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Abstract This paper presents a methodology with which
evaluation of control rooms in safety—critical industry has
been carried out. The results of two cases of evaluation in
nuclear power plants (NPP) are presented to elaborate the
method thoroughly. The evaluation methodology draws
from conventions of human factors and usability evaluation
methods but adds an activity theoretical viewpoint by con-
sidering different control room functions in a purposeful
activity system. A control room has three functions in an
activity: instrument, psychological tool, and a communica-
tive tool. The introduced evaluation approach allows
understanding of quality of the control room on the level of
outcomes it produces, work practices that it consolidates, and
the user experience it creates. The evaluation approach is
demonstrated by presenting baseline evaluations of two
hybrid NPP control rooms that were carried out before major
upgrade projects were implemented. Hybrid control room
refers to a state in which modern and original hardwired
technological solutions are in use simultaneously.

Keywords Control room - Evaluation - Activity theory -
Contextual approach - Process control

1 Introduction

Main control room of an industrial plant is the culmination

point in which the humans and the technologies function
jointly to achieve and maintain the objectives of the
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respective process. In a good control room, the process
control activity, including collaboration of and interaction
between the humans and the technology, is purposeful and
smooth: Both planned and unexpected process phenomena
are addressed with adequate effective responses enabling
the achievement of the general operational objectives of
safety, production, and health (Vicente 1999). The oper-
ating crew performs well, the way of achieving outcomes is
sustainable, and the operators feel that the tools are
appropriate for the work and support relevant aspects of it.

Unfortunately, control rooms are not always appropriate
as described above. There might be problems in many
levels of the work system starting from the organization
and culture. This paper addresses the issue of evaluation of
the appropriateness of fools in process control work. The
main tool is the control room comprising of automation and
control system user interfaces (UI), procedures and the
entire physical environment. Poor design of control rooms
is one of the latent conditions acknowledged by the modern
safety research to lead to threats to system safety and
finally accidents (Stanton et al. 2010). When a control
room is being redesigned or modernized, it is especially
important to understand the effect of the changes to the
overall process control activity.

The assessment of the appropriateness of control room
in safety—critical industry calls for a methodology that is
able to take into account the whole work system. There are
several aspects to safety of operation that must be con-
sidered when evaluating the control room. In this paper, we
describe a methodology that has been designed to assess
the quality of a control room comprehensively. The
methodology is based on two basic assumptions: the
quality of control room becomes evident only in a real
usage situation, and the control room must support good
outcomes, way of working, and users’ experience.
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The methodology has been developed in a series of
studies of work within complex sociotechnical systems
(Norros 2004; see also Norros and Nuutinen 2005; Savioja
et al. 2008). The current form of the methodology that is
presented in this paper, roots to the two studies presented
also in this paper, in which the current control room
solutions of two NPPs were evaluated in the intention of
formulating a baseline data set prior to major changes in
the main control room. The baseline data constitute a ref-
erence that can then be used in comparative studies during
the design process and finally before implementation in the
integrated system validation. The main emphasis of the
paper is on the methodical description of the evaluation
approach. Results of the evaluation studies, including the
development needs identified with regard to hybrid control
rooms, are presented to illustrate the benefit of the meth-
odology. The detailed results have been communicated to
the respective plants in non-disclosure conditions.

2 Background

The overall quality of a control room can most profoundly
be understood through usage of the system (O’Hara 1999).
Another possible approach, reviews and inspections con-
ducted against relevant standards can surely give valuable
insight in the individual technological solutions within the
control room, but in order to assess the totality of the
control room, comprising of different systems, Uls, and
multiple users, the contemplation must concern real usage
in order to maintain validity. Hence, the development of a
control room evaluation approach has concentrated on test
methods employing professional users in usage experi-
ments. In a usage experiment, the system is used in as
realistic as possible settings: real users, realistic scenarios,
high fidelity—simulated process situation, etc.

2.1 Evaluation of technologies in the field
of human factors

In the planning phase of a usage experiment, many issues
are to be resolved about the forthcoming evaluation that
can be summarized under the heading of choosing an
evaluation approach. Evaluation approach unveils the the-
oretical principles and assumptions that determine, for
example, what kind of data are considered to reveal the
quality of the control room. For example, it is interview,
questionnaire, performance, or task load data. Neale et al.
(2004) recommend a multi-method evaluation approach
including observation among other methods to be used in
an environment in which multiple users use the system in
work setting.
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In designing a study that involves observing users using
a system, it is important to explicate what are the unit of
observation and the related unit of analysis. This is not
always evident. In traditional human factors, the unit of
observation is often user performance, and the unit of
analysis can be the user error, situation awareness, com-
pletion time, etc. This means that the reasoning logic goes
like this: If the users perform well, meaning that they do
not commit errors, have high situation awareness, complete
tasks in a timely manner, etc., then the tool must be of good
quality.

Human factor methods that utilize human performance
methods in a way described above are grounded in well-
established scientific method that is based on an idea of
testing well-defined hypotheses in controlled experiments.
The aim is to prove a theory or an assumption (e.g., safety
of a new design), and thus, values such as independency of
evaluation from the design process and statistical power are
emphasized in the approach.

Without undermining the importance and viability of
this approach, concerns may be expressed that the tradi-
tional human factors approach cannot truly capture com-
prehensive quality of a control room due to the restricted
scope of analysis reflected in the unit of analysis. For
example, the adequacy of prevailing evaluation methods
has recently been explicated in the domain of health care
Randell et al. (2010). Health care applications are set in a
complex context that involves users (personnel), patients,
and ever-evolving practice of medicine. The methods that
concentrate on clinical outcome measures or that attempt to
meet the “gold standard” of randomized controlled trials or
that 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 pro-
duce health care for the society (Randell et al. 2010).
Concerns have also been expressed with regard to the
adequacy of methods used in the control room technology
evaluations in the nuclear power production domain
(Braarud and Skraaning 2006; O’Hara 1999), yet, without
explicit questioning of the used unit of analysis.

The problem with controlled experiments is that the
complexities that actually are a major factor contributing to
the possible hazards in the work cannot be properly
incorporated. By introducing control to the experiment, the
complexities of the real work are excluded. In measuring
human performance with the outcome related metrics, the
activity itself, the practical work and interaction with the
process and the tool is paid less attention to. It is almost as
if the actual usage is treated as a black box: The users are
introduced a new tool, they use it in their work, and then,
the outcome is measured. This whole logic is based on the
assumption that the possible problems in the new tool
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would always have an effect on the outcome. But this is not
true. Professional users have been reported to perform well
even in adverse conditions (Norros 2004). Another prob-
lem is that outcome-related measures leave very much
room for interpretation of the results because it is difficult
to know what happened inside the box, that is, what are the
mechanisms of usage which produced the outcome.

The unquestionable advantage of the human factors
approach is that it takes seriously the objective of safety
that is inherent in probably all process control domains and
especially in safety—critical industries. But, the problem is
that safety in a complex activity is approached with the
outcome measures that extract some of the complexes of
interacting with the technology away (for the sake of
control in the experiment). And who knows, it is possible
that it is exactly these complexes that in the end pose the
greatest threat to safety. We claim that safety must of
course be proved by demonstrating a process control
activity that is free of disturbances (errors), and this dem-
onstration must be independent and have statistical proving
power to rule out the possibility of chance. But, at the same
time, the scope of measures used should be widened (for
developments in this direction see also Schraagen et al.
(2008)). The outcome measures do not reveal all the
potential threats to safety, which might exist in a system,
because they are not sensitive to the delicate features of the
activity which do not pose an immediate threat but are the
possible seeds from which the user practices start to
develop into a non-optimal direction. We claim that when a
new technological system is introduced to a safety—critical
domain, it is not enough to demonstrate that activity is safe
when evaluated with outcome measures. In addition, the
internal mechanisms with which the outcome is achieved
must be considered, and the potential of the tool must be
evaluated.

2.2 Evaluation of technologies in human—computer
interaction and usability

The human—computer interaction (HCI) or usability
approach to evaluation of Uls has developed in parallel
with the human factors approaches. Usability’s main
interest is not safety but rather to understand the mecha-
nisms of interaction and to utilize this information in order
to improve design (Carroll 1997). In analyzing usability,
the unit of analysis is the human technology interaction'
(HTT). Typical metrics in studying HTI are usability and
user experience. Usability refers to the effectiveness,

! Probably the most commonly used term is human computer
interaction (HCI) but by replacing the “computer” with a more
general “technology” the scope of the research field widens slightly
and also technologies not involving computers can be addressed.

efficiency, and satisfaction in use, whereas user experience,
although a somewhat controversial and different interpre-
tations bearing concept (Roto et al. 2011), generally refers
to the feelings and emotions by which the user is seized in
encountering and interacting with the system.

The indisputable merit or the usability approach is that
the user and the mechanisms of interaction have been
brought to the center of attention. This has meant a sig-
nificant shift of focus from the early days of computing and
human factors even. This development has also lead to
more profound understanding of the overall complexity of
the usage situation and the contextual factors affecting it.
Perhaps, the most influential addition that usability
approach has introduced is its inherent orientation toward
design, evident especially in improvement of the processes
of design, by including participatory aspects.

There are several other domains that share some
important characteristics with NPP process control and thus
have had to address usability evaluation with novel
approaches as new technological tools have been designed
and implemented. For example, other industrial process
control (Nachreiner et al. 2006; Nickel and Nachreiner
2008), health care (Dahl et al. 2010; Stevenson et al. 2010),
aviation and space (Huang et al. 2006), maritime and rail
transportation (Liitzhoft 2004; Lepreux et al. 2003;) are
domains that lay special requirements for UI evaluation. In
all these domains, the potential threat for human life and
environment in the case of abnormal system behavior is
great, and thus, the domains are all safety critical. In
addition, users are professionals with niche expertise and
several years of training, and the object to be controlled is
complex, dynamic and uncertain, and the manipulation of
the object is indirect.

In the domain of air traffic control (ATC), development
and evaluation of new technological tools has been
addressed by Twidale et al. (1994) who describe an
evolving evaluation approach that is bound to the overall
design process of a novel ATC tool. They emphasize the
role of an informal evaluation procedure in guiding design
and argue that anecdotal evidence gathered in ethnographic
studies can actually contribute to knowledge about general
issues of collaborative working and the potential role of
new tools. The mechanism of generalizing from anecdotal
evidence is not discussed by Twidale et al., but they claim
that even novices and students can spot apparent usability
and functionality issues in low-fidelity user tests.

The so called third paradigm (Harrison et al. in press), or
third wave (Bgdker 2006) of HCI, is enlarging the scope of
the field to cover the entirety of technologies included in the
modern life. What is characteristic for the third paradigm is
an epistemological orientation that embraces the social,
cultural, and physical situatedness of both users and ana-
lysts and that treats interaction as a form of embodied
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meaning making in which the artifact, its context, and its
study are mutually defining and subject to multiple inter-
pretations (Harrison et al. in press). According to Harrison
(in press), the third paradigm consists of the variety of
approaches such as participatory design, value-sensitive
design, wuser experience design, ethnomethodology,
embodied interaction, interaction analysis, and critical
design. As the new developments in HCI research are taking
place also the general understanding of the mechanisms
guiding human activity and living with technology takes
new forms such as described in, for example, Dourish
(2001) or McCarthy and Wright (2004). How the users
experience the technology, the user experience, has been
brought to the center of analysis to enable the analysts
understand the rich reality in which technology is evaluated.

2.3 From usability toward activity oriented approach

The usability approach has developed first with the
development of the personal computer and later with the
internet and different kinds of consumer electronics.
Because of these roots, safety has not been the first quality
objective, and thus, the approach is not suitable for control
room evaluation directly as such.

Usability evaluation methods most often deal with a
single user action whereas process control work is almost
always collaborative. Although measures for collaboration
do of course exist (Burkhardt et al. 2009; Mattsson 2011),
operationalization of the usability of a collaborative sys-
tem, that is, what system characteristics affect the collab-
oration, is difficult to find. In a literature view of 41 papers
on evaluation of collaboration in computer supported
cooperative work (CSCW) systems, Mattsson (2011) found
that usability (in addition to collective measures) was the
least studied category. CSCW research methodologies aim
at understanding particularly the collaborative aspects of
using computer systems in work. The aim in CSCW is in
design, and thus, evaluation also belongs to the scope of
research activities constituting CSCW. The challenges of
evaluating CSCW systems have been elaborated by Neale
et al. (Neale et al. 2004) who advocate a mixed-method
evaluation in order to tackle the variety of challenges in
evaluating collaborative systems.

If the domains in which usability approaches are mainly
applied are compared with process control work perhaps
the main difference is that in process control work the
manipulation of the object of work is indirect. With this we
mean that the control room, as a tool of the users, has a
mediating role in the process control activity. The user is
not hands on interacting with the real world live process
(Vicente 1999) whereas in, for example, office work the
object of manipulation, even though abstract in nature, is
directly in the reach of the user. In process control work,
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the user manipulates the UI, which communicates with the
control system sending process control signals (e.g., close a
valve, control the flow) to the actual process. This means
that if the user wants to change something about the pro-
cess s/he has to both understand the task in terms of the
controlled production process and understand it in terms of
the control system in order to give a correct command to
the control system. This indirect nature of interaction in
process control work induces some changes to the pre-
vailing usability principles and measures. These changes
have been elaborated by Savioja and Norros (2008) in
outlining in addition to the instrumental functions of the
tool also the psychological and communicative.

Yet, another major aspect of the usability approach which
is not directly suitable for control room evaluation is that of
learning and training. Where traditional usability measures
emphasize learnability and “out of the box” immediate
usability, neither of the measures is really relevant in process
control work. In control rooms, the case is almost the
opposite: Systems that are considered very usable by the
operators seem almost incomprehensible on the first look for
an outsider. This is explained by the extensive training that
the operators go through. For example, in nuclear domain,
the training of operators (who have as a background an
engineering degree) takes more than 3 years. In this time, the
seemingly incomprehensible control room UI becomes an
effective tool as the new signs and meanings used in the Ul
are learned. Béguin and Rabardel (2000) have, based on
notions of activity theory theoretically elaborated this pro-
cess of the technology becoming a tool in use. They have
labeled the process instrumental genesis.

3 Contextual approach to evaluation of control rooms

In order to build a methodology for evaluating appropri-
ateness of control rooms, the human factors evaluation
methods and the state of the art usability evaluation have
been reviewed and combined to constitute an approach
which is meant to both assess the effects of the technology
on safety and understand the mechanisms of interaction on
a level that is able to identify the potential hazards that are
maybe not evident on the level of outcome but which may
be an early sign of degradation in the sociotechnical sys-
tem. All of the above described approaches have provided
inspiration for the method of evaluating control rooms
described in this section. In our own approach, we have
weaved in together the “empirical-positivist approaches”
arising from cognitive systems engineering and the
empirical-hermeneutic approaches exerting from post-
modern understanding human conduct (Upton et al. 2010).

In addition, the fundamental starting point for under-
standing the appropriateness of a control room comes from
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cultural historical theory of activity, in short activity theory
(AT), in which the role of tools in activity has been thor-
oughly examined. We have labeled our approach contex-
tual. This characterization denotes that the activity, in
which the technological tool is used, constitutes the context
of use for the specific technology.

AT has been suggested as a promising theoretical
framework for HCI already in the early 90s (Kuutti 1991;
Bannon 1991), and AT inspired design approaches (Gay
and Hembrooke 2004; Hyysalo 2002; Kaptelinin and Nardi
2006) have since been developed and advocated (Norman
2006). The theoretical concept of activity has also been
widely adopted in the French developmental research (see
e.g., Daniellou (2005) for review of the French approa-
ches). The significant contribution of the above mentioned
approaches 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 multilayered 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). We share this elaboration
of the unit of analysis and the idea of the interactive con-
struction of the design product. Furthermore, the mediating
role of tools in activity is one of the basic theoretical
assumptions in AT. Consequently, in the AT inspired
design the role of tools is of course acknowledged. For
example, Gay and Hembrooke (2004) discuss the bidirec-
tional nature of tool mediation, that is, how perceptions,
motivations, culture, and actions shape the tool and
simultaneously are also shaped by the tool (pp. 5-6).
Béguin and Rabardel (2000) for their part draw on the
bidirectional mediation and maintain that to be defined a
tool technology must have been appropriated by human
actors. In this paper, the mediating role of tools is elabo-
rated and the different roles of tools are built into a new
way of evaluating the appropriateness of tools in particular
contexts. Detailed means for the evaluation of tools is
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-centered design (Gay and
Hembrooke 2004, p. 12).

3.1 Conceptualization of activity

In this paper, it is assumed that the reader is familiar with
the central concepts of AT, such as activity, subject, object,
and tool. For a detailed elaboration of the basic concepts,
we refer to the original writings (Leontjev 1978; Vygotsky
1978) and the later interpretations and developments
(Engestrom 1987; Kaptelinin and Nardi 2006; Norros
2004).

The central concept of AT is activity. Activity is
understood as historically and culturally developed. Hence,

the central aim in the analysis is to find out the current state
of affairs but also its historical roots and possible trends
toward which development is proceeding. The approach
suites well the needs of control room evaluation in a state
in which hybrid technologies have been implemented and a
more profound modernizations are under design. In order
to understand whether the development of tools is pro-
ceeding in a good direction, the wider historical context of
tools must be understood.

In the following section, the aim is to highlight two
major principles of AT that we have effectively used in
developing our contextual approach to evaluation of tech-
nologies. These principles are the object-orientedness of
activity and the mediated nature of activity.

3.1.1 Object oriented activity: content of work
is elaborated

Activity is a process that denotes to the continuous inter-
action of the human with the environment. Activity is
always directed to some parts of the environment that may
provide possibilities to maintain and develop human exis-
tence. The material or conceptual entity toward which the
activity is directed to forms the object of activity. The
environmental possibilities and the expected outcomes that
may be reached while acting on the object are central
determinants in structuring the activity. The object of
activity is considered as the motive of activity, and it is the
purpose of the organized conduct of a community of people
that collaborate in the domain. Hence, motive does not
refer to an individual driver of action (motivation). To be
successful in their activity, it is necessary that actors take
into account the actual and real possibilities and constraints
of the domain to fulfill their purpose. We have developed a
framework to identify and model the possibilities and
constraints of the domain and the demands that they set on
appropriate activity. These demands define the core task of
the community of actors (Norros 2004).

In the analysis of actual actions of people, it is now
possible to observe how actors in real singular situations
take into account the constraints and possibilities of the
domain and according to which logic they do so. We
observe how the core-task demands are portrayed in spe-
cific situations. In the analysis, three perspectives to
activity are included:

1. Analysis of performance sequence. It is necessary first
to identify the sequence of actions and the operations
the actors accomplish and the outcomes they reach
while performing certain tasks. This aspect of analysis
answers the question what was done in a situation and
with which outcome. The analysis of performance
sequence corresponds to those accomplished in most
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human factors or end-user studies, in which the
attempt is to analyze the activity in the light of the
performance outcome such as task completeness or
time.

2. Analysis of way of acting. In safety—critical and
complex domain, the outcome is, however, not suffi-
cient as the only measure. This is 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 perfor-
mance variance on the outcome. All actors provide
required actions and reach the outcome sufficiently.
Yet, in our studies, we have found (SAFIR 2011) that
the actors themselves and the trainers report that there
are clear differences in the ways of accomplishing the
work. We are interested to identify these differences
and their significance to safety or other targets of
activity. Hence, in addition to outcome, the way of
achieving the outcome should be measured. We
develop behavioral patterns and use them as markers
to signify good ways of acting. These markers are
different depending on the type of work, but in all
cases, they have a connection to the core-task demands
of the particular work and to the way they are taken
into account in actual situations. The behavioral
markers can be identified by a thorough work analysis.

3. Analysis of experience in action. In AT and in
philosophically oriented analyses of activity within
pragmatism (Dewey 1999; Maiittanen 2009; Peirce
1998a) or phenomenology (Kestenbaum 1977; Mer-
leau-Ponty 1986) human-—environment interaction is
considered to take place as continuous embodied
action-perception cycles, during which potential is
built to anticipate results of action, and to create
adaptive methods to respond to the contingencies of
the environment (see further Norros 2004). Perceptions
of the environment and technologies embedded in the
environment and used in acting on the environment are
accumulated in the experience the actors. We are
interested in the qualities of experience and awareness
that is accumulated in action, because it reveals
inherent features of action that cannot be reached by
observation from outside (see also Norros et al.
2011a).

In the issue of experience, we also draw on the AT that
considers the outcome of activity to be twofold. For the
first, there is the material outcome, for example, continuous
and safe production of energy into the electrical grid. There
is also a second aspect of outcome which relates to the
development potential created via the activity to improve
the production activity, for example, to deliver expertise
and good practices of safe implementation of nuclear
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production technology. When people learn to use particular
tools and technologies successfully, a new mediation is
created into the complex activity and a positive emotion
emerges (Koski-Jdnnes 1999; Vygotsky 1978).

In summary, we may state that the first principle of the
contextual evaluation approach is that all the three per-
spectives to activity must be addressed when evaluating
technologies.

3.1.2 Mediated activity: functions of a tool in an activity

A second central concept of AT that we draw attention to is
mediation. This notion refers to the nature of the rela-
tionship between main components of an activity system.
For the relationship between subject and object, mediation
means that human interventions with the object take place
through historically and culturally developed artifacts:
tools and instruments. Thus, the relationship of subject and
object is mediated by the tools. Tools provide the object to
the subject and provide the possibilities to act upon it. In
the context of control rooms, this means that a control
room (consisting of several different Ul solutions) is a tool
with which the operating crew controls the object of work,
the power production process.

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 whereas the psychological 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 is exemplified by describing
the use of a common tool, a hammer. The instrumental
function of a hammer is the ability to slam down nails, to
make the nail dig into the surface. The psychological
function of the hammer means that the human understands
what hammering is and knows how to do it with the tool.
For example, immediately when a person sees a hammer
they understand that now they have a possibility to hammer
nails, that is, the human has learnt his/her possibilities to
manipulate and control objects with the tool. The psycho-
logical function is very important in activity because it
enables reflection of activity which is the basic prerequisite
for learning and development of the activity. Fairly
recently, Georg Riickriem (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 (Riickriem
2009). Communicative function of a tool denotes to the
social aspects of using a tool. For example, a selection of a
particular tool communicates intentions and purposes of
action within a community. The communicative function
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addresses the issues of sense making in action and the
meaning of action in a wider cultural and societal
perspective.

The concept of Systems Usability (Savioja and Norros
2008) has been coined to refer to a system’s overall
meaningful role in an activity system which can be com-
pleted by fulfilling each of the above described three
functions. Systems Usability emphasizes the systemic and
mediating role of information technology in an activity
system. Savioja and Norros (2008) claim that for the pre-
vailing approaches of usability evaluation it is inherent to
use the concept of action to refer to human conduct in
human technology interaction. This emphasizes the anal-
ysis of usability on the level of the instrumental function of
the tool because action as such does not refer to the more
global, societally defined purpose and objective which are
the reasons for the action and which explain the psycho-
logical and the communicative functions of the tool.

The second principle of the contextual evaluation
approach is that all three functions of a tool in an activity
must be addressed.

3.2 Framework for analysis of tools in activity

By combining the principles concerning the tool and the
activity, that is, by stating that the tool must fulfill all three
tool functions in an activity and that the activity must be
addressed from three perspectives, we get a two-dimen-
sional space (Fig. 1) that denotes the frame of the evalu-
ation approach.

Below (Fig. 1), there are nine classes of metrics that
constitute the evaluation framework for assessing systems
usability of a complex tool. The framework is a conceptual
tool which aids in finding relevant methods to be used in
comprehensive evaluation. In the following section, we

Fig. 1 Framework of analysis
of tools in activity

Performance: Outcome

Instrumental
Function

Psychological
Function

Communicative
Function

Instrumental
performance

Psychological
performance

Communicative
performance

describe the measures of good performance in the context
of control room evaluation. At the same time we are
building a characterization of good process control work.

3.2.1 Measures of performance

Measures of performance describe the outcomes of work
and reflect the first perspective to 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 oper-
ators 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 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 amount to which process information is
communicated out loud by the members of the operating
Crew.

3.2.2 Measures of way of acting

Measures of way of acting supplement the measures of
performance by revealing intricacies of how the perfor-
mance is achieved by the operating crew. The overbearing
quality of way of acting is its orientation to the core task.
This analysis is important as it provides a way of consid-
ering the underlying mechanisms of human conduct which
produce the outcome. It reveals reasons for the outcome.
The question of “how” can be answered by studying
meticulously the ways of acting of the users.

On an instrumental level the way of acting means that
the tool helps the users to focus on relevant phenomena in

User Experience: The
development potential
of use

Way of Acting: Orienting
to core-task

Instrumental
way of acting

Experience of
instrument

Experience of
psychological
tool

Psychological
way of acting

Experience of
communicative
tool

Communicative
way of acting
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the process, it aids in focusing on the tasks that are most
crucial and relevant in the given situation. This is mani-
fested in a way of acting which can be characterized as
focusing on core issues and effective prioritizing.

On a psychological level the way of acting means that
the practices of use are such that they strive for under-
standing of the process situation thus being able to
anticipate and being in control. On a psychological level
this way of acting requires profound conceptual knowl-
edge, and operative schemes about the process, its con-
formance 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 level the way of acting refers to the
features of teamwork and 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 the own influence on the joint object. In order to
support communicative way of acting, the tool should
support good teamwork shared awareness of the process
status.

3.2.3 Measures of user experience

Measures of user experience emphasize the role of pro-
fessional users in the design and acceptance of tools for the
work. In addition to the tool providing the users the
opportunity to carry out their tasks and do it in an appro-
priate manner, the tool should be such, that the users feel
that it is a good tool for the particular work. The measures
of experience are aimed at finding out about this quality.
The over bearing quality of user experience is that the user
feels that the technology has potential to develop into a
meaningful tool for the activity and improves the interac-
tion with the environment.

Instrumental experience means that users feel that the
tool works well: there are no unnecessary complicacies in
using the tool. Feelings of achievement belong to this
category also.

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 s/he
can trust the tool the same way one can trust another
operator within an operating crew. The tool is trusted to
communicate all the needed 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.
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3.2.4 Using the framework for finding measures of systems
usability

In the following chapter, we describe two case studies in
which evaluations have been carried out in NPP control
rooms with the aid of previously described evaluation
framework.

4 The studies in hybrid control rooms

The initiative to look into evaluation methods for control
rooms originated in a situation in which a thorough anal-
ysis of existing main control rooms of NPPs needed to be
made prior to the start of colossal modernization projects.
In a safety—critical technology domain, the approach to any
modernization must be conservative: “If it works do not
change it.” This means that before anything is transformed,
the current state of affairs must be understood as thor-
oughly as possible in order not to—by any chance—acci-
dentally deteriorate the situation. For this purpose,
extensive reference tests were conducted at two NPPs
before effective modernizations of main control rooms
were started. In the first phase, the focus was on the
evaluation methodology (Norros and Savioja 2007). Con-
ducting the reference tests served as a test bed for evalu-
ation methodology development. It was possible to explore
different kinds of task analysis, data collection, and data
analysis methods to find out which would best support
construction of understanding about the mechanisms that
make the current tools usable for the activity. Later, in
parallel with the progress of the modernization process, the
method was implemented in more and more mature form to
deliver required analyses of the control room designs.
Results of these analyses are demonstrated in the
following.

4.1 The plants and the control rooms, respectively.

Extensive studies were conducted at two different NPPs
which were at the time planning and searching possibilities
for the modernization of the main control room. Both
plants originate from the same era, the turn of 1970s and
1980. In this paper, the plants are referred as plant A and
plant B. Plant A consists of two pressurized water reactors
producing jointly close to 1,000 MW electrical power, and
plant B of two boiling water reactors producing together
about 1,700 MW electrical power. Both plants have two
main control rooms respective to the units in operation.
Both plants have a similar concept of operation in which a
crew consisting of three main operators (turbine operator,
reactor operator, and a shift supervisor) operates the plant
from the main control room in normal situations.
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In plant A, the main control room is the end result of an
extensive in-house design effort. As a result of earlier
improvements the original analogue hardwired controls are
used for operation but modern information system has been
implemented for monitoring purposes. The on-going more
thorough modernization of the I&C systems has created a
hybrid control room that includes, in addition, a touch
screen display for the operation of control rods. Plant A has
also gone through modernization of the emergency oper-
ating procedures (EOP). EOPs are still in paper format but
presentation is flow chart based and philosophy is partly
state based (see e.g., Park 2009) diagnosing. Thus, the
modernization efforts in plant A have started from the most
safety—critical parts of the main control room: the EOPs
and control rod maneuvering.

In plant B, the main control room constitutes also a
hybrid concept as modern monitoring systems have been
implemented. More importantly, the plant has gone
through modernization of non-safety class turbine opera-
tion Uls. This means that half of the process is operated
through displays via soft control methods and the other half
(the reactor processes) through analogue hardwired con-
trols. Thus, the modernization has started from the opposite
direction in comparison with plant A.

The hybrid nature of the main control rooms in both
plants was a central issue in the studies conducted. In both
of the plants, the main control rooms were partly mod-
ernized, but more extensive renewals were in planning.
Modernization of the control room systems opens up new
possibilities for information presentation and user interac-
tion with the process whereas at the same time the con-
ventions developed over long periods of usage will change
drastically. In a traditional control room, the view to the
process is parallel: all the information concerning the
process is spread on the wall panels and bench boards. As
display based interface allows more extensive and elabo-
rate information presentation, even in process situation
based manner. But, as a downside, windowing typically
hides some information and the operators must actively
search and find relevant information. Also, requirements
for operating crew’s collaboration and communication are
expected to change with the transformation from analogue
UI to the digital one. In a traditional control room, it is
relatively easy to know what sub system another person is
working on judging by his or her physical location. Thus,
awareness of other crew members’ activities is relatively
high in a traditional control room. This is expected to
change when operators start using individual display units
as the other person cannot know which particular window
the other person has open on his or her screen.

The motivation for the studies in both plants was to gain
more profound understanding about how the current hybrid
control room works as a tool in the collaborative process

control activity. In the beginning, there was worldwide
little experience of the significance of the control room
changes to operator work. It was common to emphasize
that, as the modernization does not induce changes in the
power production process, the so called primary tasks of
process control remain the same. Only the secondary tasks,
involving handling of interfaces, search for information,
navigating in the control system, etc., would be reshaped.
The question emerged concerning the significance of
changes in secondary tasks on the operator work. This issue
was not thoroughly considered in the international guid-
ance (O’Hara et al. 2003). In addition to this rather general
research question, both plants had more specific issues that
they were interested in. Plant A was additionally interested
in the role of EOPs in the construction of operator activity.
Plant B was additionally interested in the possible dis-
crepancies induced by the differences in the Uls of reactor
and turbine process control.

Below (Table 1) the research setting within each plant is
summarized.

4.2 Research setting at the training simulator

The data collection was conducted as part of normal
operator training in both plants. NPP operators go through
extensive simulator training each year. The training simu-
lator in both plants is a high fidelity dynamic process
simulator which is nearly an exact copy of the main control
room of the plant. Also the process response of the simu-
lator is close to a perfect match with that of the real plant.

4.2.1 Participants

In plant A, all 12 operating crews participated in the study
which means that altogether 44 operators acted as users in
the usage experiment. In general, an operating crew con-
sists of three persons, but in many of the crews, there were
trainees who also took part in the simulator exercises. The
crews acted in the study, just as they would act normally in
the control room which means that the trainees had,
depending their experience, either an assisting or a master
role. The operating experience of the operators in plant A
varied from 1 to 32 years of experience. There were 18
participants in the experience group 1-9 years, 13 partici-
pants in the experience group 10-19 years, and 13 partic-
ipants in the experience group over 19 years.

In plant B, six operating crews participated in the study.
Altogether, there were 24 participants and the operating
experience varied from 0 to 31 years. 12 operators had
operating experience of 0-9 years, 3 operators had oper-
ating experience of 10-19 years, and 9 operators had
operating experience exceeding 19 years.
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Table 1 Research setting concerning plant A and plant B

Plant A

Plant B

Plant type Pressurized water reactor

Main control room

Modernization phase
rod manipulation

Plans to modernize

Research questions Formulate a reference for validation

Find out how the new EOPs are used

UI for control rod manipulation digital, all other Uls
analogue. Digital process information system.

Flow chart EOPs (paper based), modernized control

Plan to modernize the whole main control room

Boiling water reactor

Turbine side UI digital, reactor side analogue,
digital process information system

Turbine side modernized

No plan for full modernization
How does the modernized turbine UI work?

Formulate reference for possible future needs

4.2.2 Scenarios

In a training simulator, practically any process situation
can be simulated. It is up to the imagination and creativity
of the simulator trainer to create scenarios that serve a good
learning possibility for the operators who participate in the
training. Similarly, in the reference tests, the proficiency of
the simulator trainers was relied upon to create meaningful
scenarios, in which the process control activity could be
studied in the light of the afore-mentioned research
questions.

As plant A was interested in use of emergency operating
procedures, two accident scenarios and one complex failure
(incident) were created. The scenarios at plant A were: 1.
Loss of coolant accident, 2. Primary—secondary leak, 3.
Electrical bus failure. Scenarios 1 and 2 are so called
design basis accidents, which means that specific emer-
gency operating procedures cover the necessary process
interventions which operators are required to carry out. In
scenario 3, it is not evident which operating procedure
would best suit the situation.

Also, in plant B, three scenarios were created for tests.
As the plant’s own interest lay in normal operations and the
operators’ ability to take advantage of the modernized
turbine side control system Uls, the scenarios were decided
to be smaller scale failures, so called incidents. Scenario 1
was a failure in decay heat removal system, scenario 2 was
an ejector failure and scenario 3 an automation failure in a
pre-heater line.

All of the scenarios were represented as functional sit-
uation models® (FSM) to enable the analysis of operator
activity. FSM is a task model in which the critical process
events are described both chronologically, and from the
point of view of critical safety functions of the NPP

2 Developing the methodology to describe situations in a way that
makes explicit the connections of the events in the situation to higher
level safety and efficiency functions, has been on our research agenda
for many years. An overview of the earlier joint work in this issue is
provided by Norros (2004). The use of FSM is explained also by Salo
et al. (2009).
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process. This means that a process event, for example, a
valve failure is connected to the critical safety function
which the failure endangers. For example, in a loss of
coolant accident the critical safety function of core cooling
is endangered. In a functional situation model, the required
operator actions (represented, e.g., in a hierarchical task
model) are connected to the critical safety functions. For
example, in a loss of coolant accident, it is extremely
important to start auxiliary feed water pumps to maintain
the critical safety function of core cooling. Thus, in FSM
the action, “start auxiliary feed water pump” is connected
to the safety function “maintain core cooling.” The
detailed modeling is needed because these functional
connections between actions and purposes are not always
evident. The FSM technique was developed particularly for
analysis of the three different tool functions.

By modeling the scenarios with the FSMs it is possible
to connect the operator action steps to the higher level goal
of that specific step. This type of analysis of the simulated
process situations allows the use of activity theoretical
evaluation of the operating practice of the crew because in
AT the appropriateness of an action is determined by the
goal it is meant to achieve. The analysis is not limited to
judging whether the crew is able to start the auxiliary feed
water pumps (task completeness) timely enough (comple-
tion time) but we can also say whether they did it for the
right purpose. This can be analyzed by following which
process signs the crew follows after starting the pump. If
they look at signs related to the goal, they must have made
the connection (conscious or from the gut) of the action and
the goal. Thus, in order to be able to evaluate whether the
operator practices are appropriate it is essential to be able
to connect observed behavior to the higher level goal it
strives to achieve.

Another goal of the FSM was to guide the further anal-
ysis of the collected data. The functional situation models
cover the main events in the scenario and thus guide in
choosing scenario relevant episodes in the video data for
careful analysis. The modeling of scenarios was conducted
jointly with the simulator trainers at both of the plants.
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4.3 Collecting and analyzing the data

In order to have a rich and profound understanding of the
collaborative process control work conducted by a NPP
operating crew, a wide variety of data collection and
analysis methods (Table 2) was utilized in the studies in
both plants. Below, the data collection methods are
described according to analysis of which of the three tool
functions the data would be used.

4.3.1 Data collection and analysis for instrumental
function

Instrumental function means that the crew is able to per-
form the required process interventions with the tool.

A process expert, the simulator trainer in both plants,
acted as an expert evaluator of crew’s process control
performance in the scenario. The process expert had
together with the researchers prepared beforehand a form,
in which four general process control demands were con-
textualized according to the scenario in question. Thus, the
forms were scenario specific but the categories were the
same for every scenario. The general categories were:
Diagnosis, process information search and retrieval, use of
procedures, and collaboration. The expert evaluator rated
the crews’ performance in each category and the respective
scenario-related sub category on a five point scale. In
judging the performance of the crew, the process expert
considered task completeness (errors) and time in giving
the score. The quantitative data were treated with statistical
measures. This data were utilized in analysis of
performance.

In the end of the simulator session, every participant
filled in a systems usability questionnaire. The question-
naire consists of altogether 51 positive usability statements

Table 2 The data collection methods during the simulator sessions

concerning the control room. Of those 18 concerned the
instrumental function of the tool, that is, exploring how
well the operators feel that the system works as their tool.
The operators rated each statement on a four point scale
varying form “totally agree” to “totally disagree.” For
each statement, it was also possible to make free form
comments or specifications. The quantitative data collected
with the questionnaire was treated with statistical mea-
sures. The free form comments were integrated with the
usability remarks made in the process tracing interview.
This data were mainly utilized in the analysis of experience
(feeling of a well-functioning tool) but also some way of
acting related statements (focus + prioritizing) were
included in the questionnaire.

It was expected that if the process expert would claim
that crew’s process control was adequate, the process
within safe margins, and that if the operators’ consensus
were that the control room system constitutes a well-
functioning tool; we could say that the tool functions as an
instrument.

4.3.2 Data collection and analysis for psychological
function

The psychological function of a tool means that the oper-
ators know how to use the tool and understand how the
different operations affect the process. On a performance
level this means that cognitive load is not excessive. The
psychological function also means that operators receive
information from the process which allows them to
understand and make sense of the current process state.
After each scenario the subjective workload was mea-
sured by using the NASA-TLX self-evaluation question-
naire (Hart and Staveland 1988). The questionnaire
consists of 6 scales: mental demand, physical demand,

Perspective to
activity

Way of using the method

Method The tool function analyzed
with the method
Orientation interview Communicative
Observation of process control activity Psychological
Communicative
Expert judgment of performance Instrumental
Task load measurement Psychological
Process tracing interview Psychological
Systems usability questionnaire Instrumental
Psychological
Communicative

Once per person before
all simulator runs

Way of acting

Experience

Way of acting During each simulator run

Performance
Performance During each simulator run
Performance After each simulator run

Way of acting After each simulator run
Experience

Experience One time after all simulator runs
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temporal demand, performance, effort, and frustration. On
each scale the subject marks a point between very low and
very high (e.g., perfect and failure, for performance) which
best describes his/her work load in the previous scenario.
The quantitative data collected with the form was treated
with statistical measures. This data were used in the anal-
yses of performance (task load).

During the simulator runs the operator activities were
observed by researchers and video recorded using both
overview cameras and head-mounted cameras. The video
data were analyzed in multiple ways. In an exploratory
phase, a few of the video runs were transcribed into a
chronological form in a spread sheet in which all the pro-
cess events, operations, communications, some directions
of gaze and operator movements could be examined in
parallel.

This data were utilized in the analysis of way of acting
in the following way. Based on the functional situation
model some parts of the simulator runs were analyzed
qualitatively concerning the operating practices and sense
making. For this purpose, meaningful episodes were first
selected. Then, the operator activity was meticulously
followed from the videos in the selected episode. The
semiotic concept of habit (Norros 2004) was utilized in the
analysis. In the semiotic analysis of habits, the analysis
does not consider only what people do; Attention is also
paid to how they do, that is, the habit. The habit is mani-
fested in the ways people make use of information (signs)
available in the environment (Salo et al. 2009). In our
analysis, we first looked at what operators did (I in Fig. 2).
The deeds were things like process operations, communi-
cations, movements, etc. In the next phase, we looked at
the signs in the environment (S in Fig. 2) which were
observed or perceived by the operators either prior or in
doing the deeds. With this information (the deed and the
information based on which it was done) we were able to

Sign Object

Interpretation

Fig. 2 The semiotic model of habit (Peirce 1991; see also Norros
2004 p. 74; Norros and Salo 2009)
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infer the objective which they were striving for (O in Fig.
2). This object was then compared with the goals of process
control in the particular scenario which had previously
been explicated in an FSM. By comparing the needs of the
process and the goals in operator activity we assessed the
operators’ overall understanding of the process state.

After each scenario the operators were given a chance to
reflect on the process control work by conducting a process
tracing interview. In plant A, the process tracing interview
was conducted as a group interview mediated by a trainer,
and in plant B, the process tracing was conducted as an
individual interview by the researchers. In both plants, the
structure of the interview was similar. The operators were
asked to re-live the scenario by describing what had hap-
pened in the process. After bringing up an individual pro-
cess event (or state change) detailing questions about the
significance of the event, the UI where it was detected and
the required follow up actions were asked. During the
process tracing interview the operators were also asked to
comment on information presentation and interaction
issues of the used control room systems. Process tracing
interview data were transcribed and analyzed qualitatively.
In the analysis statements concerning the appropriateness
of Uls were collected. This data were utilized in the
analyses of way of acting (conceptualization of the process
situation) experience concerning UL

In the systems usability questionnaire, there were 17
statements concerning the psychological function of the
tool. These statements contained various operationaliza-
tions of the tools psychological function ranging from
experience of suitability for personal style (embodiment
and self-confidence with the tool) to encountering inter-
ruptions in work due to interface issues. This data were
used mainly in the analyses of experience but also way of
acting and performance were considered when appropriate.

It was expected that if the operators do not have
excessive task load scores, have good understanding of the
situational state of the process and if they have positive
experiences concerning the tool in a psychological sense,
thus the tool would function well in its psychological role.

4.3.3 Data collection and analysis for communicational
function

The communicational function builds upon the previous
two functions. That is, if the tool functions as an instrument
and in the psychological role, it has the possibility to
function in a communicational role also. The communi-
cational role means that the tool enables and supports
communication and collaboration in work. This means, for
example, that personnel within the organization share
understanding of the importance of process state, and have
an appropriate trust in the functioning of the tool.
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Before the simulator run, the first data collection method
in chronological order within the test day was an orienta-
tion interview. The results of the orientation interview have
been reported by Norros et al. (2011b). The orientation
interview is an individual interview concerning the opera-
tors’ personal stance toward the object in the work, the
process. Orientation or professional orientation in this case
refers to a person’s personal attitude and understanding
about the objectives of the work and about the object and
its intrinsic characteristics. In the interview, six defining
questions concerning the NPP process and the operators
work were asked from each operator individually. For
example, operators were asked what they view as the core
task in their work, to reflect about the role of procedures in
process control and to elaborate on their conceptions con-
cerning role of alarms in initiating operator activity. All the
interviews were audio recorded and transcribed. This data
were utilized in the analysis of way of acting and experi-
ence (shared awareness, sense of control).

The answers were classified utilizing a three class sys-
tem. The classification dimension is derived from prag-
matist philosophy (Peirce 1998b) which makes a
distinction between reactive and reflective relationship
with the environment. In our previous studies on orienta-
tion (Klemola and Norros 2001; Norros and Klemola
1999), we have ended up to use the dimension reactive—
confirmative—interpretive to express the different
relationships (Norros 2004). A grounded approach was
utilized, first, to determine how this evaluation dimension
should be operationalized with regard to five themes: Role
of procedures, Coverage of procedures, Focus of procedure
control, Trigger for action and Concept of a good operator.
Second, we determined which answers belong to which
category in the operationalized scale. Summary of the
characterization of each class and an example of how the

Table 3 Orientations reflecting a person’s epistemic attitude in work

categories were adapted with regard to “Role of proce-
dures” is presented below (Table 3). All the answers were
read several times by three researchers and in the end each
person made an initial judgment about the class in which
the specific answers would belong to. These initial judg-
ments were then discussed jointly and a consensus was
reached and a final decision made.

A reactive orientation reflects an attitude in which the
actor sees him/herself as passive follower of the process.
For example, concerning procedures, a reactive answer
would be total reliance on procedures without reflection
about the appropriateness of the particular procedure or the
professional skills required in using it. Concerning the
characteristics of the controlled process the actor concen-
trates on the own sub processes without further reflection
about the totality of the overall process status. On the other
end of the scale an interpretive attitude means that the actor
has an active relationship with the environment. The actor
is sees the whole activity as a meaning making process in
which personal contributions play a vital role. An inter-
pretive answer is such that it reflects the person’s ideology
that by doing and following the consequences I can learn
more about the process. The middle class, a confirmative
answer, regards work as shaped by rules and external
demands. In the confirmative category, the role of proce-
dures and acting by the rules is overly emphasized.

Detailed quantitative analysis of the amounts of
communication and movements were conducted for all
simulator runs. This analysis was done based on the
observation, that is, video data. All the communications
and movements of the operators were calculated, and the
data were treated with statistical methods. This data were
utilized in the analyses of performance and way of acting
(verbal interactions, spatial interactions, and teamwork
practices).

Characterization of orientation

Orientation with regard to “role of procedures in process control”

Reactive Reflects passivity and lack of expectations
concerning the situation

Confirmative Taking the situation for granted, acting in a pre-
defined way, over emphasizing rules and
procedures

Interpretive Questioning the observed phenomena and building

expectations of future events, emphasizes
interpretation of situational demands

Procedures support if the operator is insecure or when he has problems
with memory; procedures prevent memory-dependent or other
mistakes; procedures define the correct procedures and their order;
put-down of procedures. For example, “Procedures support my
work and provide security, you can have a look at them whenever in
doubt”

Procedures support actions, procedures are needed in rare or
demanding situations; procedures unify the ways of working and
guarantee safety. For example, “They are central. About everything
is done according to the procedures. Of course, routine tasks are
such that procedures are not needed. But procedures are important.
And we must work according to them”

Procedures provide framework and method according to which the
operations are performed. For example, “We operate according to
them. They provide such a framework that they support [our work]”
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Altogether 16 statements concerning the communicative
function were included in the systems usability question-
naire. These statements contained various operationaliza-
tions of the tool’s communicative aspects from the
relevance of applied nomenclature to trustworthiness
experienced by the operators. The quantitative data were
treated in statistical manner. This data were utilized in the
analysis of experience (e.g., trust in technology).

It was expected that the orientations, communications,
and movements, in addition to reactions to the statements
concerning communicative aspects of the tool, reveal the
communicative function of the tool. Orientation is some-
thing that is constructed during a person’s career. In earlier
studies, it has been found that within a group of novices
within a practice differences in orientations exist and that
the differences that can be found in the interview answers
are portrayed in actual practice (Klemola and Norros
2002). That is to say: Persons with interpretive orientation
maintained also a reflective work practice. And this
reflective work practice is something that in an unexpected
(not proceduralized) situation can save the game. If oper-
ators are able to, in a tough situation, to reflect on their
activity and the process state, it is possible that they can
come up with creative solutions which have not been
thought by the designers of the system. If a communicative
function of the tool is achieved the tools is such that it
enables and supports these reflective processes.

Performance: Outcome

Task completeness

Instrumental B
Function itk
Time
Vi
=
‘g Task load
2 Psychological (Interruptions)
= Function
°
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e Verbal interactions
Communicative Spatial interactions
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4.3.4 Summary of data collection and analysis

Below (Fig. 3) the specific indicators of systems usability
utilized in these studies are presented in the framework
introduced earlier in this paper.

4.4 Results on systems usability in the two hybrid
control rooms

In this section, the summarized results of the two studies
are presented concerning systems usability, that is, how the
three general functions of a tool in an activity seem to be
fulfilled in the hybrid control rooms. Because of the variety
of data collection and analysis methods used, the results of
the studies are also multitude. The statistical results of the
studies cannot be described in full detail in this paper, but
the focus is on the qualitative and descriptive parts of the
results which demonstrate the benefits of the used evalua-
tion and analysis approach.

4.4.1 Instrumental function

In the instrumental function, both main control rooms
worked quite well. In plant A, the crews’ performance
(expert rating) was overall good (mean values between 3
and 4 out of 5), and the performance differences between
crews were not statistically significant. Based on the results

Perspectives to activity
) User Experience: The
Wayof Acting: Otienting development potential
to core-task Fiice

Focus on relevant
phenomena
Effective prioritizing

Feeling of a well-
functioning tool

Meaningful and

established practice
Conceptualization of
the process situation

Feeling of a
embodiment
Self-confidence

Appropriate trust
in technology
Sense of control

Teamwork practices
Shared awareness

Fig. 3 Indicators of systems usability which were utilized in the studies. The indicators are embedded within the systems usability framework.

Interruptions (in parentheses) were not analyzed
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of the expert performance rating it can be said that the
performance outcome in each scenario was on a satisfac-
tory level. In this conclusion, the measure of satisfactory
level performance is that of not endangering safety, that is,
completing the requirements expressed in the emergency
operating procedures. In plant B, the overall performance
ratings of the expert varied between 2 and 5, but the
average ratings were quite good varying between 3.5 and
3.9 (out of five). The lowest ratings were given for detec-
tion and use of procedures.

In plant B, the modernized turbine side UI had some
problems also in the instrumental form. It does not always
help operators in concentrating on relevant information as
there is no alarm filtering in the displays. Every alarming
component is blinking in a disturbance situation. Statement
concerning the alarms was made by one operator in the
process tracing interview:

The colors do illustrate somehow, but as in a distur-
bance situation, there are many blinkings in many
different positions, it becomes disturbing... And, the
bigger the disturbance, the more there are alarming
components.

The generally positive feedback (Figs. 4, 5) acquired
with the usability questionnaire concerning instrumental
function speaks for a well-functioning instrument. The
most negative experiences concerned complexity caused
in operators’ work by the UI, error possibilities and
especially recovery from usage errors with the UI. Also in
the open comments some critique on the Ul was pre-
sented. The main problem was that the needed informa-
tion is spread all around the control room. Also, the
information monitor might be far from the operating
interface. Alarm system presents itself as problematic to
the operators. Alarms are too many, and thus, it is difficult
to know where to focus, and the information value of
alarms is not high enough especially in the situations
when it would be needed.

The conclusion concerning the instrumental function is
that especially the analogue UI works well in the instru-
mental form. The operators typically carry out the tasks
almost perfectly and the feedback is concrete and timely
and the user experience is almost hands on the process.
The new emergency operating procedures in plant A
worked quite well in performance sense. The operators
did not have any major difficulties in following the pro-
cedure, and thus, the intended effects were reached. The
shortcomings that were detected concern recovery from
errors and some cumbersome positions caused by the
interface. The digital touch screen-based interface in plant
A was considered troublesome, as sometimes it is unclear
whether the command of the user has been implemented
or not.

Instrumental Function: Percentual
distribution of answers (Plant A)
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Fig. 4 Instrumental function in plant A according to questionnaire
data
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Fig. 5 Instrumental function in plant B according to questionnaire
data

4.5 Psychological function

In the two accident situations in plant A, the crews’ task
loads were overall lower than in the electric bus system
failure (Fig. 6). This is evidence for the psychological
function of the EOPS: For the accidents, an emergency
operating procedure exists, and for the electric bus failure,
there is no specific procedure. The electric bus failure
scenario as such was not as severe from safety point of
view as the accident situations but the task loads were still
higher. The scenario’s effect on each task load factor
except frustration was statistically significant (p < 0.05) or
very significant (p < 0.001).

Despite the excellent results concerning psychological
function of the EOPs the psychological function of the
present day hybrid control rooms is not as unproblematic as
the instrumental. This result was represented in the ques-
tionnaire data concerning psychological function (Figs. 7,
8). The most negative experiences concerned difficulty to
learn to use the systems, support for finding right operative
solution in an unclear situation, help of the procedure in
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Plant A: Average task load scores in different scenarios
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LOCA Electric bus

Fig. 6 Task load scores in different scenarios (p < 0.05). LOCA
refers to loss of coolant accident and PRISE to primary—secondary
leak, both of which are severe accidents. Electrical bus failure
scenario resulted in higher task load values than the other two
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Fig. 7 Psychological function in plant A
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distribution of answers (plant B)
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Fig. 8 Psychological function in plant B

understanding process situation, support for personal
styles, and support for adaptive activity.

One issue that came up in the different data forms is that
the operators consider the Ul very difficult from learning
point of view. This holds for both plants. In the systems
usability questionnaire, the statement concerning the effort
required to learn to use the system was one of the lowest
scoring statements in both plants. In addition, in process

@ Springer

tracing interviews, remarks were made concerning the
learnability of the digital UL

I have used it so little and then there are these logic
displays...And it takes so long that I don’t care to
look there first... it is like digging.

In the above statement, an operator is describing why s/he
did not use the logic displays even though on some level
s/he claimed to know that the solution to the problem could
have been found there. S/he just does not know exactly
where the information resides and feels that s/he does not
know how to use the interface well enough.

Although the long training period addresses the issue of
learning and competencies in use, the experience of the
operators cannot be neglected. The poor learnability is
partly due to the hybrid nature of the control rooms. As
there are Uls of different generations all installed in the
same control room, the logics of operating these systems
also varies. Thus, the operators feel that they have to learn
each and every system separately and there is no consis-
tency within the design on the level of the control room.

In the detailed analysis of operating practices, one quite
remarkable difference between the crews in operating
practice was found. In plant A, in scenario 1, (loss of
coolant, LOCA) there was a small additional failure. One
of the plant protection signals (containment isolation) did
not function correctly. The checking of the protection
signals is not in the beginning of the LOCA procedure, but
nevertheless, the operators, if they are aware of the
endangered safety functions, are aware of the status of the
containment isolation also. Only one crew managed to
notice this failure and take the respective measure to cor-
rect the situation before it was mentioned in procedure. We
considered this a problem in the psychological function of
the control room because only one crew was able to orient
to the core demand of ensuring containment isolation.

In plant B, the scenario 3 was by far the most difficult
for the operators to handle. It was analyzed that the prob-
lem lay mainly in the psychological function of the mod-
ernized turbine side Ul Scenario 3 involved a failure in the
automation system which was very difficult for the oper-
ators to distinguish from a process failure. As the UI of the
turbine side of the control room was already modernized
the new digital interface would have given the operators an
opportunity to detect that it was indeed an automation
failure. But only one crew was able to make this detection
and thus avoid an unnecessary reactor scram. This was
considered a problem in the psychological function as only
this one crew had managed to develop way of acting which
makes good use of the new features of digital Ul. Among
the other crews there were even claims about knowing that
the key to solving the problem could be found in the new
interface, but deficiency in own skills prevented the person
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from exploiting it. One operator explained that s/he knew
that the conditions could be checked from FUP displays
(logic display) but s/he had decided not to use them.

Then I thought that I won’t start using this FUP
picture. But in principle you could see the conditions
from here.

In the semiotic analysis of operator practices and sense
making in plant A, we found differences between operating
crews. Some crews utilized available process information
more profoundly than the others. The exact differences
were in the amount of information sources that the crews
utilized in initial detections and in the amount of (out loud)
reflection on the meaning of information. Five crews (out
of) twelve utilized several process information sources and
reflected out loud on their meaning on the overall status of
the process. This can be interpreted as a problem in the
psychological function of the tool. Not all operator crews
were able to make use of the available possibilities of
making sense of the process situation. The amount of
information sources utilized is an important indicator as it
reflects how profoundly the crew strives for understanding
of the situation.

4.5.1 Communicative function

In plant A, there were some differences between the
crews in communicative performance. Differences existed
in the amounts of communication and movement around
the control room, especially for the shift supervisor. Also
there were differences in the extent of using and com-
municating process information for decision making. In
plant B, the effect of the Ul on communicative practice
was evident in the amount of movements of the operators.
The turbine operators who use the modernized Ul moved
less than other operators. Another notable result of the
analysis of movements was that of total time of movement
of the shift supervisor in plant B. The shift supervisor was
away from his own station more than either of the two
other operators.

In the further analysis of the operating practice of the
successful crew in plant B (managing to solve the auto-
mation failure in scenario 3), it was detected that the
amount of communication in this crew was higher than in
the other crews. The same difference was reflected when
the time that the crew spent physically together, commu-
nicating and interpreting information provided in the Uls
was calculated.

Practices of collaboration varied quite much between the
different crews in both plants. In a control room with strong
communicative function, the overall quality of collabora-
tion would be better and more consistent throughout the
crews. This would be the case if the interface would

provide support for collaboration and communication. This
phenomenon was most evident in plant B where half of the
control room consisted of digital Uls. In plant B, in sce-
nario 3, effective and rich collaboration was the key to
successful mastery of the process situation for the one crew
which managed the situation well. From this evidence it
was inferred that it is possible that hybridity induces
polarization to the operating practices of different crews.
The crews which manage to take advantage of the new
features in the system develop different practices from the
other crews. The control room’s communicative function
of conveying meanings within the organization cannot be
claimed to be fulfilled if different crews end up working
with very different operating practices. Hence, the
hybridity of the control room might deteriorate the com-
municative function.

There were qualitative differences in the orientations of
the crews in both plants. When all the answers of all the
operators in plant A were coded 29 % reflected an inter-
pretive orientation, 48 % a confirmative orientation, and
23 % a reactive orientation. The same holds for plant B:
When all the answers were coded and the results calculated
23 % of answers reflected an interpretive orientation, 58 %
a confirmative orientation, and 19 % reactive orientation.
The confirmative orientation is by far the dominant in both
plants which reflects prevailing attitude of understanding
process control work as confirmatory activity in which it is
enough to follow and obey the rules and procedures.

In the orientation interviews, the operators did not
present very strong interpretive attitude concerning
process control work and the object in the activity.
Interpretive orientation would be characterized by a
questioning attitude which enables building expectations
of the future states of the process, and learning from
operation experience. This is a central requirement in
complex process control. Without questioning attitude it is
not possible to handle unexpected situations that are not
described in procedures or thought of when designing the
UL The somewhat poor results of the orientation inter-
views are connected to the communicative function of the
control room. It seems that the meaning of the different
process measures and automotive functions is not com-
municated to the operating personnel as profoundly as
should be the case. When the interpretive orientation is
low or recessive some of the adaptive power that human
activity brings to the functioning of a complex process
control system is lost.

According to the questionnaire data, the communicative
function of plant A and plant B are different (Figs. 9, 10).
The statements scored low in plant A concerned EOPs
ability to communicate process information, control room
systems’ ability help finding solutions, and understand-
ability of the sounds utilized in the control room.
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Fig. 9 Communicative function according to questionnaire data in
plant A
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Fig. 10 Communicative function according to questionnaire data in
plant B

4.6 Feedback to the plants and summary of the results

The detailed results were fed back to the plants in various
forms. Several workshops were held as part of class room
training of the operators. All the operators who participated
in the experiment took part in the workshops. In the
feedback sessions, all the results and their meaning were
discussed thoroughly. Also the trainers and other human
factors responsible personnel participated in the discus-
sions. Separate sessions were also held for the personnel
responsible for the design of the control rooms.

The systems usability problems which were discovered
in the experiment with the current control room systems
were delivered back to the participants and the affiliated
training and design organizations. In addition, improve-
ments suggestions were made (Table 4) concerning the Ul
and related training.

5 Discussion
The reference evaluation of two hybrid control room

solutions combined a micro level qualitative analysis of
operator practices and quantitative methods originating
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from a more objectivistic evaluation tradition. In addition,
operators’ experiences of the system were exploited in the
overall synthesis of the results. The combination of the
different approaches to understand how the tool functions
in an activity complies with the requirements stated by
Harrison et al. (in press) in their quest for HCI as a suc-
cessor science, which would put analytic, objectivistic and
hermeneutic methods into dialogue in the evaluation (and
development) of Uls. The evaluation approach has been
labeled and characterized as contextual because it is based
on understanding the activity, the part of which the tool is,
as a context for usage and evaluation.

Hybrid nature of a control room is one phase in the long
evolution of control room Uls which are often in use every
day of the year, 24 h a day, in industrial plants. The activity
theoretical approach to evaluation suits well this frame as it
takes into account the developmental trends prevalent in
the activity. To complement this aspect of activity, theo-
retical approach an analysis was conducted concerning the
design philosophy utilized in the respective plants and the
historical development of the control room into its current
states. Also the future modernization plans were clarified
prior to the evaluation (Laarni et al. 2006).

The hybrid nature of the current control rooms is a
product of a process in which different technologies have
been implemented to an existing control room. Imple-
menting a new part to a functioning safety—critical system
can pose a threat to the prevailing state and thus threat
safety. Hybridity of the control room was in this paper
considered as an example of a process of decrementalism
(Dekker 2011), which may cause drift in the overall socio-
technical system. We agree with Dekker’s point and see
that appropriate control room evaluations are necessary
whenever even small changes are implemented. Evalua-
tions should enable catching even the small changes which
are induced in the activity. In the paper, we have shown
that there are challenges concerning the adequacy of cur-
rent evaluation methods in catching the small changes in
activity. We proposed that it is important to complete
presently available methods with new ones that consider
the underlying mechanisms which produce the perfor-
mance in the system. This means adopting a multi-method
evaluation approach.

In the evaluation approach described and demonstrated
in this paper, the evaluated tool is approached through
three distinct functions of a tool: instrumental, psycho-
logical, and communicative. The functions complement
each other and thus are not independent nor can they be
analyzed totally separately. The aim in using them is to
understand profoundly what the role of tools in construct-
ing, shaping, and developing an activity is.

The instrumental function, especially in the performance
sense resonates well with the evaluation approaches based
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Table 4 Summary of the results concerning problems in systems usability and the related improvement suggestions to the plants

Function Issues raised in evaluation/related perspective to activity Improvement suggestion
Instrumental Recovery from input errors and mis-operations/ In process control it is not possible to recover from an input error,
performance the strategy should be to avoid them by, for example, visualizing
the effects of the intended operation to the user prior to execution
of the operation
Cumbersome and awkward positions and movements Increase terminals: make information available in the physical
required to operate/way of acting location where it is needed
Not clear whether commands have been implemented in Improve user feedback in the system, for example, visualize
the digital interface/performance implementation of commands
Not easy to determine which phenomena is important/  Development of alarm handling and presentation
way of acting
Psychological Slow and difficult learning process/way of acting Develop training methods, combine theory and practice of training
Make sure there is consistency in the operating logic across all
control room systems
Skills in using features of digital interface are not Develop presentations to match the operating needs in the situation
sufficient/way of acting
Develop training of the tool
Differences in way of acting among the crews, Develop process overview information presentation
especially in the amount of information sources
exploited/way of acting
Increase training on process couplings
Communicative Confirmative professional orientation/way of acting Train operators in interpretive practice

Variation in practices of collaboration/way of acting

Develop Ul solutions to support reflection in action

Add collaborative features/support for collaboration to the Uls and
procedures

on the formal scientific method such as typical human
factors evaluation. But by adding the measures of way of
acting and user experience even the instrumental function
is understood more broadly. The quality of way of acting is
contextual. What might be good acting in one context is not
necessarily that in an another. The analysis of the core task
in the particular activity must be made in order to see
whether the tool supports good way of acting.

The psychological function brings to the evaluation the
fact that tools and technologies shape in a profound way the
ways of working. When changes are made in the tools it is
important to consider the implications on the activity. The
new tools should develop the capabilities and be in harmony
with the preferences of people concerning the development
of their work. It is also necessary to include the training of
users as early as possible in the design, so that feedback to
design can be collected and there is enough time for learning
new skills. The usability and HCI methods have represented
this view point since 1980s and 1990s but the design of
complex technical environments sets new challenges to
implement the good principles in the design process. In
analyzing way of acting, in considering the psychological
function of the tool, it is possible to evaluate whether the tool
supports users’ developing understanding of the complexi-
ties of the controlled process. In this sense, using the tool
makes the operator realize intricacies concerning the process

and thus develop the capabilities of controlling it. In addi-
tion, the tool should be such that operators have an experi-
ence of a tool that suits their practice.

The communicative function views the tool as a medium
which is supposed to create, carry, and distribute meanings
across the socio-technical system. This approach suites
well with the so called the third wave HCI which has
claimed to view design as meaning making (Ylirisku et al.
2009). The way in which the communicative function was
operationalized in the above studies will be developed
further by considering the extent to which the object is
shared by the collaborative team. In our on-going work, we
are applying the typology of collaborative actions proposed
by Raeithel (1983) that draws on the ideas of AT.

By utilizing the three general functions that a tool has in
an activity system, it was possible to gain profound
understanding about which aspects of the tool benefit the
activity and which still need development. The methodol-
ogy is quite heavy to use as it relies on extensive modeling
of the domain and meticulous analysis of usage activity.
Nevertheless, it is possible to utilize the tool function
approach also in studies that cannot utilize the same
amount of resources as is appropriate in safety—critical
domains. The three tool functions have been introduced to
increase the understanding of how profoundly and from
many perspectives technology affects human activities.
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6 Conclusion

In this paper, a contextual evaluation approach for the
evaluation of tools in safety—critical work has been out-
lined. The method has also been demonstrated by two case
evaluations in NPP domain in the evaluation of the hybrid
control rooms. In the evaluation of the appropriateness of
the control room, a variety of data collection and analysis
methods were utilized. The results were harmonized using
the concept of systems usability which refers to the three
general function of a tool in an activity system: instrument,
psychological tool, and a communicative tool.
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