as equivalent with operating procedures, despite the fact that procedures do not, as such, describe all aspects of work, and that what is more, operators also utilise systems for purposes other than the immediate process control
needs. Therefore, a need was identified to develop a task modelling method which
would allow evaluation of operators’ ways of acting.
For this purpose, I have in this dissertation presented the functional situation
modelling method (FSM). An FSM combines a functional and a chronological view
of the activity of an operating crew in a particular situation. By making explicit the
connection between required operating actions and critical functions, the model
lays the ground for analysing operating activity from the point of view of maintaining the critical functions.
5.4.2.3 Semiotic analysis of operating practices
As an addition to the prevailing data analyses methods concerning task completeness and other outcome-related aspects of operating activity, I have presented a
method for analysing operating practices.
The analysis of operating practices utilises the semiotic concept of habit as an
operationalization of way of acting or operating practice. The semiotic model of
habit combines the behaviour of the actor (interpretant) with the environmental
sign which is the cue for the particular actions. By making this connection, it is
possible to deduce the object of the action, which signifies the more global meaning of the particular action. This means that it is possible, in addition to performance, to study the implications that the studied UI solution have at a more global
level on the operating activity. It is possible to examine whether the operating
practices with the new tool have the potential to develop into a direction which
allows connecting the individual actions to the more global objectives of the activity. This connection is an important signifier of resilient operating practice, because

125

5. Results

it allows perception and thus action also in a situation which does not comply with
the pre-defined procedures of acting.
In the semiotic analysis of operating practices, resilience is treated as the general capability of the socio-technical system to survive and recover from both expected and unexpected situations. The operating practice which supports systemlevel resilience is characterised as interpretative. Interpretative practice aims for a
profound connection to the controlled process via a continuous process of perception, interpretation and acting.
5.4.2.4 Evaluation of UXs of complex systems
An operationalization of the concept of UX was developed for the three tool functions. Based on the UX indicators, a questionnaire was formulated which was
used in studying UXs of different control room systems.
The developed questionnaire was in each study contextualised according to the
specific system under evaluation and the specific research questions in use. Yet
on a general level, the indicators were kept the same. Collecting quantitative data
concerning UXs enables following the development of UXs during the development
of systems and thus if necessary aiming design efforts according to the results.
5.4.3 Theme 3: Implications for the design of control rooms
The practical empirical research questions concerned the identified benefits and
drawbacks in the systems studied within the empirical research. Several empirical
findings were indeed made in the course of research for the dissertation. In what
follows I summarize the most important findings which have relevance from the
point of view of modernizing control rooms in safety-critical industries.
5.4.3.1 Outstanding management of simulated accidents
NPP operating crews’ level of skills in accident management is very high. During the
course of my research I have followed the management of dozens of different simulated accident situations by almost all the operating crews of the operating plants.
The operating crews’ ability to manage the process is at a very high level. This alone
signifies the outstanding skills which the professional operating crews possess for
accident management in the situations included in training programmes.
This result does not mean that the control room systems may not contain problematic features. The situation actually tends more to the opposite: despite the
obvious discrepancies in the systems utilised, the human operators are able to
develop ways of working which are not disturbed by the designs which are not
optimized for operating work.
Nor does this result mean that control rooms should not be developed further.
On the contrary, I believe that, in a situation in which the external conditions de-
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veloped further into the non-optimal direction, the discrepancies in control room
solutions will play a more important role.
In the development of control rooms, the boundaries of the system under development should not be drawn too tightly. It is sometimes very hard to differentiate the effects of training, procedures, control room design and situational factors.
Therefore, the development efforts should also have a broad scope.
5.4.3.2 Hybridity in control rooms complicates operating work
All the empirical studies conducted in the course of dissertation work took place in
control rooms which can be described hybrid solutions. Even though fully digital
control rooms are not yet in place in the nuclear industry, every control room has
digital systems in use. Because of the safety regulations, the situation will also
remain the same. Some controls will in fully modernised control rooms still be
based on analogue user interfaces.
A particular challenge in the design of hybrid solutions is to maintain consistency throughout the control room solutions. Consistency is a common usability principle and it is not unfamiliar to the control room design standards either. But for
some reason, in the operational environment of an operating NPP, it is difficult to
maintain. Control rooms seem to be developed by adding on individual systems
which serve important but often separate purposes, and from an operator’s point
of view the end result is a control room consisting of various different systems,
which all have their separate operating logics and ways of interaction. This development approach may result in a situation where the operator has to learn and
maintain skills in using several different systems on a daily basis.
The effects of hybridity on operating work were most evident in the so-called
baseline reference tests conducted in both NPPs in Finland. The results showed
that, on an instrumental level, both control rooms worked quite well. But in the
psychological and communicative functions the results were not entirely unproblematical. Concerning psychological function, problems related to learnability were
identified. It was also evident that not all operating crews had acquired skills to
fully exploit new information contents provided in the digital systems. The question
of learnability and particularly skill levels relates to both control room design and
training. Many issues can certainly be improved through training, but utilising innovative presentations may make learning to use new systems less demanding.
5.4.3.3 Variation within proceduralized scenarios
Resilience in proceduralized accident management was studied utilising microlevel analyses of behavioural data. In the analyses, several functions were identified in which operating crews’ practices differed from each other. This is an important practical finding. It means that, even though every crew acted according to
the procedure, there were still differences. The crews fulfilled the demands of the
procedure in different ways.
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The differences in the operating crews’ ways of acting were classified according
to the resilience characteristics identifiable in the practices. Resilient information
usage is such that a variety of information sources is utilised in such a manner that
both redundant and diverse information sources are made use of. In the interpretation of information, the crew engages in active dialogue. In interpretation of the
process situation, the crew considers the functional meaning of the individual process events. In dealing with high levels of automation, the human operator’s role is
to assure automatic functions. In decision-making, the human operators
acknowledge the role of an active agent signified by its presence in the situation.
In communication, the crew aims to create a shared understanding of the situational demands in the particular event. The leadership role of the supervisor is
such that it enables active participation of all the relevant parties. Transparency in
contemplations enables identifying possible false conceptions.
These resilient practices in an operative situation had been developed by the
individual crews on top of fulfilling the immediate demands for acting expressed in
the procedures. This means that the control room system, including the operating
procedures, may be utilised in different ways by the operating crews. Therefore,
the technical design of those systems is not the only determinant of crews’ capabilities in operative situations. This is an issue which must be taken into account in
design, evaluation, and training of the systems. In design, it should not be expected that all crews will utilise the systems in a similar manner. In evaluation, it
should not be expected that the evaluated system will determine courses of action
only. And in training, attention should be paid not only to introducing the features
of the new systems but also to ways of using them to full capability.
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Discussion

This chapter presents the discussion of results of the research work.

6.1 Practical implications
The results presented in the light of the three research themes have several practical implications. The literature reviewed in the related research section identified
that many of the real-world complexities of operating work are not typically included in the evaluation studies of control room technologies. The prevailing evaluation approaches may produce results from which it may be difficult to deduce the
design implications.
The evaluation approach presented here complements the prevailing approaches by including qualitative analyses of operating activity, which reveal the
actual practices of usage, which can be utilised to improve design solutions. This
practical implication is very important in today’s operational context in which NPPs
all over the world are designing digital information and control systems to be used
in MCRs. My experience from conducting the empirical studies is that the immense possibilities for information presentation and human technology interaction
are not yet fully adopted in the industry. Therefore, an evaluation approach which
is able to dissect the actual corporeal practices of usage is of value for designing
and innovating new ways utilise using the digital information which concerns the
process of producing electricity through nuclear fission.
Another, possibly even more topical, practical implication of the research is the
need for conducting independent evaluations of intended control room solutions. It
has been agreed in the industry that, especially in validation type evaluation, it is
important that evaluation is detached from the actual design [O'Hara, Higgins &
Fleger 2012] o as to avoid possible biases in the results. But this independence
poses several practical challenges. It is not possible to evaluate systems without a
profound knowledge of the controlled system and the design solution. Without this
knowledge it is not possible to design meaningful scenarios to be used in evaluation. The fact that the evaluation process proposed in this dissertation is based on
several reference models solves this problem, because in the beginning of the
evaluation process an evaluation internal reference is created. The models consti-
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tute this reference, and it can be discussed with the domain experts and designers
without jeopardizing the independency of the actual evaluation and especially the
drawing of conclusions.
Yet another practical implication of the proposed evaluation approach is that it
changes the role of the participants, the operators (or people acting as operators),
in comparison to the prevailing evaluation approaches. For the sake of standardization and control, it is typical in the prevailing evaluation approaches that participants are kept ignorant concerning many aspects of the experimental design. The
objective then is to fulfil “the gold standards” of experimental design. But the question remains whether the design of technological systems is an area of engineering in which best possible results, i.e. designs, are achieved in this way? During
the course of the empirical studies conducted for the dissertation, different approaches to engaging the participants in the evaluation process have been explored, borrowing from neighbouring fields of science such as usability engineering and participatory design. The methods which probe the participants to explain
their own thought processes during the simulator runs are a step towards a more
active role on the part of the operators in evaluation of the new control room systems. In the end, the operators are the ones who have the most profound understanding of the demands of the operating work. My belief is that this capability
should be exploited to the full extent in evaluating new control room systems.
Therefore, one of the practical implications of this research is a possible shift in
the role of the operators as participants in evaluation studies. New perspectives
may open up if operators have an active, participative role in the evaluations.
The need for evaluation methods has become more and more pressing in the
nuclear industry. The general approach presented in this dissertation has been
utilised in the so-called sub-system validations (SSV) conducted within the final
stages of the control room design of the Loviisa NPP [Laarni et al. 2011]. These
evaluations have been conducted by the VTT human factors team, utilising the
approaches and principles described in this dissertation. In the SSVs we have
combined the micro-level analyses of operating practices to the higher abstraction
levels of assessing the implications of the new concept of operations for the general aspects of operating work. The results of the evaluations have provided significant design improvements for the forthcoming, mainly digital, control room.
The adoption of digital technologies in control rooms enables the fulfilment of
the safety culture principle of “continuous development”, because the development
of digital technologies is not as effort-consuming as the development of concrete
panels and switches. For example, obvious design errors within the interface can
be corrected online. If modifications are conducted in this manner, it means that
monitoring of the effects of new systems should also be continuous. Having first
conducted the baseline studies in the truly hybrid control rooms, then the validation studies in the developing new digital control rooms, we have established a
knowledge base which enables monitoring and following the development of operating practices, which is a pre-requisite for noticing any drifts that are taking place
within the control rooms on the level of operating practices.
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6.2 Methodical implications
The research presented in the dissertation also has methodical implications beyond the practical issues presented in the previous subsection. The proposed
methods are designed to fulfil the needs of methodical developments identified in
the review of related literature.
The first of the methodical development needs was related to treating safety as
a systemic concept in the evaluations of control room technologies. This is an
important requirement, because, in the prevailing evaluation approaches, safety is
addressed through congruence between observed behaviour and the operating
procedures, i.e. assuming that strict compliance with procedures equates with
safety. My personal view is that compliance with procedures is an important safety
indicator, but it is not the only issue that matters. Safety is a far more complex
phenomenon as has been suggested by several authors [e.g. Leveson 2011a,
Besnard, Hollnagel 2012, Falzon 2008, Hollnagel 2013]. Therefore, in the dissertation work I have developed other, complimentary indicators to address the safety
of the operating activity. These are the indicators concerning ways of acting and
users’ experiences of the new technologies.
Another requirement for methodological improvement identified that was based
on the literature review was an emphasis on contextuality of evaluations. Not every evaluation of control room technologies may address the same issues. The
scope of evaluation is dependent on the scope of the new design and its interrelations and expected effects on other systems, both horizontally and vertically, within the operative environment. In the evaluation process developed in the dissertation work, the scoping of the evaluation is made explicit by developing contextual
models in the first phase of evaluation. The models depict operative requirements
which are tested in the evaluations and thus make explicit the scope of evaluation.
The particular development of the functional situation model enables positioning
the designed evaluation scenarios into the context of the safety of the plant.
Yet another identified challenge of the reviewed evaluation approaches was
that the link to the design features of the evaluated system was difficult to establish. A typical way of making the connection was to treat the tested design as the
independent variable. In some cases the approach has been proved to work, but
often the results are conflicting or otherwise difficult to interpret. One reason for
this is that, within the complex sociotechnical system of NPP operations, total
control in the experiments is very difficult to establish [O'Hara 1999, Gore et al.
2006], and thus the causalities are very difficult to trace, as the system includes
very many dynamic components. Therefore, in the evaluation approach developed
in the dissertation, the high level outcome-related indicators are complemented
with micro-level analyses of operating activity. As a result of these analyses, it is
possible to answer the question of how operators utilise the information provided
by the technological tools in the process control activity. Through answering these
questions, the link to design becomes more direct through an explanation of the
individual reasoning people have developed.
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An important methodological input from the dissertation work is the demonstration of how the semiotic model of habit can be utilised in the analyses of operating
practice. The semiotic model connects human behaviour to its environmental cues
and thus enables interpretation of the object towards which the activity is oriented.
This is an important contribution, as the analyses of human technology interaction
are often tuned more towards one or the other, human or technology. Utilising the
habit concept enables analyses truly on the systems level. This is also a contribution to the discussion concerning Joint Cognitive Systems (JCS) [Norros, Salo
2009, Hollnagel, Woods 2005, Woods, Hollnagel 2006] in which the analyses and
design of systemic patterns of behaviour has been called for.
The approach also allows identifying flexibility in the routines of operating
crews, and the ways in which the operating crews in their activity always have to
balance between the need for the standardization expressed in the procedures
and the openness to change when prompted by external cues [Grote et al. 2009].
This would not be possible by utilising the procedures as a task model and only
evaluating the compliancy aspects of procedure usage.
The introduction of operating practice as a unit of analysis also has implications
on the mechanism of generalizing the results of the research. In prevailing methods, the generalization is conducted with statistical means. The assumption is
that, if operators can cope sufficiently well in very difficult situations, they can do
so also in seemingly less demanding situations. The challenge of this approach is
to add complexity in the scenarios in a way which is meaningful and ecologically
valid. This is not an easy challenge to overcome, because it is impossible to predict what kind of complexity will eventually put the real system into test. Therefore
the standard solution is for instance to increase the demands by introducing more
and more process events, or events that are unfamiliar and difficult to control and
then measuring whether the operating crews are able to conduct the required
actions in a time which is acceptable. This way operating activity is tested in conditions that are as difficult as possible. And if statistically significant differences can
be identified between the experimental conditions, it can be concluded that one
system is superior to another. The problem is that it is possible that the real world
complexities are different from the ones that are utilised in the experiments. According to the modern understanding of how accidents propagate in complex systems, there are several contributing factors affecting the emergence of accidents
on different “levels” of the sociotechnical system. The aim of utilising operating
practice as a unit of analysis is to raise the level of analysis from the level of individual actions onto the level of practice, and on this level identify inclinations which
may in very difficult situations lead into unfavourable outcomes. Practices (operationalized with the semiotic model of habit) reveal general patterns of behaviour
which people have developed in work, and which they have found to coincide with
and help in achieving the objectives of the activity. The practices manifest the
core-task demands unfolding in real activities. When the operating practice is oriented to the core task demands in a normal operating situation, it can be assumed
to be such also in an accident situation, because the personally meaningful practice reveals what the actor considers worthy in the situation.
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The new methods developed in this research enable a profound understanding
of the mechanisms of usage which produce the measurable outcomes which are
typically paid attention to in human factors analyses of human technology interaction. The methods provide a complimentary approach to the human factors evaluation approach utilised in most published studies concerning control room systems. The proposed approach is particularly valuable in evaluations in which the
aim is to improve the design of the evaluated systems. Improvement may be in
terms of design of technologies, procedures of usage, and training.

6.3 Theoretical conceptual implications
The main conceptual contribution of the dissertation is the outlining of the concept
of systems usability (SU) and introduction of the framework for developing contextual SU indicators. SU follows the two central notions of AT: mediation and objectorientedness. The concept of mediation is developed by analysing the role of tools
in mediating between the subject and object in three distinct yet intertwined functions: instrument, psychological tool, and communicative tool. In each function, it is
exactly the object of activity which is mediated to the actor.
The contemplation concerning functions of a tool is, I believe, generalizable also to the design and research of technologies for everyday use. An activitytheoretical approach to technology design has been proposed by several authors
for many years [Kaptelinin, Nardi 2012, Diaper, Lindgaard 2008, Kuutti 1991, Gay,
Hembrooke 2004, Kaptelinin, Nardi 2006, Norman 2006, Nardi 1996]. Yet, it has
not become a prevalent or mainstream approach in HCI, the reason for which has
been claimed to be the complexity of the approach. The multiple functions that
technology may serve do not seem too complex an idea. I believe, that it could be
useful also in the design of any technology to sometimes shift the viewpoint in
design from the instrument to the psychological and communicative functions of
technologies. This may open up new perspectives which enable innovativeness in
design.
The notion of the communicative function of a tools is not customary for activity
theory; it was only fairly recently proposed by Rückriem [Rückriem 2003], but it
seems like a concept that has immediate value in interpreting the uses of technologies in modern society. By utilising different gadgets, people communicate their
values and social status. Consider, for example, the meanings which different
brands of mobile phones hold within the community of the users.
Another conceptual contribution of the dissertation concerns the role of user
experiences (UX) in the context of serious work. It is not customary to study technological systems from the point of view of UX in a professional domain, as the
concept is believed to be related to the commercial success of modern consumer
products and services. Nevertheless, experiences also have a role in work life. It is
undeniable that what people experience in work affects their performance in work.
Therefore, UX, as it has been interpreted in the HCI community, may also play a
role in development of tools to be used in work. This issue was explored in this
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dissertation by developing an operationalization of the concept for the different tool
functions and utilising it in separate studies concerning control room systems of
differing maturity. It was concluded that UX as a concept could be utilised in design in order to inform the design activity about the directions to which the professional future users of system foresee the development of the system going.

6.4 Validity of the research
Validity of research is a profound question rooted deeply in the philosophy of science of the particular field. Validity of research work can be addressed from several perspectives. A common distinction is to differentiate between the validity of
the research process and the research results.
As presented in the Introduction (p. 24), the research conducted for the dissertation follows the general approach of design science. New constructs, models,
methods and instantiations have been construed, used, and evaluated in a realworld context. The research process presented in this dissertation follows the
process proposed for design science by Peffers et al. [2007], which includes six
steps: problem identification and motivation, definition of the objectives for a solution, design and development, demonstration, evaluation, and communication.
The problem identification and motivation are presented in Chapters 1 and 2 of
this dissertation, namely the introduction and the related research. The definition
of the objectives for a solution is presented in Section 2.4 concerning the research
gap and in Chapter 3 in the formulation of the final research questions. The design
and development of the solution is described in Chapter 4, the overview of the
empirical work as well as in Chapter 5, which presents the results. The evaluation
and communication of the results are presented in Subsection 5.4, which is the
summary of the results, and in this final discussive chapter. The evaluation and
communication are also presented in the individual papers which present the research work on a more detailed level. Congruence of the research process with
that of the relevant field of research speaks in favour of the validity of the research
process.
As a grand objective, all research is about creating new knowledge. Fairly recently, the traditional mechanisms through which scientific knowledge is produced
have become accompanied and partly also challenged by new forms of knowledge
creation [Gibbons et al. 1994, Novotny, Scott & Gibbons 2001]. Two distinct forms
of knowledge have been identified: Mode 1 and Mode 2. The distinction between
Mode 1 and Mode 2 knowledge refers to a general transformation in the practice
of science which involves a profound shift in the epistemological underpinnings of
what is considered scientific knowledge in the first place [Hessels, van Lente
2008]. Mode 2 knowledge production can be distinguished from traditional positivistic Mode 1, as van Aken [2005] explains: “Mode 1 knowledge production is purely academic and mono-disciplinary, while Mode 2 is multidisciplinary and aims at
solving complex and relevant field problems.” In other words, Mode 2 knowledge
is produced in the context of application by socially distributed transdisciplinary

134

6. Discussion

collaborations, and can be characterised for instance as reflexive [Hessels, van
Lente 2008]. Several characteristics of my research fit to the envelope of Mode 2
knowledge production. The aim of the research has been to develop solutions to a
complex real-world problem: the evaluation of control rooms in a way which would
demonstrate the safety of the systems and be beneficial for the design activity.
The research has been conducted in the real-world context of control room modernizations, and the resulting evaluation approach has been utilised in improving
the designs.
The mission of design science is to develop knowledge that the professionals of
the discipline in question can use so as to design solutions for their field problems
[Van Aken 2005]. Therefore, the general validity of the results is demonstrated in
their applicability by the professionals of the field. The research results presented
in this dissertation have to some extent been applied by the professionals in the
field. The conceptual results concerning the construct of systems usability have
been utilised by, for example Karvonen et al. [2012] in formulating research concerning the UXs of crane operators. The methodical developments concerning
evaluation approach and individual approach have been utilised in SSV tests concerning a new control room. In addition the FSM was successfully applied by the
simulator trainers of TVO NPP in modelling the scenarios utilised in baseline studies. The practical empirical results have also to some extent been utilised in control room design.

6.5 Limitations and future work
Several ways exist in which the research conducted for the dissertation could be
improved and the results developed further.
The main limitation of the results of the dissertation is the laboriousness of the
developed evaluation methodology. It is evident that the concept of systems usability and the derivation of the SU indicators for all nine classes of indicators is a
ponderous process which requires resources both in terms of time and knowledge
concerning the domain. It is evident that the developed evaluation approach cannot be utilised without profound domain knowledge. Although this is a clear limitation of the results I personally also think that when dealing with complex phenomena such as sociotechnical safety-critical systems, the profound domain
knowledge is an absolute necessity to even start understanding what the real
development needs within the industry are.
The concept of systems usability could be certainly developed further. I particularly think that the communicative role of tools is something that needs further
investigation because team performance analyses and assessment are still
somewhat underdeveloped area [Palmqvist, Bergström & Henriqson 2012]. The
distinction of different levels of maturity in team performance and the role of tools
in either inhibiting or contributing to appropriate team performance is one research
thread that could be followed.
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Simultaneously a limitation of the results but also a future research topic is developing the evaluation approach to a more participatory direction. I feel that the
voices of operators as professionals and experts in the field should be even
stronger in the evaluation practices. Perhaps ideas from e.g. change laboratory
[Engeström et al. 1996] concerning interventions and could be developed in order
to support designers’ and users’ mutual understanding of each other’s problem
domains.
Another future research topic is development of the evaluation method to fit the
needs of continuous monitoring of operational safety of plants. It is clear that operating NPPs need to monitor the development of operating practices and tools in
order to spot possible drifts as timely as possible.
In addition, improved methods for collecting and evaluating operating experience are needed [O'Hara, Higgins & Brown 2008]. For this purpose involving the
users more in the process could be beneficial. E.g. the probe method [Paay et al.
2009] could be something that could provide inspiration on how to involve actual
users more profoundly in the evaluation and design of new systems.
The concept of UX in serious work was only quite superficially touched by the
empirical work conducted within the research for the dissertation. In my view a
method basing on more qualitative analyses of users experiences concerning
technologies in work should be developed in order to gain more profound understanding of the significance of the concept.

6.6 Conclusion
Finally, in this dissertation I have presented research concerning evaluation of
control rooms in nuclear industry. The research has been carried out applying the
general approach of design science.
My main thesis is that by adopting a systemic UI quality concept, i.e. systems
usability, it is possible to carry out evaluations within control room design which
both enable the assessment of safety implications through the study of operating
practices and are beneficial for identifying design improvements in the systems
evaluated.
I have demonstrated this thesis through theoretical and empirical work. I have
construed the concept of systems usability which denotes to the general functions
a tool has in an activity system: instrument, psychological tool, and a communicative tool. In evaluating the appropriateness of tools the perspectives from which
the activity may be analysed are: performance, way of acting, and user experience. The notion of systems usability and the related evaluation approach has
been utilised in connection with the practical challenges involved in the modernization of control rooms in nuclear industry.
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tavoitteiden saavuttamiseen. Valvomoiden ja niissä käytettävien käyttöliittymien tulisi olla sellaisia, että ne
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ja ylläpidossa on olennainen. Tässä väitöstyössä esitellään systeemikäytettävyyden käsite, jonka avulla
voidaan eritellä valvomoratkaisujen systeemisiä vaikutuksia suunnittelun aikaisissa valvomoarvioinneissa.
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Today, digital technologies are used widely in industrial settings and
they are making their way also to the control rooms in nuclear power
plants (NPP). In developing technologies for NPP control rooms it is
crucial to address safety issues as well as the goals of production and
human well-being. This dissertation presents an evaluation approach
that can be used to 1) assess safety implications of new technologies
and 2) improve design solutions based on feedback from the usage
situations.
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