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1. Introduction

In our everyday lives, we use a variety of artifacts and tools to achieve our am-
bitions. The modern world affords us new digital opportunities and ways to con-
nect with each other and our surroundings. Digitalization and new advanced
technologies are a reality in the context of modern industrial work as well. Ex-
pert users (e.g., human operators with extensive professional training and usage
experience) responsible for handling critical tasks and controlling safety-critical
industrial processes are introduced to new digital technologies aiming at en-
hancing the productivity and safety of systems. This inevitable trend will pro-
foundly affect not only the functioning of the system as a whole, but also the
everyday work practices of the expert users.

Process control operators, for example, often have an extensive professional
background and experience in the use of several generations of tools in their
work. For example, over the course of their careers, they might have experienced
the transition from paper-based procedures to the use of computer-based pro-
cedures. This operational history and knowledge about different tools is also an
asset when human operators adopt new work practices and the use of new dig-
ital tools. However, the sensitivity that relates to the ability of expert users and
professionals to operatively master the use of their tools should not be forgotten.
That is to say, the operators are the best experts in their field (i.e., operation of
the system) and they have the most hands-on experience and formal training on
how to use specific tools to carry out their daily operative tasks. Furthermore,
what is meant with “a tool” in this thesis is understood broadly; that is, a tool is
the mediating technological element of the socio-technical system. For example,
in the process-control context, the whole control room environment together
with all the operating procedures and communication equipment may be seen
as a comprehensive tool of the operators.

From the point of view of the overall safety of the system, it is highly relevant
how the expert users know and master their tools. For that reason, the design
and development of safety-critical systems should be sensitive to the opinions
and concerns of those who will ultimately be the main users of the new tools and
who are expected to work daily to run the systems in an efficient and safe man-
ner. Thus, if the human operators have a role to play in the operation of the
systems, their experience and understanding of the meaning of the new tools
and their potential impacts on operation should be viewed as important and be
carefully considered in the design and development of these systems.
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Nuclear process control operators represent one specific group of expert users
whose involvement in the design of safety-critical systems is sought. They are
the individuals who will eventually use the system on a day-to-day basis and
who ultimately assess whether the new design meets the set requirements.
These expert users are experts at the tasks that they perform, and they may have
undergone an extensive training program before being allowed to become a fully
authorized member of an operating team. Therefore, it is clear that these expert
users possess a wealth of knowledge that may provide an important source of
information in design.

The research presented in this thesis has been carried out in the human factors
team at VTT Technical Research Centre of Finland Ltd. My 15-year-long career
as a research scientist in this team sets the larger organizational context in
which the research work included in this thesis has been carried out.

VTT is a technical research organization that does research on a variety of im-
portant societal challenges and issues such as the internet, climate change and
renewable materials, to mention but a few. Today, VTT has around 2,000 re-
searchers working on both national and international projects in the public and
private sectors. VTT’s multidisciplinary human factors team is focused on stud-
ying the roles of humans and their activities in industrial and work environ-
ments. Over the years, the human factors team has conducted research on a
number of work contexts (e.g., in the process industry, machinery and rescue
operations) as well as carried out methodical development (Norros et al., 2015)
on design and evaluations of work systems. One central domain in which the
team has advanced its methodological base for human factors studies is the nu-
clear field; the Finnish national nuclear safety programme (SAFIR) has pro-
vided a natural framework for this.

As a part of my work at VTT, I was also committed as a visiting researcher (i.e.,
a secondee) for a period of one and a half years at the OECD Halden Reactor
Project hosted by the Institute for Energy Technology (IFE), which provided me
with a more international view and connections to human factors in the nuclear
domain. Overall, at VTT I have had the possibility to work closely with the in-
dustry and engage in solving practical human factors problems that always have
timely relevance.

Particularly, my contribution in the VTT human factors teams, and within this
thesis is on contributing methods that facilitate and enable participatory pro-
cesses to take place, allowing expert users to engage in the design of their future
work practices and tools. Safety-critical systems such as nuclear power plant
(NPP) main control room (CR) environments are the empirical context in which
the studies within this thesis are carried out. Safety-critical systems may be de-
fined as those systems whose failure could, in the worst-case scenario, cause loss
of life or significant damage to the property or the surrounding environment
(Knight, 2002). Well-known examples of safety-critical systems and work envi-
ronments include different medical facilities and devices (e.g., intensive care
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units), aircraft flight and air-traffic control systems as well as a variety of indus-
trial installations like NPPs. 1

1.1 Motivation of the study

The research presented in this thesis is motivated by the significant changes that
the digital transformation and ever-increasing use of automation solutions and
other advanced technologies may cause in the design and operation of safety-
critical systems. For example, conventional hardwired analog interface techno-
logy based NPP control rooms undergo extensive modifications when the auto-
mation systems are modernized (Nystad et al., 2011). The work of surgeons will
also change when advanced robot surgery solutions are deployed in operating
theaters (Aaltonen & Wahlström, 2018).

Design decisions made and solutions created in the design phase of the system
life cycle have an important bearing on the overall safety of systems. In fact, it
has been reported that half of the root causes of accidents in safety-critical do-
mains (including aviation, railway, and nuclear industries) lie in design (Kin-
nersley & Roelen, 2007). Moreover, when looking at all the statistically recorded
accidents and incidents due to human and organizational factors, the numbers
of cases are even higher. That is why, for example, after several serious incidents
and accidents in the nuclear field, regulatory bodies worldwide have set recom-
mendations and stricter standards that include human factors and ergonomics
considerations in the design of NPP control systems. The assumption is that ac-
knowledging human issues appropriately in the design phase is one crucial way
to improve safety. For example, according to the nuclear-specific NUREG 0711
(USNRC, 2012) review document, several elements need to be in place so that
human factors and ergonomic issues may be appropriately integrated into de-
sign. These elements are operational experience review, reference system anal-
ysis, functional requirement and functional allocation analysis, task analysis,
human-centered design (HCD), operating procedure development, personnel
training, and verification & validation (V&V) process. All these analyses may
produce important information for the design, while HCD (ISO-13407, 1999)
provides principles and a process for the inclusion of human and social aspects
throughout the design.

When thinking about all the elements mentioned in the NUREG 0711 review
document referred to above, it is not hard to imagine how expert users could
contribute to them with their knowledge and understanding. Due to their con-
textual/operational experience, expert users may be in a particularly good posi-
tion to estimate how the proposed new design solutions affect and enable as-
pects such as resilience (Hollnagel et al, 2011) in the system. Human operators’
capability to adapt to changing situations and flexibly draw on their earlier ex-
periences (e.g., to handle an accident situation appropriately) is a great source
of resilience and one reason why expert users still play a role in the concept of

1 With respect to safety-critical systems, the military domain is the only sector that is ex-
cluded from the scope of this dissertation; examples of numerous critical operation environ-
ments in other sectors are discussed.
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operation in safety-critical systems today. Similarly, in design, it is not possible
to anticipate all the future occurrences and happenings beforehand, but expert
users with their operational experience may provide a valuable contribution by
reflecting on the use of the new solution in different operational situations. This
provides yet another reason why the expert users’ opinions and understanding
should not be dismissed in design.

There are several studies pointing out the importance of user involvement in
the design and development of human-system interfaces (HSIs) (Damodaran,
2017; Kujala, 2003; Wilson & Haines, 1997). For example, eliciting concrete
feedback by involving users in design may yield a more accurate set of user re-
quirements or make it possible to avoid costly and undesired system features
later when the system has already been implemented and is in the operative
stage. Involving expert users may also improve general system understanding
and thus help operate the system safely and more efficiently. According to
Saleem (Saleem, 1996), the benefits from user involvement become even more
evident and vital for system acceptance in a situation where users have greater
system-related functional expertise that overpowers the other members of the
design team. That is why, in the design of safety-critical systems, the expert us-
ers (e.g., process control operators) with extensive domain-specific training and
operating background may play an important role in defining the system char-
acteristics and setting the requirements. For example, in the NPP CR design
context, operators have been successfully involved in designing the concept of
operation for the use of large screen displays in main CR (Laarni et al., 2008).
In this study, the CR operators participated in defining the physical setup for
the displays, the ways of managing and operating them, and the content (i.e.,
process and other information) that should be displayed on the screens. While
the importance and potential benefits of expert-user knowledge in design seem
to be widely recognized, many studies point out that in practice involving users
and achieving clear benefits through this in design is anything but straightfor-
ward (Balfour et al., 2012; Money et al., 2011).

Even though one of the driving principles of HCD is the active involvement of
users, the guidance on how to initiate and carry out participatory activities in
practice and throughout the design is somewhat general. One possible source of
problems in the context of safety-critical system design is that the users are quite
distant from the design; they may not be familiar with the design process or the
many constraints on the design and realization of certain solutions. Moreover,
the technical aspects of the design, which in many ways are more concrete to
handle and may impede the whole design process if not solved early on, often
overpower the expert users’ opinions and concerns about critical design deci-
sions. It may also be that the expert users are involved in and asked for their
opinions when all the critical design decisions have already been made and the
impact of the users’ opinions remains minimal. In the case of ever-changing and
larger contexts such as hospital districts or industrial clusters (e.g., shipbuilding
industry), designers and developers may have difficulties in finding and making
contact with relevant user groups. Furthermore, it has also been reported that
designers lack methodological knowledge on how to involve expert users and
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further process the acquired user feedback so that it can be used meaningfully
in design (Balfour et al., 2012). So, to this day, there are still many unresolved
methodological issues in involving expert users in safety-critical system design
and carrying out HCD including participatory processes in a systematic and ma-
ture way throughout the design process.

Therefore, the research in this thesis is motivated by the aim of fully capitaliz-
ing on the potential value of involving expert users in design and enabling them
to participate in the design of their future work practices and tools. That is to
say, the motivation is to promote the professional user experience and
knowledge in design. Therefore, the research in this thesis is motivated by the
aim of fully capitalizing on the potential value of involving expert users in design
and enabling them to participate in the design of their future work practices and
tools. That is to say, the motivation is to promote the professional user experi-
ence and knowledge in design.

1.2 Research object and goals

This thesis concerns the integration of expert users’ knowledge and experiences
into the design and development of safety-critical systems such as CR environ-
ments. Thus, the object of research is the participatory processes in safety-crit-
ical system design and the particular goal is to methodologically contribute to
user involvement in the design of tools for safety-critical work.

As stated above, user involvement may be especially beneficial when the users
are expected to have far superior contextual expertise and knowledge than the
other members of the design team (Saleem, 1996). That is why in the design of
safety-critical systems in which expert users often (e.g., process control opera-
tors) possess high professional skills and domain knowledge, user involvement
can be especially advantageous. The expert users may better comprehend how
the new proposed tools affect their work. They may also have certain profes-
sional reflective/anticipatory capabilities to estimate how promising (i.e., good,
and purposeful) the new tool is early on in the design process if the concept is
mediated to them in some illustrative way.

Designing and developing safety-critical work systems is also a complex and
highly networked activity. Integration of various disciplines is required to re-
spond to design challenges such as the increasing complexity of systems, con-
tinuous change and ever-higher efficiency and quality demands. Within an in-
tegrated design process, diverse design disciplines and tasks may communicate,
collaborate, and coordinate their activities effectively (Papin, 2002). Human
factors engineering (HFE) is a design discipline that has a long tradition in the
context of the development of safety-critical systems. It also provides a wider
perspective for user involvement, as through the HFE process human and social
aspects become considered and organized in system design. Thus, the design
organization – and especially HFE – has a central role in defining the value of
expert user knowledge and enabling user involvement through its processes. For
example, some companies largely outsource their design, which naturally af-
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fects contact surfaces and collaboration between the use and design organiza-
tions. The HFE process generally – and how it methodologically supports user
participation in solving practical problems in complex work – is essential from
the point of view of developing more systematic and holistic user involvement
procedures.

As defined above, the research object is the safety-critical system design, and
the main goal is to contribute methodologically to user involvement in the de-
sign of tools for safety-critical work. However, in order to treat the user involve-
ment in a contextually meaningful way, it is necessary to also pay attention to
and study its boundary domains to some extent – that is to say, to look into 1)
the general HFE organization and activities (e.g., HCD process) within which
the user participation is intended to be arranged, and 2) the characteristics of
complex work activity and the content of profound expert knowledge/under-
standing that may contribute to the design. Figure 1 illustrates the boundary
domains that are essential for investigating and developing research methods
enabling expert user participation in safety-critical system design.

Figure 1. The boundary domains (design and operation) of expert user involvement in the design
of complex safety-critical systems.

1.3 Conceptual basis of the study

Many relevant scientific fields of research have influenced the work presented
in this thesis. Below I introduce the main ideas and concepts used in the relevant
fields of research.

1.3.1 Theoretical background

The American psychologist James J. Gibson (Gibson, 1979) coined the term
“affordance” in the 1970s. It was a key concept in his ecological psychology the-
ory of visual perception. “Affordance” refers to the complementarity and inter-
action between an organism (e.g., human actor) and an ambient environment.
Gibson used affordance to describe those things that an environment furnishes
with an animal through interaction. For instance, if an object has a flat, rigid,
level, and extended surface, and if the proportions are well suited to the human
observer, it is probably safe to sit on (that is, it has the affordance of “being able
to sit on”). Thus, these separate properties of an environment are combined to
yield a higher order property, such as in the above example the property of sit-
ability. According to Gibson, an affordance is easier to perceive than isolated
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properties of the environment; he states, “the invariant combination of proper-
ties is meaningful whereas any single property is not.” (Gibson, 1979)

The mutuality that characterizes the relationship between actors and their
surroundings is a key feature and fundamental idea in the ecological approach.
For that very same reason, the affordance concept has been of wide interest to
researchers working in the field of human-computer (system) interaction
(Hartson, 2003; Kaptelinin et al., 2012; Norman, 1999). For example, Kim Vi-
cente (Vicente, 1999) has noted that the mainstream viewpoint in psychology,
human factors and HCI has been based on a cognitive perspective that focuses
on understanding the constraints that the human cognitive system imposes on
goal-directed behavior. The ecological approach to design, however, gives prec-
edence to the constraints that the work ecology imposes on goal-directed behav-
ior (K. J. Vicente, 1999; K. J. Vicente & Rasmussen, 1990). According to Ras-
mussen (Rasmussen & Pejtersen, 1995) one common problem with contempo-
rary interfaces is that they tend to be designed bottom-up, as represented by the
typical single sensor, single indicator type of display (creating an abundance of
data). While using this kind of display, the user needs to integrate all of the in-
formation it presents in order to build up a mental picture of the status of the
system in relation to the achievement of its overall goal (Wong et al., 1997).

The ecological approach suggests that work design should begin with an ex-
plicit analysis of the constraints that the environment imposes on action; then,
in the design of displays, the information should be organized to portray the
relationship and structure between the states of physical components, the func-
tions they serve, and the goals the system is intended to achieve. Enabling direct
perception in an interface design led to a situation where the user can readily
make assessments of how changes to the states of the components affect the
achievement of the goals, and how changes in goals or the external environment
need to be responded to (Wong et al., 1997). The ecological approach to design
and especially the concept of affordance has in many ways been influential to
VTT’s human factors team as well as my research work from the beginning of
my career as a part of that team – and consequently to the research work pre-
sented in this thesis.

The human factors and ergonomics (HF/E) discipline, which originates from
the Anglo-American tradition, represents an important field of research to this
thesis. HF/E is defined as a “scientific discipline concerned with the under-
standing of interactions among human and other elements of a system, and the
profession that applies theory, principles, data and methods to design in order
to optimize human well-being and overall system performance”(ISO_9241-210,
2010). Thus, the aim of human factors with a specific focus on the interaction
between the human and other elements of the system is to improve overall
productivity, safety, and comfort in using the system. Under the umbrella of
HF/E, there are hundreds of methods and specific scientific approaches (Stan-
ton et al., 2005). The methods are important in HF/E, as they provide human
factors professionals (or ergonomists) with a structured way of analyzing and
evaluating design problems. In the nuclear field, human factors and ergonomics
work has a long tradition and the HF/E research is carried out comprehensively
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from a variety of perspectives such as physical, cognitive, and organizational er-
gonomics points of view. In the selection of methods as well as the use and anal-
ysis of collected data in the NPP context, methods that allow making interpre-
tations in an objective way are traditionally favored. This often leads to the use
of methods based on conducting controlled experiments that provide results in
the form of quantitative data.

However, the use of these types of quantitative methods has also caused some
challenges. For example, as the sample sizes of operators that can be recruited
for HF/E experiments are often notably small, it is difficult to reach adequate
statistical power. Moreover, it may not be possible to compare datasets and
carry out benchmarking so easily, as the control rooms are more or less unique
entities. In addition, it has been found that transforming the quantitative data
into design recommendations and implications is not that straightforward ei-
ther, and thus a more qualitative understanding of control room activity and the
meaning of the outcome of the evaluations and HF experiments are needed to
complement and explain the findings (Norros, 2014).

The cultural-historical activity theory (CHAT) or the activity theory (AT) (Le-
ont’ev, 1978; Vygotsky, 1978) and the ecological approach to human-environ-
ment interaction have provided an important theoretical background to the re-
search work carried out in human factors team at VTT. Moreover, a cognitive
system engineering (CSE) approach with its unit of analysis – that is, a cognitive
system and the central aim of analyzing how human agents cope with and mas-
ter the complexity of processes and technological environments and how the
control within the system can be improved – have been influential to the views
of VTT’s research team on human-system interaction (Hollnagel & Woods,
1983; Roth et al., n.d.; Woods & Roth, 1988).

In doing research on human-system interaction and developing work prac-
tices and tools in a variety of industrial contexts at VTT, the human factors team
has also needed to take a stance on and follow the developments in related fields
such as Human-Computer Interaction (HCI) and usability engineering (Niel-
sen, 1993) as well as the research carried out by communities like Computer
Supported Collaborative Work (CSCW) and CHI: Conference on Human Factors
in Computing Systems. The basic aim and emphasis of Human-Centered Design
(HCD) and User-Centered Design (UCD) – to use ergonomic methods to collect
human performance data, so that the allocation of user needs, and their prefer-
ences are considered in all phases of design – is compatible with VTT’s human
factors team’s and my intention to be proactive and have an impact on designing
successful and user valued design outcomes.

1.3.2 Frame of reference for the study

Drawing from the scientific approaches and theoretical underpinnings de-
scribed above, core-task analysis (CTA) (Norros, 2004) was developed in VTT’s
human factors team to describe the central content of the work and characteri-
zation of the users’ expertise. Core-task analysis draws on the notion of function,
that is, “a goal-relevant structural property of a work domain. Affordance that
is relevant to the purposes for which the work domain was designed” (Vicente,
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1999). CTA involves modeling these functions and analyzing the requirements
that the fulfillment of the functions imposes on the activity in the work domain.
This yields an understanding of the so-called core tasks (i.e., tasks that need to
be always maintained in that specific work activity).

The core task is a kind of more generic and functional description of the work,
and it may serve as a natural reference for the design of new solutions and de-
velopment of work, and thus provides an important framework to this thesis. In
analyzing the core task, discussions with expert users and an understanding of
the work context are prerequisites; however, to facilitate more active expert us-
ers’ participation in design it become necessary to develop the use of the core-
task concept to be more design-oriented and to allow the expert users with their
wealth of expertise to influence the design decisions more directly.

The concept of systems usability (SU) (Savioja, 2014b) that was developed to
evaluate the systemic effects of a tool is another grounding concept for the re-
search work of VTT’s human factors team. SU is a human-centered quality at-
tribute of tools, but the value of the tools for the activity that they aim to serve
is evidenced by the successful performance of the activity at large. Conse-
quently, SU as an evaluation frame addresses the significance of individual tech-
nological solutions in, and for, the entire activity system. SU is central from the
point of view of evaluating the overall functioning of the system and it describes
the sought-for good quality of the tools. In this thesis, the SU concept is utilized
in the elicitation of the knowledge and experiences of the expert users who are
expected to contribute and be critical in designing systems with high SU.

In the case of designing industrial CRs, dozens of technical disciplines and en-
gineering knowledge have to be integrated in order to create a well-functioning
whole. In this connection, it is a challenge to facilitate foreseeing bigger devel-
opment paths and making innovation leaps (Wahlström et al., 2016) instead of
just focusing on incremental improvements or generating solutions for carrying
out individual tasks and operations. To solve this problem VTT human factors
team developed a further conception of CTA. VTT’s human factors team, includ-
ing my specific designer contribution, developed a Core Task Design (CTD)
(Norros et al., 2015) concept. The aim of this extended concept is to allow form-
ative design interventions and a better integration of an appropriate human fac-
tors point of view in the design of safety-critical systems. CTD extends the unit
of analysis from the analysis of the existing activity to the design of new activity
and introduces a design model (see Norros et al., 2015) with three main func-
tions: 1) understand to generalize, 2) foresee the promise and 3) intervene to
develop. CTD has thus already been shifting the general focus of VTT’s human
factors team to a more design-oriented direction.

The main contribution of the research work presented in this thesis is to con-
tinue developing the concept of Core Task Design, and particularly the contri-
bution is to facilitate participatory processes and expert user involvement, and
thereby to strengthen the second function of the design model, that is, foresee
the promise of the new activity.
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As a specific contribution of this thesis, the Tools-in-Use (TiU) modeling ap-
proach is proposed as a methodological aid to connect the proposed design so-
lution to the generalized main content of the work activity (i.e., core task),
thereby allowing contextualized reflections to be made on the value of the new
solution. The consequence of concentrating only on task- and situation-specific
solutions is that it is difficult to master the task-artifact cycle (i.e., the activity
sets requirements for the designed technology and, when implemented and
used, the new design produces a shift in the activity itself). Consequently, devel-
oping the work with long-term overall goals in mind becomes difficult. There-
fore, the foundational principle of the research work in this thesis is to always
seek to facilitate viewing the proposed design solutions (however small or radi-
cal those are) also from the perspective of the overall work activity and not just
the individual moment of interaction or task execution point of view. The great
belief is that when the expert users are truly involved in the design and they are
helped to discover the different characteristics of the emerging design solution
from the overall work perspective, they can see opportunities and development
paths that no other design party may see.

1.4 Research questions

Main research question:
How can participatory methods for expert user reflection on work – including

both exploring and evaluating individual task demands and future development
prospects – be furthered to better integrate human and social considerations in
safety-critical system design?

The above main research question is related to finding methodological ways
to enable expert users to explore their work activity broadly and attend to design
by engaging in professional reflection on the potential of new tool designs. The
method should capitalize on the broad and deep competence that the experts
have in terms of knowledge, skills, and experiences through practice and train-
ing in a particular field of safety-critical operation. This expertise enables the
users to make reflections that are not limited solely to a singular solution or op-
erative situation but are instead more universal and conceptual in nature, that
is to say, concern the future directions/prospects of the work activity. Thus, the
methods used to involve expert users in design should draw from the full capa-
bilities of these professional operators.

Sub-question 1:
What kinds of participatory practices are currently taking place in safety-crit-

ical human- system interaction design?
Sub-question 2:
What kinds of functional models of work should be used as methodological

means to facilitate expert-user reflection on work and as a presentation around
which constructive discussion between the designers and users can take place
early on in the design process?

Sub-question 3:
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What kinds of contributions can expert users deliver for safety-critical systems
design in different phases of the product lifecycle?

1.5 Research approach and method

My designer background has equipped me with a certain pragmatic stance on
research work in safety-critical system design. I believe that using a combina-
tion of methods (originating from and representing a variety of different scien-
tific disciplines) enables creating a richer picture that acknowledges a multitude
of perspectives concerning the design task and complexities of the problems (Ja-
mieson, 2007). Each design task is unique and thus investigating it appropri-
ately may require the utilization of a number of methods. Consequently, using
multiple points of view to investigate the task at hand may result in a more pro-
found understanding of the problem space, deeper description of the design ra-
tionale and findings with stronger explanatory power. Therefore, the research
work carried out in this thesis applies a mixed model approach and draws on
several scientific research disciplines – of which the most important are de-
scribed above in Section 1.3 – for inspiration to advance expert user involve-
ment.

The motivation of this thesis, that is, fully capitalizing on the potential value
of involving expert users in design already strongly orientates the selected re-
search approach toward the discipline of design engineering and design re-
search. Designers – including industrial designers such as the author of this the-
sis ¬– have been trained to approach the object of design through an iterative
development process in which the solution is sequentially refined to reach an
appropriate outcome. The development process of an artifact may start from
only a very vague idea or from a more mature and tangible product, but all the
same it is developed further to respond to the need to make an impact in its
context of use. Thus, the user needs and preferences (i.e., in-depth knowledge
about the unique and specific problem at hand) have always comprised one of
the central focus areas of designers’ work.

The studies included in this thesis have had varying starting points. One pro-
ject was sparked by an idea about the use of a specific technology in a particular
use context to allow more tangible and natural interaction in the era of digital
displays. In another project, the HSI concept had already been developed fur-
ther, challenging the conventional presentation formats for industrial process
control even though it was still in the concept design phase and under user test-
ing. These design tasks have been generally approached here from a pragmatic
viewpoint (Creswell, 2014). Consequently, the most suitable-seeming process
and methods are utilized to solve the design tasks at hand without letting any
philosophical underpinning restrict the thinking too much. It is accepted that
different approaches and points of view can complement each other and thus
contribute to solving the problem.

Design sciences provide many relevant views that can be considered influen-
tial for the research work in this thesis. Design sciences are concerned with de-
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veloping knowledge, tools, and techniques to create desirable and usable arti-
facts. Consequently, better understanding how expert users could be involved
in design so as to be able to advance the general human factors’ methodical
toolkit in designing safety-critical systems may be this thesis contribution re-
garding to the design science. Like the type of design research called research
for design (Frayling, 1993), this thesis is to improve and develop design practice
– and in particular to advance the collaborative and participatory processes re-
quired to reach integrated design solutions. The outcome of research for design
can take the form of design methods, recommendations, and implications as
well as more general frameworks or design philosophies.

One methodical question that comes across repeatedly is what kind of model
or representation could capture the developing design solutions in a way that
would support the shared understanding of the design team and potentially also
speak to expert users who often may not have any technical design background.
The present thesis does not aim to make an all-embracing and detailed (techni-
cally valid) model of the design solution, but instead something usable in safety-
critical system design practice that allows constructive discussion to take place,
and which is also feasible in design practice in other ways such as resource use
(expertise and time needed) and documenting. Thus, the research work in this
dissertation is very much what is in the focus of research for design (i.e., im-
prove the design practices) (Norros, 2014).

Another influential approach is research through design (Frayling, 1993; Zim-
merman et al., 2007) according to which new knowledge can be generated
mainly by building and exploring prototypes (i.e., understanding the complex
situation, framing, and reframing it and based on that understanding iteratively
developing the prototypes that address the situation). In the context of the de-
sign of safety-critical systems, the expert users are the ultimate owners of the
problem. One potential benefit of involving expert users in design by applying
principles of research through design could therefore be that the focus on the
context of use could be deepened/elaborated even further.

Through the generative process of transforming ideas into concepts and pro-
totypes, the designers need to balance between the opportunities and con-
straints and adjust them in line with the realities of the world. This analysis -
development process in itself may produce new insights that may be relevant
from the research point of view and be shared with others, which is one of the
carrying ideas of research through design. When considering the aim of this the-
sis the, that is, the expert user involvement in safety-critical system design, the
notion of research through design provides methodical inspiration as well as
some kind of ideal of what the participatory processes could be about, that is,
mutual learning of future prospects through collaborative design activities.

1.5.1 Research method

The methodical framework applied in this thesis builds on the core task analy-
sis that has provided a basis for the development of a practice-theory approach
to human factors, that is, the core-task design (CTD) concept (Norros et al.,
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2015). In CTD, the work is considered to be a practice that is composed of hu-
man actors, the physical and social environment, and the tools used in the
work to reach its objectives. Thus, according to CTD, human factors should
adopt practice as a new unit of analysis and perceive that interventions (in op-
position to the objective approach) are an inherent feature of developing the
systems.

Generally, in CTD, three design functions are introduced and central to main-
tain in design: 1) understand-to-generalize, 2) foresee-the-promise and 3) in-
tervene-to-develop (see Figure 2, Norros et al., 2015). Within the first function
(i.e., understand-to-generalize), an empirical analysis of the work is carried out
in order to comprehend the general control demands of that specific work activ-
ity, that is, to conceptualize the core activity. The second function (i.e., foresee-
the-promise) is dedicated to creating concepts for future work, that is, to define
the potential activity. The third function (i.e., intervene-to-develop) aims at par-
ticipatory development and design of work, that is, to create the new actual ac-
tivity. However, CTD should not be understood as a description of the sequen-
tial design process/ methodical steps but as three functions that are valid and
present in design simultaneously, yet with a varying emphasis at different times
and phases of the design process. The CTD design functions enable viewing the
activity from three distinct perspectives. Changing the perspective can be seen
as responsible for the creative power of CTD.

Actual
activity

Potential
activity

Abstract
activity

Figure 2. The Core-Task Design model, with three design functions that enable the transfor-
mation of the object of design from concrete into abstract activity (core), then potential activ-
ity, and the emerging new actual activity (figure adapted from Norros et al., 2015).

A collection of human factors methods is introduced within CTD to benefit the
three design functions. Consequently, analyzing the core-task (CTA) and later
CTD as a comprehensive design approach have provided a starting point and
methodical framework within which the research work and studies included in
this thesis have been carried out.
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CTD can be seen representing the tradition of a functional thinking in design
and one central methodical idea is the transition in different levels of abstrac-
tion (i.e., moving from concrete to abstract and vice versa). These methodical
underpinnings have greatly influenced and build-in also the way how the expert
user involvement and designer – user interaction is approached and methodi-
cally structured in the research work presented in this thesis. Within the CDT
framework this thesis and answering the research questions aim to specially
support methodically the foresee-the-promise design function that mediates
transferring between the core activity (a kind of abstract generalization of pre-
sent activity) and potential activity (a kind of abstract projection of future activ-
ity).

1.5.2 Progress of the study

The research work presented in this thesis has progressed following a process
similar to many research projects (see Figure 3). First, a relevant research topic
has been identified, then the related literature has been evaluated from which
gaps in existing research have been identified that has aid in setting the final
research questions. Then the initial TiU model was developed as an answer to
the question of how to involve expert users in design and development of their
work and tools. The potential of TiU model was tested in different research pro-
jects and contexts which enabled making assessment of its usefulness and fi-
nally answering the research questions.

Each of the empirical case studies included in this thesis was a part of a differ-
ent research project (see the lower part in Figure 3). The research projects had
varying research goals and organizations, and thus varied in terms of how they
proceeded in their details. However, the overall process often followed similar
iterative steps in which initial analysis was followed by some empirical field
studies and, finally, the project evaluation phase in which the appropriateness
of the outcomes was assessed. The human factors work in these research pro-
jects was also organized according to this iterative research and development
process.

Figure 3.  Illustration of the proceeding of the research process in the research work presented
in the thesis

The development of expert user involvement in safety-critical system design
has followed much the same iterative process. First, the TiU model that has been
used as a basis for interacting with the expert user has been developed and built.
Then, the TiU model has been used in a variety of design activities involving
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number of expert users, after which its functioning and usefulness have been
reflected on to enable the further development of the model as a participatory
design method.

The studies included in this thesis have provided possibilities to build and de-
velop methods for involving expert users in design as well as testing and evalu-
ating the methodologies in real design cases. In a way similar to how initial de-
sign ideas emerge and assume more sophisticated forms as prototypes and
products, the method for involving expert users in safety-critical system design
presented in this thesis has been developed over the years and during these
studies. The research work carried out in these studies has provided possibilities
to test and evaluate the method in different use contexts, in different phases of
the design process and with a number of different user groups that have helped
to both reflect on the functioning and the usefulness of the method and develop
it further.

1.6 Structure of the thesis

The rest of this thesis is structured as follows. The introductory Chapter 1 (in-
cluding motivation of the study, research objects and goals, conceptual basis of
the study, research questions, and research approach and method) is followed
by Chapter 2, which reviews relevant research with the aim of identifying the
methodological needs that create the foundation for further development and
the contribution of this thesis to safety-critical system design. Chapter 3 sum-
marizes the empirical studies carried out within this thesis. The main results
achieved in this thesis are presented in Chapter 4. Following that, in Chapter 5,
the meaning and contribution of the main results regarding user involvement
and advancement of participatory processes in the context of safety-critical sys-
tem design are discussed and concluded.

2. Related research

In this chapter, related research relevant for this thesis is reviewed and dis-
cussed.

Research concerning human-centered design within the human factors engi-
neering process of system design, methods of participatory design and user in-
volvement in safety-critical system design and subjective experiences of expert
users in safety-critical work were explored in the process of identifying and de-
veloping the specific research topic of the thesis. around the research work was



Related research

30

aimed to be focused were –. This exploration was used to elaborate and develop
the object and goals of the research work and generally guide the mapping of
relevant research.

As discussed earlier, designing, and developing safety-critical systems such as
CR systems is a complex and highly networked activity that requires coopera-
tion between various kinds of disciplines. Thus, it is necessary to take a broader
perspective and focus on human factors engineering that is a design discipline
and has a long tradition in the context of the development of complex safety-
critical systems. The particular emphasis of HFE in safety-critical system design
is to analyze and recognize social and organizational complexity within the tar-
get system and guarantee that appropriate attention is given to human and so-
cial aspects in the design and operation of the system. For that reason, HFE also
provides a wider context for expert user involvement, as the human and social
aspects are considered and organized in the system design through the HFE
process. To involve expert users in the design of safety-critical systems, it is im-
portant to understand how this participatory activity fits and may be integrated
and contribute to the overall system design process. An extensive list of activi-
ties may be identified as main tasks within HFE related to CR and HSI systems.
Generally, HFE includes the management and planning of a variety of HFE ac-
tivities and processes (EPRI, 2004; ETSON European Technical Safety Organi-
sations Network, 2013; USNRC, 2012). Among the other tasks of HFE, one cen-
tral responsibility is to support and produce design-relevant information by ap-
plying knowledge about human capabilities and limitations to the system de-
sign. One approach to include human view in design is to follow the human-
centered design philosophy and actively involve relevant user groups through-
out the design and lifecycle of the target system (G. A. Boy, 2012; dos Santos et
al., 2011; Farias et al., 2009; Kirwan et al., 1997). Nureg’s HFE review model
(USNRC, 2012) guides the involvement of plant personnel to ensure that the
user’s perspective is appropriately considered. Within the review of related re-
search, a general understanding of the variety of approaches, staging and con-
tent of HFE activities within the safety-critical system lifecycle was inquired.
Furthermore, it explores what the context of safety-critical system design means
for developing and incorporating methods for involving expert users in design
and how HCD is currently applied within the HFE work carried out in complex
safety-critical system design.

The safety-critical system context is expected to have methodological implica-
tions for involving users in design. Thus, related research explores participatory
design methods in safety-critical system design. The review focus is on concrete
product development and design practices – that is, the level at which the de-
signers and users may interact and collaboratively explore the design space to
achieve a design solution of a high quality. However, there are countless design
approaches and methods; here, the particular interest is in participatory design
methods that enable expert users to be involved in the design of their own work
practices and tools. Human-centered design places a central focus on user needs
and the context of use in system development (ISO_9241-210, 2010). Further-



Related research

31

more, it emphasizes the meaning of active user involvement throughout the de-
sign process to create a design basis for user and task understanding. The ben-
efits of human-centeredness and involving users in design are widely acknowl-
edged and agreed upon, even though their cost-effectiveness has proven to be
difficult to calculate (Bruseberg, 2008; Kujala, 2003). It has been also recog-
nized that documents or second-hand information sources may not yield a deep
enough understanding of the context of use; instead, it is essential to have direct
contact with the relevant user group that may serve as a valuable source of in-
formation, feedback, and insights into design. Therefore, the methods that
would early in the design process enable expert users to participate in exploring
their work demands from a more comprehensive and overall safety point of
view, instead of just contributing to the improvement of individual task se-
quences or processes are especially interesting. In addition, methods used in the
context of safety-critical, high-complexity system design are reviewed in terms
of their potential (i.e., benefits and challenges) to support design.

The subjective experiences and feelings of expert users in their work, also re-
ferred to as the concept of user experience (UX) is also essential when discussed
about expert user involvement. Utilizing UX in the design of tools is based on
the idea that the feelings and emotions of the user indicate the status of an ac-
tivity as a whole (Kaptelinin, V., & Nardi, 2012). This user’s subjective views may
provide an important aspect, that is, an experiential dimension to safety-critical
system design and facilitate gaining a deeper understanding of the essence of
the complex work activity and the meaning of tools. In addition, contributions
of users’ knowledge and experiences may help in setting the relevant objectives
for the design (ISO_11064-4, 2013; Jamieson, 2007) and provide a reference
against which the new design solutions may be evaluated (O’Hara et al., 2012a).
Although UX being somewhat vague concept some shared conceptual perspec-
tives on UX have emerged (e.g., emphasis on holism and subjectivity). An inter-
national standard exists that defines UX as “a person’s perceptions and re-
sponses that result from the use or anticipated use of a product, system or ser-
vice”(ISO_9241-210, 2010). In this thesis, the concept of UX may not be the
main focus, but as it may provide background on how complex work and tools
are currently experienced in safety-critical system operation and how the users
see their profession and work on its future development, it is relevant and aimed
to be explored within review. UX is also one of the perspectives on activity in the
systems usability (SU) (Savioja, 2014b) construct that VTT’s human factors
team has developed for systematic evaluation of complex systems. It is urged to
gain a better understanding of the expert users’ world, that is, the problems,
challenges, and achievements they come across in their work. It is expected that
UX may have implications and provide an important aspect when considering
expert user involvement in the context of safety-critical system design.
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2.1 Identification and description of the reviewed research litera-
ture

The related research was reviewed systematic way. The particular time period
from which the scientific literature and studies was identified is the past 15 years
(from 2006 to 2021). In addition, selected older studies and research examples
were included if they were identified as relevant for the focus of the review. The
literature search was executed with the following search strategy: First, a key-
word-based search on specified databases was conducted. Secondly, reference
chaining from the articles that were found relevant in the first phase (i.e., key-
word-based search) was executed. Finally, focused searches on specific confer-
ences such as Participatory Design were carried out, also going back 15 years in
time.

In the keyword-based search, domain-specific terminology was looked at first
and the final search words were adjusted accordingly. The final search words
were: 1) participatory design, 2) participatory ergonomics, 3) safety-critical sys-
tems and end users, and 4) collaborative design. The review data were sought
from EBSCOhost databases.  Altogether, 16 450 articles and scientific papers
were identified in the keyword-based search after which the titles of the articles
were scanned through to identify the domain and the targeted activity. Of these
articles, 195 documents were relevant and 52 met content and quality criteria
related to expert user involvement in safety-critical system design. The 195 doc-
uments were additionally reviewed regarding their abstracts and conclusions,
and the 52 that were identified highly relevant were most thoroughly reviewed.
After that a reference chaining was executed by selecting from the reference lists
those journal articles and conference papers that fell within the boundaries of
the specified literature search criteria. After reviewing and verifying their rele-
vance (by scanning of abstract and conclusions), a final decision concerning
their inclusion or exclusion was made. In case of inclusion, the articles identified
through reference chaining procedure were reviewed with the same precision
than the 52 articles in the first phase.  The criteria for including a paper as rele-
vant was that the paper reported on a practical product-level development pro-
ject in a safety-critical system context and had its focus on involving expert users
in the design. Particularly, the literature search sought for papers reporting on
their practical methods and tools of user involvement to varying degrees.

In the last phase of the literature search, a focused review on specific scientific
conferences was carried out. These reviewed conferences had been recognized
as being central in the earlier phases of the literature search, as the content of
the papers included in their proceedings was often discussed and cited in the
identified journal articles and studies. The reviewed conferences were Partici-
patory Design Conference and Conference on Human Factors in Computing
Systems.

An Excel sheet was prepared from the articles identified relevant. Each article
was reviewed regarding following items; Publication details (year, author, title,
journal, abstract), Study details (study type/aim, country, user/conduct of re-
search, setting/context/key characteristics, target population/number of par-
ticipants/sampling how recruited, characteristics of participants, detail of any
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theory/ conceptual models), Nature of study (study date/duration, methods of
data collection/ user participation, theory framework used to develop the user
intervention, analysis method used), Results (outcome measures, detailed find-
ings, strengths and limitations of the study, authors’ conclusions). In addition,
in the Excel own column was reserved the reviewer’s own notes and summary
of the relevance of the paper. Summarizing the content of the articles in above
described matrix enabled both comprehending the overall status of research on
expert user involvement in the safety-critical design as well as making more de-
tailed comparisons, for example, related to the use of some specific participatory
method.

While arguably not complete, the identified list to the best of my knowledge
comprises the most important scientific arenas and journal issues relating to
participatory design and user involvement.

2.2 Structure of reporting the results of the related research

Reporting of the reviewed research is divided into four subsections that are or-
ganized as follows: In subsection 2.3 Characteristics of safety-critical systems as
objects of design, I review studies that concern characterizations of safety-criti-
cal systems as an object of design and the HFE process.

In subsection 2.4 Human-centered design of safety-critical systems, I review
research that reports on the application of human-centered design practices in
the development of safety-critical systems. The focus is on the design of the tools
that the human operators use for handling and controlling the object of their
work activity: for example, the design of CRs and the related HSIs in the case of
process control work in the NPP context. Especially, I focus on the human-cen-
tered design activities and practices applied in the early phase of development.
The review covers broadly studies and examples of related research from a wide
range of safety-critical domains, but the emphasis is on the nuclear context, as
it is the original interest and application area of my studies and most often the
focus of the empirical studies represented in this thesis. My main motivation for
looking into these practices is that human-centered design is reported to be fol-
lowed in industry practice and it is also a requirement in a variety of standards
(ISO 9241-210, 2009; USNRC, 2012) concerning the development of interactive
systems. For example, in the NUREG 0711 (USNRC, 2012) standard, the re-
quirements for the integration of ergonomics and human factors issues in nu-
clear equipment design are stated to include the following elements: operational
experience review, reference system analysis, functional requirement analysis,
functions allocation, task analysis, human-centered design, procedure develop-
ment, training, and the verification and validation (V&V) process. The human-
centered design approach emphasizes the use of human factors methods to col-
lect human performance data for use in nuclear equipment and HSI develop-
ment. However, what is actually meant with human-centered design is often not
specified, not to mention what main methods and concrete design tools and
techniques are utilized in following the human-centered design approach. This



Related research

34

is especially the case when talking about development at the product level in-
stead of the inclusion of human and social issues at more general organizational
and process levels (e.g., launching a HFE program). Thus, human-centered de-
sign is an extremely broad and somewhat vague concept. In the review, I con-
centrate on finding out how the human-centered design approach is actually
applied in the design and development of safety-critical systems.

Subsection 2.5 User involvement in the design of safety-critical systems con-
centrates on reviewing the empirical studies on participatory design practices,
methods and tools within the development of safety-critical systems. In pursuit
of active user involvement in design, the enabling tools and methods are the
main object of this thesis. However, few practical examples are reported in de-
tail in the literature and most often the knowledge and practical user work re-
main hidden away inside the design organizations. In addition, the operational
definitions of participative processes and user involvement may have been gen-
erally imprecise and, in many cases, the level of user involvement may have been
greatly dependent on the interest of individuals working in the organizations.
Therefore, there is a need to understand how user-related knowledge and user
involvement are managed in organizations, and what design tools or techniques
can be used to facilitate this process. Again, the primary domain in which the
research and studies are reviewed is the nuclear domain, but other relevant in-
dustry sectors are also included. Other relevant domains are, for example, spe-
cialized medical workplaces such as operating theaters and intensive care units
or air traffic control in the aviation context. Being open to experiences outside
the nuclear domain is important because, as already mentioned above, it is ex-
pected that only a limited number of studies and practical examples on the topic
can be found from the nuclear field. The motivation is to find ways of integrating
the expertise and professional knowledge of users into the design so that the
allocation of user needs and wishes in all phases of design can be guaranteed. In
the review, I especially concentrated on finding answers to the questions: how
should designer-user interaction be organized and how can the joint exploration
of work practices be facilitated so that the collaboration results in design-rele-
vant information (e.g., design specifications)?

In the fourth and synthesizing subsection 2.6 Discussion on methods for user
involvement in safety-critical system design, I will summarize the insights and
findings from the related research.

2.3 Characteristics of safety-critical systems as objects of design

2.3.1 Safety considerations are given first priority

Having a safety-critical system as an object of design without a doubt differs
from the design of any other interactive system. Although designing may always
aim at improvements to the current situation and system (e.g., regarding func-
tionality or productivity), in the context of safety-critical systems, safety always
remains the main concern. An accident in safety-critical system operation could
harm not only individual workers but also the surrounding environment and
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society. For example, in the context of air traffic control (ATC), Mackay (Mac-
kay, 2000) notes that controllers hold the fates of thousands of people in their
hands, and thus there is no room for any mistakes that could cause crashes.
Generally, as Noyes et al (Noyes et al., 2017) states, in the avionics environment
there are high costs associated with users interacting with poorly designed HSIs,
as this could ultimately place the whole aircraft and its occupants at risk. More-
over, accidents in sectors such as nuclear power operation or the oil industry
may also have extensive impacts on the surrounding environment and its vital-
ity (e.g., the 2002 breakage and sinking of the tanker Prestige on the north coast
of Spain caused substantial oil spillage; see discussion from the human factors
point of view, e.g., (Chauvin, 2011).

Thus, in the design of safety-critical system operations, all characteristics and
aspects of the working environment need to be carefully considered in setting
the requirements for the system. A holistic approach is commonly advocated in
the context of safety-critical system design. For example, in the nuclear context,
dos Santos (dos Santos et al., 2008) defines five specific aspects of a system and
their interrelations that may need to be taken into account in holistic analysis:
namely, (1) the technological artifact being designed, (2) the user, (3) the vari-
ous anticipated tasks, (4) the organization within which the technological arti-
fact is used for carrying out different tasks and (5) the possible operational sit-
uations during the system’s lifecycle. Hettinger et al (Hettinger et al., 2015),
however, claim that it may be difficult to comprehend modern sociotechnical
systems due to their high number of interconnected elements and subsystems.
They argue that in many cases the overlooked or unintended consequences of
changes to these kinds of complex systems are a frequent cause of safety risks
and overall system malfunctions. Thus, they propose using advanced modeling
and simulation techniques to study the system behavior and reach a proper un-
derstanding of the functioning of the sociotechnical systems to make informed
design decisions that support safety.

2.3.2 Increasing complexity challenging the system design

The above already aptly illustrates the complexity involved in the design task
of safety-critical systems. This complexity of the design task will increase even
further as the systems themselves are expected to become increasingly complex
in the future for various reasons. For example, in the maritime and air traffic
management sectors, future growth in traffic may considerably add to the risks
and challenges that the systems face (G. A. Boy, 2009; Hjelseth et al., 2015;
Mackay, 2000). Mackay (Mackay, 2000), for instance, gives an illustrative ex-
ample about the relationship between increasing air traffic and safety consider-
ations in designing a new air traffic management (ATM) system. She describes
the design task as being both ethical and political due to the rapidly growing
volume of traffic and the state of the current system, which is in many ways ex-
tremely safe although not completely. Thus, according to her there are two op-
tional paths to move on: first, the level of safety in the current system needs to
be further improved, or second, growth in the amount of flights needs to be con-
siderably restricted. The latter option, however, may have significant economic
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consequences, which is why according to her, it is necessary to study how the
efficiency/productivity of the current system could be improved without ne-
glecting safety. Safety is the main concern of flight controllers; that said, they
also care about efficient aircraft traffic, which is why they are under constant
pressure as the complexity of the system grows.

One critical design question is how this complexity may be embodied in such
a way that the human operators/users can still assess it. It may also be difficult
to gain experiences and do testing in design on the influences of the growing
complexity of the system. Hettinger et al. (Hettinger et al., 2015) describe the
challenges that contemporary sociotechnical systems pose for designers to en-
vision, study or even comprehend the different properties and characteristic of
the system. Thus, they say that designers have to face high levels of uncertainty
about the consequences of their design decisions, as it may be difficult to com-
prehend and understand their potential impact beforehand. The ever-larger size
of these systems, which can have several thousands of interconnected variables,
also poses challenges (G. A. Boy, 2012), as the users need to supervise and com-
prehend a growing number of parameters and connections and in the case of an
adverse event know how to react appropriately in the specific situation at hand
while still acknowledging the functioning of the whole. This requires a deep un-
derstanding of the system behavior. The same challenge applies in developing
these interconnected sociotechnical systems (Hettinger et al., 2015), that is, it
cannot be precisely predicted what effect the modification of an individual sys-
tem element will cause on the other parts of the system.

Another issue related to the increase of complexity is that rapid advancements
in technology and in particular in automation systems, have resulted in increas-
ingly complicated and varied human-system interfaces. This, alongside the fact
that the operational lifecycles of safety-critical systems are often relatively long,
has led to one regular complaint by the users: Systems are not designed in an
integrated manner, which means that over the years, the amount of different
systems and interfaces that users need to interact with has increased to an al-
most unbearable level. Moreover, these systems may have different graphical
presentation formats and interaction styles that further complicate operations,
as for example, Bjørneseth (Bjørneseth et al., 2012) has noted happened in the
context of ship bridge operation. Increasing levels of automation may also add
further complexity, as the human operators who traditionally have been fully
responsible for all operations now need to share operative responsibility with
the automation system. Therefore, one critical design question within safety-
critical systems is how to keep the human operator in the loop and maintain
their feeling of control. For example, Boy (G. A. Boy, 2009) mentions that au-
thority sharing is one of the major themes in developing future air traffic man-
agement systems and flight deck automation, given the fact that air traffic ca-
pacity will continue to increase, and it is necessary to find ways to improve effi-
ciency by means of new automation solutions.

In recent years, the emergence of advanced technologies such as artificial in-
telligence (AI) based solutions has also been discussed. For example,
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Gyldenkӕrne et al. (Gyldenkaerne et al., 2020) described how AI-based solu-
tions in the healthcare context hold a fundamental promise, as AI can harness
tremendous amounts of data (e.g., that is stored in existing electronic patient
records) and in doing so potentially provides valuable insights. However, as they
note, realizing this has not been straightforward. This is because in the design
of AI-based systems, the data set is important, and the original data recording
in most cases has not been specified with this purpose of use in mind, thus lim-
iting the insights that the AI can elicit. According to Bratteteig and Verne
(Bratteteig & Verne, 2018), advanced technologies like AI pose new challenges
to design and maybe especially to participatory design activities since the cur-
rent approach to AI is such that the computer deduces its “rules” from its expe-
rience with processing data (i.e., learning from the data through sophisticated
statistical analyses). Potential users of these AI-based systems may have diffi-
culties understanding what the system can or cannot do and consequently have
difficulties in participating in the design decisions. Another challenging aspect
of AI from the participatory design perspective, according to Bratteteig and
Verne (Bratteteig & Verne, 2018), is that the AI component develops and
changes over time, and thus evaluating the usefulness of the design solution re-
quires a longitudinal testing period. Even if the user in principle understands
the basic functioning of the AI, it is not possible to foresee fully how it will po-
tentially develop and change the functioning of the system over time. Use of ad-
vanced and complex technologies surely challenges current human-centered
design methods.

2.3.3 Standardization and regulations of system design

Another characteristic aspect of safety-critical systems as an object of design
is that they are most often highly regulated domains. Thus, the possible design
solutions need to comply with a number of standards, guidelines and safety reg-
ulations. Moreover, it is not only the end result of design that needs to fulfill
these regulations – often the design and development process as well as the op-
eration of the system are also strictly regulated and monitored by the authori-
ties. The nuclear field represents one of the most regulated domains and the
number of safety standards and guidelines has kept increasing since the early
years of nuclear energy production. NUREG-0711 (USNRC, 2012), Human Fac-
tors Engineering Program Review Model provides one central guideline that the
licensees’ HFE activities need to be in compliance with. Other guidance exists
also, for example, NUREG/CR-6396 (USNRC, 1997) Integrated System Valida-
tion: Methodology and Review Criteria and ISO 9241-210 (ISO_9241-210,
2010) Human Centered Design for Interactive Systems.

Many reports and scientific publications discuss the challenges and organiza-
tion of the licensing process of new or modernized NPP control room projects
(Boring et al., 2015a; Giaccardi, 2005). Traditionally, the prior focus of licensing
has tended to be on late-stage activities, that is, the final summative evaluation
or integrated system validation of CR and its design. In recent years, however,
more attention has been given to developing guidance and methods for early



Related research

38

evaluations and, for example, knowledge elicitation, which is aimed to capture
operator insights into the system design (Boring, Ulrich, Lew, et al., 2021).

In the context of designing offshore and gas installations, design is also subject
to several standards. For example, in Norway, the Working Environment Act
(The Norwegian Labour Inspection Authority (Arbeidstilsynet), 2017) obligates
companies operating within the gas and oil sector to enable their employees to
participate in decision-making concerning their workplace design and manage-
ment (Balfour et al., 2012). The Norwegian petroleum and safety authority fol-
lows this and demands and states accordingly in its Framework Regulations
(Norwegian Petroleum Safety Authority, n.d.). It is stated that the employees
and their representatives are to be given an opportunity to contribute to matters
that affect their working environment and safety of operation. This specific reg-
ulation comes already close to the topic of this dissertation. However, these reg-
ulations do not provide detailed guidance on how the employees’ participation
should be arranged and what kinds of methods and techniques could best sup-
port involving users in design. Thus, it remains a design challenge and the re-
sponsibility of the operating organization.

2.3.4 Constant change in systems

Generally, as in many other fields of life, the organizations responsible for op-
erating safety-critical systems are currently going through radical changes (An-
dersen & Broberg, 2015; J. Simonsen & Hertzum, 2008). There are many rea-
sons behind this, one of which is the abovementioned rapid technological ad-
vancements. Moreover, in many fields, much of the existing technological
equipment is dated and obsolete; when trying to replace old and broken equip-
ment, spare parts might no longer be manufactured and could be impossible to
purchase. This problem is recognized widely, for example, in the nuclear and air
traffic management contexts (R. Boring et al., 2015; Mackay, 2000). Conse-
quently, one design challenge is balancing between the need for change and sta-
bility, that is, how radically the system should be renewed. For example, would
it be possible to replace only part of the system with new technological solutions
or does the whole system have to be fully modernized? Both cases present fur-
ther practical design issues regarding, for example, scheduling and organizing
the design work while at the same time keeping the system operative and safe.

Another trend that causes pressure to make radical changes and reorganize
the operation within safety-critical systems is the trend of centralization. In
many fields, efforts are made to improve efficiency and productivity by merging
many smaller units to form one big “super” unit, or by at least handling the su-
pervision and operation of the smaller units from one central operating center.
The first of these seems to already be a reality in the healthcare sector, where
the trend has been to build large hospital units that are often also highly spe-
cialized (J. Simonsen & Hertzum, 2012a). Examples of the latter alternative are,
for example, the remote operation of container handling cranes in large ports
(Koskinen et al., 2012) or, in the nuclear field, operating multiple small and
modular reactors (SMRs) (O’Hara et al., 2012b) from one central control room.
These kinds of triggers for change and new concepts of operation may present
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very new kinds of challenges and human and social issues to be considered in
the design of safety-critical systems.

2.3.5 Relevant user groups

Another characteristic issue, especially for designing safety-critical hospital op-
erations, is the expansion of the potential user groups. At the same time as the
size of the hospital units grows, so does the group of specialists needed to design
and run their operations. According to Simonsen and Hertzum (J. Simonsen &
Hertzum, 2012a), this leads to large numbers of varied user requirements that
the design solution needs to acknowledge. In the intensive care unit (ICU) con-
text, this large group of specialists and wide knowledge base needed for opera-
tions is well concretized. In the study of Björgvinsson (Björgvinsson, 2008), it
was stated that various ICU patient categories require a very large knowledge
base and the involvement of 140 medical specialists to run a 10-patient unit.
Acknowledging all the needs and requirements of these diverse professionals,
not to mention the patients and their families’ perspectives, is a considerable
design challenge. Moreover, Björgvinsson (Björgvinsson, 2008) notes that there
is constant turnover in ICU stuff, which further complicates the identification
of user needs and design requirements. Similar issues are found in the pre-hos-
pital context (e.g., ambulance personnel and firefighters), that is, gaining the
user perspective is challenging when the operations cut across “regional bound-
aries” and many levels of organizations, marked by the functional diversity of
the user groups (Mogensen & Wollsen, 2014). Another issue that according to
Garde (Garde & van der Voort, 2010) may hinder involving relevant users in
design is that for medical specialists the patient care always comes first, and it
may be difficult to organize time for innovative activities.

Overall, development projects (e.g., design and implementation of new patient
record systems) in a hospital context are often large in scale and require the
involvement of a great number of different actors representing different organ-
izations and organization levels. Thus, the user roles are becoming increasingly
unclear (Johannessen & Ellingsen, 2008). The challenge is that people have dif-
ferent experiences, needs and even professional languages that may hinder dis-
cussing the current practices as well as developing a shared vision of the future
system and its operation. However, when looking at other kinds of safety-critical
systems, the user populations may be characterized in almost the opposite
terms. For example, in contexts such as nuclear power process control and op-
eration of oil and gas installations, the group of users is often much smaller, at
least in cases where one specific plant or oil platform is being renewed. Here,
one key design challenge seems to be the low level of availability of expert users
that may participate in designing the future systems due to their busy work
schedules and the fact that the number of operators in these contexts is often
much lower (Balfour et al., 2012; Zamberlan et al., 2012) than, for example, the
number of professionals needed for running one ICU department. Balfour (Bal-
four et al., 2012) also points out that even access to offshore facilities may be
very limited and relatively costly due to strict safety policies and the necessity of
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helicopter and boat transportation. Thus, it may be difficult to build long-term
relationships and involvement of these experts in the design process.

2.3.6 Systems are often one of a kind

The design and evaluation of safety-critical systems are often challenged by the
fact that the constructed systems are unique by their nature. This means that
experiences from other similar design projects and requirements elicitation
methods such as benchmarking may not produce information that is precise
enough to be directly applicable in the design of a new system. However, for
example, Noyes et al. (Noyes et al., 2017) have emphasized the importance of
consulting an expert flight-deck crew (i.e., the users of the current system) in
the design of a new aircraft warning system. According to them, the rationale is
to elicit the preferences and requirements of experts to enable the identification
of the strengths and weaknesses in the HSIs of the current system. In the design
of a new system, those attributes that were considered to be favorable could then
be enhanced while avoiding or improving upon less desirable features. How-
ever, the authors admit that eliciting a relevant set of design guidelines from
user knowledge is not a straightforward process and remains a methodological
design challenge.

From the evaluation point of view, defining a baseline and acceptance criteria
for the system’s usability and safety justification may also be more difficult when
there is no similar system with which the results could be compared. Thus, in
designing safety-critical systems, integration of knowledge from various disci-
plines is needed and a complex network of different actors produces the final
system/design solution. Managing this type of development process logistically
and schedule-wise is a huge design challenge. For example, in the shipbuilding
industry, the different stakeholders are often scattered both geographically and
organizationally, and due to this and the various backgrounds of the design par-
ties, it may be difficult to find a common language and carry out collaborative
design. Not all seafarers may be able to read technical drawings and comment
on them, and not all highly specialized design engineers are able to understand
and emphasize the problems and challenges faced in everyday ship operation.
With respect to designing in a hospital context, Garde and van der Voort (Garde
& van der Voort, 2010) point out that one critical factor for successful outcomes
in operating theaters is the communication between the hospital and the system
vendors. Similarly, Johannessen at al. (Johannessen & Ellingsen, 2008) suggest
that the traditionally neutral vendor role should be critically examined so that
the real user needs and wishes could be met in the design process.

Finally, one design issue that causes frustration and challenges is the length
of the design processes of safety-critical systems. It is characteristic of these de-
velopment projects that they can take many years or even decades to complete
(ETSON European Technical Safety Organisations Network, 2013; Rajala &
Väyrynen, 2011). For example, in the context of modernizing NPP control room
systems, it is not uncommon for one project to take as long as 5 to 10 years in
total. Managing the information flow in such design processes calls for system-
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atic documentation and accumulation of design evidence and knowledge (Kin-
nersley & Roelen, 2007). In the hospital and healthcare context, however, it
seems that the tempo of the agile software development process common to
companies that deliver IT systems to this sector causes its own kinds of prob-
lems with respect to acknowledging expert users’ perspective (Money et al.,
2011). It may be that the vendor’s design process considers the customer as hav-
ing a single voice as a user, when in fact the end users in the hospital context
represent many user groups. Moreover, it may be difficult to elicit relevant user
requirements and feedback within the agile development cycles (e.g., which may
be as short as three weeks).

2.4 Human-centered design of safety-critical systems

In the following subsection, I present studies and research in which the appli-
cation of human-centered design practices in the context of safety-critical sys-
tems is discussed and investigated. The motivation is to find out how human-
centered design is perceived by organizations that run safety-critical operations,
such as air traffic management operation and electric power generation. In their
view, what kind of value does the human-centered design approach bring to the
design of safety-critical systems? What kinds of practical methods do they use
to implement human-centeredness in their development processes? ISO 11064-
4 (ISO_11064-4, 2013) specifies the procedure for the ergonomic design of in-
dustrial control rooms. Among the main design principles, that is, error tolerant
design, feedback design approach and use of task analysis methods identified
by this standard, it recommends the application of a human-centered design
approach (ISO 9241-210, 2009) in the development of control centers.

Development of human factors engineering practice and acknowledging the
human aspect in the design of safety-critical systems has often led to advance-
ments through accidents that have forced the operating community to focus at-
tention on problems in organizational arrangements or human-system interac-
tion. For example, in the nuclear domain, the accident at Three Mile Island was
a turning point that concretized that the human aspect can no longer be ignored
in control room and HSI design. In the maritime industry, and especially in ves-
sel bridge operation, it has been estimated that human related issues are the
cause of 80% of accidents (Shea & Grady, 1998); despite this, Bjørneseth et al.
(Bjørneseth et al., 2012) argue that human factors are still rarely considered in
vessel design and engineering to this day. That is why it is essential to try to
understand not only the challenges and obstacles that may hinder the use of
human-centered methods, but also the benefits that are gained through efforts
put into better inclusion of humans and organizational factors in design. Hu-
man-centered design and a focus on users aim at producing user-friendly design
solutions that are well rooted in the practices of the people using these solutions
(i.e., equipment and tools) in their work. According to dos Santos et al. (dos
Santos et al., 2011) human factors studies are essential in ensuring that the pri-
mary objectives of improving operator performance are supported by the inter-
action between the human and the system. Similarly, a key ingredient of success
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in developing expert systems according to Berry (Berry, 1994) is involving users
from the beginning of the development process in the specification and devel-
opment of systems. Weisberg and Lanzetta (Weisberg & Lanzetta, 1991) state
that the highest risk approach to design occurs when no input from the intended
users is collected and used as a basis for the new system design. Thus, during
the last decades, regulatory bodies in different fields have requested an in-
creased focus on the application of the HF process in developing different HSI
systems for professional use (Balfour et al., 2012; dos Santos et al., 2011; Hjel-
seth et al., 2015; Schaeffer, 2012).

I have organized this subsection according to the different levels of design ac-
tivity in which the human factors perspective and human-centered design ap-
proach may take place, that is, 1) organization, 2) process, and 3) tool-level per-
spectives for system design. These three levels of the human-centered design
approach are discussed in more detail below.

2.4.1 Organizational perspective

Even though human-related accidents and breakdowns in the operation of
safety-critical systems have generally led to efforts to pay more attention to the
human and social aspect in design, it is often found that the design of large sys-
tems does not meet their original deadlines, cost estimates and other expecta-
tions placed on them (e.g., improved productivity or usability). Mumford
(Mumford, 2006) has suggested that one reason for this is the lack of a socio-
technical systemic approach in design. This insufficient understanding leads to
an inability to fully recognize and acknowledge all the social and organizational
complexity that is inherent in these operating environments. In addition, it has
also been seen that in some design projects, the pressure to deliver the systems
within budget and on schedule causes insufficient attention to be paid to human
factors considerations, later backfiring on the operation of the system (Madni,
2010). Healey et al. (Healey et al., 2013) also argue that the operations of organ-
izations may drift away, unnoticed, from the system engineering and human
factors standards that they still believe in and strive to achieve. One possible
reason for the rise of problems that has been suggested is that the operating
organizations are not able to specify their needs and requirements to the design-
ers and vendors. Thus, the commercial interests of providers may become the
driving force of development, instead of the working conditions of those who
will eventually use the system on a day-to-day basis (Senyucel, 2008). Damo-
daran (Damodaran, 1996) notes that in the context of large IT systems, the ven-
dor often designs the system with a standardized situation in mind, and as a
result the final design solution does not meet the practical realities of users’
working tasks and conditions (Damodaran, 1996). A lot of history and experi-
ences from industry projects suggest that human factors input, and a human-
centered design approach are needed throughout the system lifecycle (Samaras,
2012). International standards such as ISO 9241-210 (ISO_9241-210, 2010)
provide general guidance on how to follow human-centered design principles
and processes throughout the whole lifecycle of the system. The main aim of
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these standards is to enhance human-system interaction. However, for exam-
ple, Booher (Booher, 2003) has noticed in his investigations that efforts to en-
gage in human factors engineering and uphold a user perspective not only help
to avoid accidents and increase the performance of the system, but also may
help focus the design activities and thus reduce overall project costs. Conse-
quently, acknowledging human and social aspects in design may also benefit the
organization to a larger extent. For example, Bruseberg (Bruseberg, 2008)
noted that it is likelier that financial benefits will materialize when an organiza-
tion follows a standard HFE organization and process in its development efforts
and operation. Monk et al. (Monk et al., 1993) argue that the only way to get
sufficient initial requirements to develop HSIs of a good quality and avoid later
financial, technical and other pitfalls is to involve users.

Rationale behind participatory design and user involvement
When considered from the perspective of the participatory design tradition,
many rationales have been suggested for why human and social aspects are im-
portant for organizations conducting complex system design. Historically, the
participation of workers was considered as a political instrument that mediated
the struggle between the company management and workforce (BANSLER,
1989). It was an organizational strategy and a way to empower the workers to
participate in the design of their own work conditions and thus maintain and
increase democracy at the workplace (Bjerknes & Bratteteig, 1995). Initially,
participatory design also had to do with the introduction of new assistive tech-
nologies (e.g., production automation) at workplaces, which was a sensitive sub-
ject in labor-intensive industries. In that connection, participatory design strat-
egy was an important means to gain the acceptance of workers related to the
technologies introduced at the workplace (Wagner & Piccoli, 2007). Participa-
tory processes may decrease user resistance to new systems and minimize po-
tential technology shock when new solutions do not fit perfectly with the pre-
vailing work practices (Johnson et al., 2008).

Later on, participatory design projects have had the aim of bringing end users’
perspectives and their in-depth knowledge (about the context for the final use
of technology) to the design of new systems. Gärtner and Wagner (Gärtner &
Wagner, 1996) introduced three arenas for participation: 1) Arena A, the indi-
vidual project arena, 2) Arena B, the company arena, and 3) Arena C, the na-
tional arena. Arena A concerns the design of a specific system and its function-
ing.  Arena B (the company arena) in turn relates to developing the organiza-
tional functions and Arena C to the general nationwide legal and political frame-
works that define the relations of various actors in the work context (i.e., indus-
trial partners and workers) and set the norms for working life. Thus, the empha-
sis for carrying out participatory design may change and evolve over time. In the
context of safety-critical systems, most studies report the rationale behind the
participatory approach to be the integration of the knowledge and operating ex-
perience of expert users in the design (dos Santos et al., 2011). Of course, in the
context of operating safety-critical systems, a more general national-level dis-
cussion is also necessary as public acceptance and opinions may significantly
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influence the operating environment (e.g., use of nuclear power in electricity
production).

Type of users to be involved
The question of who should be involved in design is central. Often, several in-
teracting stakeholders and user groups are involved in the use of one individual
workplace or system. Their interests, focus, and requirements concerning the
work system may differ, but they are stakeholders whose opinions are all still at
some level necessary to consider in the design. As safety-critical organizations
are often large, a rich variety of stakeholders may be involved in terms of both
number and type (e.g., maintenance personnel, administration, project mem-
bers and management).

Obviously, in the safety-critical system-design context, one of the most im-
portant stakeholder groups consists of the expert users whose principal task is
to operate the system and who may with their in-depth knowledge meaningfully
contribute to the design of the system. However, this may be easier said than
done. Many known difficulties are associated with eliciting expert knowledge for
useful design specifications. Noyes et al. (Noyes et al., 2017) list some general
reasons why working with expert users and eliciting knowledge is a difficult pro-
cess to carry out. Firstly, instead of working on a basic level, expert users often
rely on their subconscious when “automatedly” performing activities. There-
fore, the experts may find it difficult to provide details and reasoning for all their
actions. Secondly, articulating expert knowledge may be difficult, that is, what
the expert has learned cannot fully be put into words and verbalized. Further-
more, potential overlearning and the discovered difference between the behav-
ior that is verbally expressed and the tacit knowledge that then actually guides
skilled operations may hinder the extraction of relevant user information.

Boring and Lau (Boring & Lau, 2015) argue that even though there are guide-
lines for the inclusion of the user perspective into safety-critical HSI design, they
may not be especially well calibrated to the needs of industry and thus do not
always optimally support practical design work. Money et al. (Money et al.,
2011) reported an interview study conducted with 11 medical device manufac-
turers about user involvement in their product development processes. The re-
sults were not very positive from the human factors point of view. It was found
that – maybe partly due to the very hierarchical structure of the hospital organ-
ization – the manufacturers mainly valued the opinions of senior health care
personnel (i.e., medical doctors) even though they would have not been the ac-
tual end users of the medical equipment. The manufacturers thought that they
were the most qualified persons to report the needs of the users. Another group
that they listened to carefully was the purchase department, which had a lot of
decision-making power. Some of the interviewed representatives of the manu-
facturers acknowledged that patients constitute a growing user group of medical
equipment (due to increasing home care), but this group was hardly ever in-
volved in the design phases of medical devices.

In safety-critical contexts, the daily work duties of expert users often keep
them very busy. In addition, they may have a shift-work schedule that makes it
even more challenging to involve them in design. Balfour et al. (Balfour et al.,



Related research

45

2012) recognized this difficulty in their study about participatory design prac-
tices within the Norwegian oil and gas industry. Even though the importance of
the end-user perspective was acknowledged, the availability of expert users with
relevant contextual understanding and expertise was found to be limited. Still,
Balfour et al. recommend that several users should be involved, at least a mini-
mum of three (Balfour et al., 2012). This number of participants would be ex-
tremely low in any other context, such as in an urban planning project, but in
the safety-critical systems design context this is unfortunately often the reality.
In an extreme case, such as totally new industrial installations, where the oper-
ative personnel (i.e., expert users) have not been recruited yet (there are no ac-
tual end users), Balfour et al. (Balfour et al., 2012) recommend using repre-
sentative users that have experience of operating similar equipment but who are
not necessarily the same persons who will eventually operate the completed sys-
tem. However, this may not be a straightforward solution either, as these envi-
ronments are often unique and there is a lot of variability in both their operation
and how things are organized.

In safety-critical contexts, the daily work duties of expert users often keep
them very busy. In addition, they may have a shift-work schedule that makes it
even more challenging to involve them in design. Balfour et al. (Balfour et al.,
2012) recognized this difficulty in their study about participatory design prac-
tices within the Norwegian oil and gas industry. Even though the importance of
the end-user perspective was acknowledged, the availability of expert users with
relevant contextual understanding and expertise was found to be limited. Still,
Balfour et al. recommend that several users should be involved, at least a mini-
mum of three (Balfour et al., 2012). This number of participants would be ex-
tremely low in any other context, such as in an urban planning project, but in
the safety-critical systems design context this is unfortunately often the reality.
In an extreme case, such as totally new industrial installations, where the oper-
ative personnel (i.e., expert users) have not been recruited yet (there are no ac-
tual end users), Balfour et al. (Balfour et al., 2012) recommend using repre-
sentative users that have experience of operating similar equipment but who are
not necessarily the same persons who will eventually operate the completed sys-
tem. However, this may not be a straightforward solution either, as these envi-
ronments are often unique and there is a lot of variability in both their operation
and how things are organized.

In a study about the design of an endoscopic operating theater, Garde and van
der Voor (Garde & van der Voort, 2010) discovered that the lack of expert par-
ticipation was due to the medical specialists’ patient care comes first and they
rarely have time for innovative activities. For this reason, Garde and van der
Voor (Garde & van der Voort, 2010) emphasize that participation needs to be
supplemented by a transparent and well-structured decision model that enables
efficient decision-making in the design project.

The above issues (e.g., availability and cost) are also discussed by Noyes et al.
(Noyes et al., 2017) in the context of involving flight-deck crew in the design of
a new warning system. According to Noyes et al., specific difficulties faced in
involving these particular experts (i.e., aircraft pilots) in design are that the crew
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may be unused to being asked opinions about their equipment and may find it
difficult to make objective assessments of their everyday activities because they
are too familiar with them. In addition, the pilots may have high trust in their
aircraft and may be reluctant to question its features. Some crews may also be
requested to participate in many different development projects, which may be
tedious. The authors emphasize that time is valuable to flight-deck personnel
and the elicitation techniques and methods for user involvement need to be se-
lected accordingly.

However, the potential beneficiaries of the participatory design may include
large numbers of parties other than the direct end-users of the system (e.g.,
technicians, secretaries, and maintenance personnel). For example, in the
healthcare domain, in the design of intensive care units (Nykänen et al., 2016)
or large electronic patient record systems (Silsand & Christensen, 2012), many
other user groups have also been involved in the planning of systems, as fluent
and efficient operation demands multidisciplinary cooperation, without ne-
glecting the experiences of the patients and their families. In these projects, one
central aim from the participatory design point of view has been to bring to-
gether a group of employees with a diverse set of skills and knowledge who can
form powerful and wide-ranging design and development teams. However, the
context of large socio-technical systems with a heterogeneous group of users
with different kinds of backgrounds and experiences and increasingly unclear
user roles also poses new kinds of challenges in relation to traditional participa-
tory design approaches and methods (Leonardi, 2011). Slavin (Slavin, 2016)
even questions the meaningfulness of placing the user into the center today if
the users’ interaction is not solely directed at interacting with computers, unlike
in the past, but rather the computers are used to interact with other parties and
things that may shape the system. Consequently, one may ask what kinds of new
demands this (i.e., designing for all different participants, actors, agents) intro-
duces to the development of safety-critical systems.

Forms of user involvement
A variety of forms of user involvement may be considered to belong under the
general approach of human-centered design. At one end of these approaches,
designers may be seen to be moving toward the users by conducting usability
evaluations and testing (i.e., user-centered design approach) whereas at the
other end the users are moving toward the developers and in some sense be-
coming co-designers and partners (i.e., participatory design) in the design pro-
cess (Sanders et al., 2008; Steen, 2011). Going even further, Fischer and Giac-
cardi (Fischer & Giaccardi, 2006) and Giaccardi (Giaccardi, 2005) have pre-
sented the notion of Meta-design, which refers to users carrying out design on
their own once the new design solutions are already being implemented in use.
They further claim that users engaging in design on their own (i.e., Meta-design)
is necessary because participatory design is only temporary in character and the
practices are constantly evolving in ways that can never be fully anticipated be-
forehand by the designers.

One reoccurring way of defining the forms of user involvement was presented
by Damodaran (Damodaran, 1996). She categorized user involvement as
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broadly falling somewhere on the continuum of being informative – consulta-
tive – participatory (see Figure 4). At the other end of the continuum, user in-
volvement is informative in nature, meaning that the users mainly provide de-
sign information, whereas at the other end they actively influence the design
decisions, which is referred to as participative involvement.

Figure 4. The continuum of forms of user involvement by Damodaran (Damodaran, 1996)

Another way to classify the levels of user involvement is as direct or repre-
sentative participation (Haines & Wilson, 1998; Wilson & Haines, 1997). In-
volvement may be classified as direct participation if all those who will be af-
fected by the new design solutions are involved and become participants in de-
sign. Representative participation refers to a situation where the participants
are selected from a general population (i.e., they are likely users). Fuchs-Kit-
towski and Wenzlaff (Fuchs-Kittowski & Wenzlaff, 1987) have discussed user
involvement within a framework in which they classify participation as consul-
tative, representative, or consensus-oriented. Generally, this framework consid-
ers to what extent the users were involved and could influence the decision-
making in the project. In consultative participation, the users may express their
ideas and preferences, but the final decision rests with the actual design party
and management. Like Wilson and Haines’ (Wilson & Haines, 1997) representa-
tive participation, representativeness here means that elected members of the
staff may participate, but the decision power rests with management. Involving
participants in a consensus-oriented participatory design project refers to a sit-
uation in which all those involved in design may express ideas, and the final
decisions are reached through negotiation and discussion (Fuchs-Kittowski &
Wenzlaff, 1987).

A somewhat different angle on the form of involvement is to determine
whether the participation is voluntary, imposed, or necessary (Wilson & Haines,
1997). Participation is often voluntary (i.e., each user can decide whether to par-
ticipate), which is seen to create a good basis for collaboration. Participation
may, however, be imposed, such as when it is built in as a part of continuous
improvement programs, or necessary if no other way of developing the work
setting is possible, for example due to limited resources.

Consequently, various forms of user involvement are possible within the scope
of human-centered design, that is, everything from consulting users and other
stakeholders to users becoming active design partners or even designers on their
own. Thus, users can be engaged at various levels of commitment and intensity.
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Obviously, safety-critical organizations also engage in human-centered de-
sign. Traditionally in these organizations, users are involved in testing of sys-
tems. An extensive body of research reports the results of usability studies where
users may give feedback and participate in testing activities (Boring et al., 2015c;
Braseth, 2013; E. Simonsen et al., 2020). Far fewer studies on safety-critical
systems report earlier phases of design in which end users would have been ac-
tively involved. However, those examples that can be found have often pro-
moted intensive user interaction and even recommended that users or their rep-
resentatives be included in the design team (dos Santos et al., 2011; Hjelseth et
al., 2015). In a safety-critical context, it seems that it truly is important to estab-
lish a relationship between the design organization and the operative personnel
(i.e., operation experience). Furthermore, it is equally important to make this
collaboration a long-term commitment that aims at continuous co-development
of work instead of sporadic information exchange between the two (Suchman,
2002). However, enabling this kind of participation calls for recognition, re-
sources and support from the organization and management as well.

Challenges related to user involvement in organizations
In the context of the design of safety-critical systems, some studies were identi-
fied in the literature review that discuss human-centered design and especially
user involvement from the organizational point of view. For example, Balfour et
al. (Balfour et al., 2012) reported a survey that they had conducted among six
human factors experts working at the Human Factors Solution (HFS) consul-
tancy to gather knowledge on participatory design within the Norwegian petro-
leum industry. The issues identified in the survey were further discussed in a
brainstorming session, resulting in a table that aims to list the status of affairs,
identified challenges and criteria for success in enabling participatory processes
in the oil and gas industry. The recognized issues concerned all levels of partic-
ipatory design – that is, the organization, process, and tool perspectives – that
must be in place and carefully considered to carry out successful development
projects. For example, even though regulatory bodies require participation
throughout the process, in most cases user participation is still nowadays per-
ceived as costly, time consuming and difficult to realize. Thus, the challenge is
that the overall long-term benefits are not seen beyond the efforts needed in the
short-term design process. To overcome these challenges, the authors suggest
ensuring that all the parties involved in design are aware of the requirements
(e.g., what is stated in regulatory demands) concerning user participation and
inclusion of user perspective. In particular, the project owner should have
awareness and understanding of these requirements. In addition, they advise
(Balfour et al., 2012) that the participants should be provided with case exam-
ples where the participatory processes have been beneficial and the results that
may be achieved when the users’ perspective is appropriately acknowledged.
The resulting table from the brainstorming session, however, does not go into
detail on what kinds of tools and methods should be used to facilitate user par-
ticipation. It is only mentioned that it would be beneficial if the users would
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have an opportunity to experience some sample designs from other similar lo-
cations (i.e., benchmarking) and a possibility to exchange ideas and experiences
with users from other locations employing similar solutions (i.e., peer support).

Garde et al. (Garde & van der Voort, 2010) have been studying the design of
endoscopic operating rooms by means of a participatory design. According to
them, the current practice is that team of stakeholders, supported by construc-
tion companies and vendors, design and carry out the operating theater devel-
opment projects. However, Garde et al. (Garde & van der Voort, 2010) remark
that disappointment regarding the final design solution is common, even
though a sort of participatory design process (albeit a rudimentary one) is in
place. According to the authors, the different stakeholders commonly think that
all operating theaters can be alike and surgical procedures can be performed in
any operating theater. However, as the authors point out, these kinds of as-
sumptions are no longer valid in the era of high-tech surgery; complex com-
puter-operated surgical tools such as robotics and navigation systems can only
be utilized with optimal safety and efficiency if they are individually integrated
in a dedicated workplace. Thus, in the operating theater design, user participa-
tion is crucial and needed.

This observation together with the evidenced problems encouraged the au-
thors to carry out an interview study and a workshop to find out and discuss
with stakeholders the reasons for failures in the earlier designs. The study re-
vealed four key challenges in enabling participatory processes and reaching ap-
propriate design outcomes: 1) an absence of a future vision in the hospitals, (2)
a lack of genuine participation in the design, (3) limited insight of the stakehold-
ers participating in a planning team into the consequences of design decisions
and (4) a limited use of the knowledge and information available in hospitals.
From these, the third recognized area of improvement – that is, the lack of in-
sights into the consequences of design decisions – may be seen to be most
closely related to the methods to be used to facilitate participatory processes,
which are the main interest of this literature review. The authors suggest that
several (e.g., scenario- or virtual reality-based) participatory design tools that
suit the background and understanding of the participants can help them to an-
ticipate the consequences of design decisions. However, these concrete tools are
not discussed in any further detail and the tools are mentioned as one of the
areas for future research and development.

Another study in the health care context by Bowen et al. (Bowen et al., 2013)
sought to find out how people had experienced the participatory design project
in which they had been involved earlier. The project was set up to develop better
outpatient services for older people. In addition to the patients (i.e., older peo-
ple), a variety of professionals from the hospital were also involved. The partic-
ipants were interviewed and requested to describe their experiences of partici-
pating in the design. In the interviews, many issues and challenges related to
the successful realization of participatory processes were identified. For exam-
ple, there was some degree of dissatisfaction with the effectiveness of the pro-
ject, that is, how and when change can happen. It was stated that one reason for
this might be the complexity of the environment (e.g., how the aging physical
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infrastructure fits with modern service demands). Furthermore, the lack of fi-
nancial resources required to implement bigger changes was recognized as one
key issue. External constraints were also discussed as a factor affecting the suc-
cess of the participatory design. Even though representatives of many stake-
holder groups were involved, there were still many more external parties; for
example; national regulatory bodies partly define the process through which the
changes can be initiated. In addition, the cost benefit of participation was ques-
tioned. According to the authors, one staff member thought that the participa-
tory way of finding the problems seems like a lot of work, when one could just
go and identify them individually, without all that effort. Some participants also
mentioned that they felt like they were providing feedback on the design more
than designing the solutions. This led the authors to conclude that further en-
hancement of participatory ideation methods would be necessary. They also
stated that in a participatory design project, ensuring participants’ strong own-
ership of making changes, fully engaging key decision-makers, and promoting
an organizational culture of participation are essential considerations when
planning the participatory design process.

Money et al. (Money et al., 2011) have investigated medical device manufac-
turers’ points of view about the role of user involvement in their design pro-
cesses. Eleven manufacturers were interviewed. The results were quite a disap-
pointment. First, it was found that there was a mismatch between the users that
were consulted and those that would in the end use the device in practice. Man-
ufacturers tend to value the opinions of senior medical doctors even when those
are not the personnel who actually would use the devices. Moreover, some man-
ufacturers believed that the needs of the patients do not originate from the pa-
tients themselves. The patients seemed to be the user group whose opinion was
valued least, even though the share of home use medical equipment is growing
rapidly. Regarding the methods employed for user involvement, the manufac-
turers tend to use a very limited range of methods, mostly informal, such as dis-
cussions with doctors. Formal methods were thought to be too resource inten-
sive and thus were not regarded as feasible, while informal methods were seen
to offer versatile and rapid solutions. The value of the users’ contribution to the
design was not seen and such user-involving activities were mostly considered
to slow down the development and add unnecessary cost and overhead to the
project. Only one (out of eleven) of the interviewed manufacturers reported us-
ing formal methods to involve users. This employer had been inspired to do so
by its employees who had participated in a university course on participatory
design. Thus, it seems that the manufacturers also lacked the knowledge and
expertise to carry out such user-involving practices.

Above, it has been recognized that organizations still have many challenges in
accounting for user preferences and applying human-centered and participa-
tory processes in their design. This does not, however, seem surprising, as Lu et
al. (Lu et al., 2007) state that the human-centered and collaborative approach
has not been well-adopted and practiced today even within the engineering do-
main. Lu et al. advocate a new engineering discipline called collaborative engi-
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neering as an answer to the grand challenge of better understanding how engi-
neers should collaborate to accomplish complex tasks that fulfill our ever-grow-
ing social responsibilities. The authors describe how in addition to the never-
ending demands for products that function better and are cheaper and more
sustainable – yet which are of higher quality and produced in faster cycles – the
recent trends in lifecycle engineering and market globalization have introduced
challenges into the engineering profession on a totally new scale. This calls for
broader collaboration and shared understanding among different stakeholders.
The authors state that even though the concept of collaboration is old, it is still
nowadays taken for granted, misunderstood, and poorly accomplished in prac-
tice in design engineering organizations. Thus, even within the engineering do-
main, there is a need for a new mindset that is more human-centered and col-
laborative and based on joint decision-making. Realizing this shift in engineer-
ing practices may be an additional challenge for advancing user involvement
and participatory processes. However, the roadmap for collaborative engineer-
ing developed by Lu et al. (Lu et al., 2007)– which pursues a shared understand-
ing of the design team by exploring the definitions, objectives, and criteria and
by co-constructing and negotiating agreements – seems to fall not far from the
design principles that are familiar and characteristic to the idea of participatory
design.

2.4.2 Process perspective

The process perspective is essential in considering how the participatory activi-
ties can be organized and integrated into the other design activities. The central
idea in HCD (ISO 9241-210, 2009) is that the users’ needs and preferences are
considered in all stages of the design from initial concept development to the
system in operation (see Figure 5).

Figure 5. The human-centered design process as defined by the International Organization for
Standardization (ISO 9241-210, 2009)

Similarly, the involvement of users may occur throughout the design process.
The users can participate in exploring and evaluating the ideas, concepts, and
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more mature prototypes. However, how these participatory processes are orga-
nized, timed, and documented may vary a lot between different design organi-
zations. From the process perspective, for example, the relationship between the
intensity of participation and the outcomes of these participatory events may
lead to relevant questions – that is, what is the optimal level of participation and
how should the limited resources for these activities be allocated within the de-
sign process to reach the best possible outcome?

The kind of process that would support HCD and participatory activities
within it is described and outlined by many authors. According to Boy (G. A.
Boy, 2011), HCD takes people into account from the very beginning of the design
process. He states that it is not enough to consider only the system component;
the interactions among the human and machine agents also need to be carefully
analyzed. Boy has introduced the concept of active design documents (ADDs) to
instantiate the human-centered and participatory process in complex design
tasks in which several experts, including expert users, need to exchange vivid
knowledge about design artifacts (G. A. Boy, 1997a, 1997b). According to him,
ADDs are defined by three aspects: 1) interactive descriptions that tell how to
use the artifact, 2) interface objects that enable simulating the use of the artifact
and 3) contextual links that enable annotations of ADDs during usability evalu-
ations. In the research on ADDs, the focus was on supporting user participation
and capturing design knowledge so that the rationales behind the design deci-
sions are made traceable in user accessible form.

The kind of process that would support HCD and participatory activities
within it is described and outlined by many authors. According to Boy (G. A.
Boy, 2011), HCD takes people into account from the very beginning of the design
process. He states that it is not enough to consider only the system component;
the interactions among the human and machine agents also need to be carefully
analyzed. Boy has introduced the concept of active design documents (ADDs) to
instantiate the human-centered and participatory process in complex design
tasks in which several experts, including expert users, need to exchange vivid
knowledge about design artifacts (G. A. Boy, 1997a, 1997b). According to him,
ADDs are defined by three aspects: 1) interactive descriptions that tell how to
use the artifact, 2) interface objects that enable simulating the use of the artifact
and 3) contextual links that enable annotations of ADDs during usability evalu-
ations. In the research on ADDs, the focus was on supporting user participation
and capturing design knowledge so that the rationales behind the design deci-
sions are made traceable in user accessible form.

In addition to the two spaces, that is, the activity and the rationalization
spaces, which were already introduced in connection with ADDs, DCs include
two new spaces: the structure and function spaces (Figure 6). Within the ration-
alization space, the design rationale is described, and in the activity space, the
current version of the system being designed is displayed in an illustrative and
manipulatable form. In a structure space, the system is formally and declara-
tively described in the level of detail always possible at that point in time. A
function space aims at describing the system being designed from the proce-
dural and process dynamics perspectives.
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Figure 6. Process of moving between the different design spaces and between the abstract and
concrete manifestations of the system being designed (G. Boy et al., 2016).

According to Boy, DCs are collaboratively created and refined from the begin-
ning of the design process by the design team members. Thus, through the four
distinct spaces, it gives a frame for the whole design process, but also supports
documenting the system comprehensively from different perspectives.

Another example, in the context of nuclear installations and control room de-
sign, comes from dos Santos and his colleagues (dos Santos et al., 2011), who
advocated a participatory ergonomics practice as one essential means of apply-
ing HFE in equipment design and addressing the human-centered design de-
mands stated, for example, in NUREG 0711 (USNRC, 2012). According to dos
Santos (dos Santos et al., 2011), human-centered design (i.e., incorporation of
user needs in the design lifecycle) should start at the earliest stage of the devel-
opment and continue iteratively until the system meets the set requirements.
One practical example of the application of participatory ergonomics is given by
dos Santos et al. (dos Santos et al., 2011; Farias et al., 2009) in a project that
aimed at developing new fluorometer equipment for nuclear installations. Even
after nuclear installation-related accidents and subsequent regulator recom-
mendations that more attention must be paid to human factors and ergonomics,
dos Santos et al. note that the design process is still predominantly technically
driven.

As an answer to this, a systematic HCD methodology was introduced for the
fluorometer design (Figure 7). The methodology included the following four
main items: first, a profile of the multidisciplinary team (including end users) is
defined, after which a work process for the team is described. Third, each team
member is assigned specified tasks/roles, and finally a choice of ergonomics
methods and tools is made to best serve the design project at hand.

Figure 7. The proposed methodology of dos Santos et al. for participatory ergonomics (dos San-
tos et al., 2011)
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The emphasis is on having a multidisciplinary team with a diverse set of ex-
pertise working together systematically from the beginning of the project. It
seems that the design task may affect the kind of design process that is laid out
for the given project. In the example of fluorometer design given by dos Santos
et al., the process follows very conventional engineering practice from basic de-
sign starting with analysis of reference equipment, operational context, and
functions to more detailed and integrated design phases in which the hardware,
software and mechanical structures are defined, and finally formally tested and
evaluated. However, according to dos Santos et al., from the participatory ergo-
nomics point of view the most important aspect is to enable information sharing
among the design team and carry out a continuous process of V&V to obtain/
integrate relevant human and social understanding into the equipment design.

Tideman et al. (Tideman et al., 2008) present a new product design method
that aims to support designers in determining stakeholders’ preferences and
finding the best compromise between those preferences. The new product de-
sign method also aims at giving non-designers (e.g., users and maintenance per-
sonnel, etc.) a proactive role by involving them actively in the design. According
to the authors, the new product design method is based on seven recognizable
trends that support the contemporary design process, namely: 1) performing
(design and engineering) activities simultaneously, 2) considering design as a
group activity, 3) involving intended users, 4) using scenarios in design, 5) stim-
ulating creativity, 6) using virtual reality simulations and 7) using gaming prin-
ciples. The core of the method is to establish a dedicated design environment
that combines VR simulation, gaming principles and scenarios and in which us-
ers and other relevant stakeholder groups may be invited to participate in de-
sign. Within the dedicated design environment, all involved users and stake-
holders are allowed to create their own designs/solutions and then immediately
test these in a variety of use scenarios. The new product design methods include
two main phases (Figure 8). In the first phase, the design environment is estab-
lished and in the second phase, the good design is further specified.

Figure 8. The process for applying the new product design method by Tideman et al. (Tideman
et al., 2008)



Related research

55

According to Tideman et al. (Tideman et al., 2008), the designer has the main
responsibility for creating the design environment (i.e., first phase). By observ-
ing the activity in the real environment, reading literature, and interviewing the
users, the designer makes an educated guess about the necessary content of the
simulated design environment. The users are then invited to refine the qualities
of the environment in reflection sessions in which the goal is to iteratively work
towards specifying the details. After a few iterations, the design environment is
expected to reach a saturation point and no further alterations are needed; thus,
the second phase of the design process can be proceeded, that is, using the en-
vironment to produce actual design proposals and identifying user preferences.

In the second phase, the different users and stakeholders are invited into the
design environment. However, now they use the design environment to create
actual candidate designs. The new design proposals and functionalities can then
be directly tested and experienced by means of relevant simulation and scenar-
ios in the design environment. The stakeholders’ individual design proposals
and the justifications behind them are recorded and then, through a review pro-
cess, the designer aims at finding a compromise that acknowledges the different
stakeholder preferences.

Creating the design environment with relevant simulations and characteristics
seems to be a laborious and time-consuming process. However, once realized,
it enables users to experience the qualities of their own design in a very tangible
form. The described new product design method also leaves the designer with
the responsibility for finding the final solution. In addition, the stakeholders
seem to contribute individually instead of the design being a truly collaborative
group activity in which ideas and thoughts would be shared with the design
team.

Fogli and Guida (Fogli & Guida, 2013) introduce a new approach called
knowledge-centered design and apply it in the context of emergency response
and particularly in the design of a Decision Support System (DSS) for pandemic
flu emergency management. They suggest that the knowledge-centered method
complements the more established human-centered design and activity-cen-
tered design approach by acknowledging the wider context in which the appli-
cation will be employed. According to the authors, knowledge-centered design
puts knowledge in the center (i.e., knowledge about the users of the DSS, their
activities, and the use context of the DSS). Moreover, a participatory approach
to design is promoted. Fogli and Cuida (Fogli & Guida, 2013) state that the core
of knowledge-centered design is the consideration of the different kinds of
knowledge that are involved in the design of a DSS, namely: 1) knowledge about
the target environment where the DSS will be used, 2) knowledge about the user
tasks, and 3) knowledge about user profiles and interaction patterns. Eventu-
ally, functional modeling is performed to specify the functions that the DSS is
expected to provide. The knowledge-centered design phase (i.e., inner cycle)
(see Figure 9) is followed by a development phase (i.e., first part of the outer
cycle) in which prototypes of different kinds are developed. As the final phase,
an evaluation (i.e., second part of the outer cycle) with the end users is carried
out to confirm that the new DDS design meets the set requirements.
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Figure 9. Knowledge acquisition process by Fogli and Guida (Fogli & Guida, 2013)

In the example case of pandemic flu emergency management, a variety of user
and stakeholder groups were identified and involved (e.g., event managers, local
emergency managers and field operators) in the design. However, even though
the authors explicitly claim to promote participatory design processes, they do
not describe in detail what participatory methods were used and through what
kind of procedure.

Boring et al. (Boring et al., 2015b, 2015a) also discuss the value of expert users’
knowledge in the control-room design context in the nuclear domain. According
to the authors, there is a guidance gap in the human factors evaluation process
in the nuclear domain, which led them to develop and introduce the Guideline
for Operational Nuclear Usability and Knowledge Elicitation (GONUKE) ap-
proach to be applied particularly in control room modernization projects (for
more detailed descriptions, see (Boring et al., 2014; Boring & Joe, 2015)). First,
the authors state that there are three types of evaluations that may be helpful in
achieving successful design outcomes: expert review, usability testing and
knowledge elicitation. With knowledge elicitation (also referred to with the term
“epistemiation”), they mean centering on the users’ experiences and insight on
using the system and actively bringing these into the design process. According
to the authors, another view on human factors evaluations is provided by the
phasing of the evaluation, that is, in what phase of the design process the eval-
uation is implemented. The regulatory guidance has its main focus on late-stage
evaluations (i.e., summative evaluation) that aim to confirm the success of the
design. The evaluations during and especially in early stages of the design can
be seen to be formative in nature, that is, evaluations that produce design feed-
back that helps in shaping and improving the design solution. Based on these
considerations on human factors evaluations, Boring et al. present the
GONUKE process, which comprises 12 individual steps of evaluation that are
summarized in Figure 10.
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Figure 10. The GONUKE process comprising types and phases of HF evaluations (Boring et al.,
2015b)

The authors state that epistemiation (see the lowest row in Figure 10) in the
sense of gathering expert user feedback is not a common tool in usability engi-
neering and human-centered design and that they are actively working on de-
veloping its applications to support control room evaluations. The authors’ con-
ceptions about the potential value of expert users’ contributions and the under-
developed methodological base for its better design integration corresponds to
a great extent with what is presented as motivating the research work in this
thesis.

Andersen and Broberg (Andersen & Broberg, 2015, 2017) have studied a
method called participatory simulation – which combines participatory ergo-
nomics and simulation – in the hospital context from the knowledge creation
point of view. They note that the majority of participatory simulation studies
have concentrated on analyzing the outcomes of participatory activities but have
paid less attention to the process of creating these outcomes. According to them,
understanding the process would be important so that the participatory activi-
ties would not be just “blindly” planned and facilitated. They state that under-
standing how to create a participatory simulation process that would result in
the wanted outcomes, that is, gaining of new ergonomic insights and design
specifications, would better justify involving healthcare professionals in partic-
ipatory activities and assigning their time to activities that are outside their core
area (i.e., patient work). Knowledge creation in this study was understood as a
process of converting individual tacit knowledge (i.e., experiences, values, con-
textual information, and expert insight) into explicit common knowledge and
back again into tacit common knowledge in the organization. Moreover, three
key elements that also formed an initial analysis frame for the study were: 1)
interaction with objects in the form of simulation media, 2) engagement in tests
and experiments and 3) sharing knowledge in the form of experiences. Ander-
sen and Broberg carefully analyzed the knowledge creation process in three dif-
ferent hospital development projects in which participatory simulation was
used for interacting with the different user groups, and based on this developed
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a framework (see Figure 11) that describes the process of how ergonomics
knowledge is created in participatory simulations.

Figure 11. Knowledge creation framework in participatory simulation by Andersen and Broberg
(Andersen & Broberg, 2015)

They summarize their main learnings from the participatory simulation by
giving four recommendations. First, they emphasize the importance of encour-
aging the participants to talk about and explain their work so that the external-
ization of work experiences can be fostered. Secondly, both scenario acting and
what-if discussions should be planned to be included in the experiments within
the participatory simulation. Third, the selection of simulation medium (e.g.,
paper mock-ups) should also be done to allow acting out of scenarios and what-
if discussions to take place. Lastly, the participants should be actively given op-
portunities to reflect on the ergonomic consequences of the experiments (An-
dersen & Broberg, 2017). The value of this study is in analyzing and explaining
knowledge creation in the participatory process so that it can be better under-
stood how and through what kinds of questions user feedback relevant to design
be elicited. The authors mention that the studies have been done in the hospital
context; however, the learnings might be relevant and applicable to the design
of other work systems as well.

In the healthcare context and in particular with respect to connected health
devices, Harte et al. (Harte et al., 2017) have also promoted the human-centered
design methodology. According to them, in the medical system design process,
the Agency for Healthcare Research and Quality and the Food and Drug Admin-
istration (FDA) require a human factors perspective and user involvement in
design. The authors, however, note that there are some specific needs related to
the human-centered design of connected health devices. Firstly, they state that
the medical literature is lacking detailed methodological descriptions and struc-
tures for human-centered design, which causes the practices to vary greatly.
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Secondly, they note that the health industry is fast-moving and highly competi-
tive. Thus, even though the developed devices need to reach high levels of usa-
bility, their development cycles also need to be very rapid. Medical applications
are introduced online at an accelerating pace, but they can also become rela-
tively obsolete in a short period of time. Lastly, the authors state that design
documentation is essential, as the products need to adhere to different stand-
ards to gain permits for market launch. Taking into account the abovemen-
tioned needs, and those requirements that are already stated in ISO 9241-210
about human-centered design (e.g., proper understanding of users, tasks and
environment, iterative user involvement and evaluations throughout the design,
acknowledging the whole range of UX, and involving a multidisciplinary design
team), the authors present a new human-centered design methodology for con-
nected health device design (see Figure 12). The methodology includes three
main phases: 1) establishing the context of use and user requirements, 2) expert
inspections and walkthroughs and 3) usability testing with end users.

Figure 12. Three-phase HCD methodology for designing connected health devices (Harte et al.,
2017)

Already in the first phase, the method aims to produce concrete prototypes
that can be discussed with the end users, which according to the authors enables
early user feedback and the acceleration of the design process. In the second
phase, the end users are not directly involved; instead, a multidisciplinary ex-
pert team evaluates the proposed design. This is because the authors are cau-
tious about exposing a more mature prototype to a potentially vulnerable user
group (e.g., older adults or children) until it has gone through proper inspection
by experts. This is maybe the main difference: the primary end users (i.e., pa-
tients) are not seen as experts what comes to the safety relevance of design so-
lutions. Applying this methodology to, for example, nuclear equipment and HSI
design would require end user (e.g., operator) involvement in phase 2 as well.
However, the emphasis on documentation practices can be seen as an advantage
of this methodology.
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2.4.3 Tool perspective

The main interest of this literature review is in user involvement and participa-
tory processes in safety-critical system design and especially at the practical
level of doing the design work. Thus, the perspective of participatory design
tools and methods is particularly important. Participatory design is an approach
that uses qualitative methods to directly engage people in the design of systems
they will use (Blomberg, J., 1993). A variety of concrete participatory design
tools and methods exist to facilitate the interaction and co-design activities
within the design team. Still, many studies report that the outcomes of partici-
patory design activities are not always as successful as was intended. In addi-
tion, even though these aim to be participatory processes, some participants
have experienced that their contribution consists more of design input (i.e., de-
sign feedback) than actual design activity (Bowen et al., 2013). This may be dis-
appointing for the designers and human factors experts who aim to involve us-
ers in a more influential role in the design. Thus, it would be important to better
understand the different co-creation tools and their specific characteristics to
guide the selection of a best-suited set of participatory methods for the design
task at hand. Below I have used Damodaran (Damodaran, 1996) categorization
for forms of user involvement (i.e., informative, consultative, and participatory)
in presenting the tools and methods reported in the literature.

Informative form of user involvement
The users’ needs and preferences should be used for informing the design of
safety-critical systems. Different types of field study and ethnographic methods
often involve users in an informative way in the design, meaning that user in-
formation is gained by, for example, interviewing and observing the users in
their real working environment and using this information as a basis for elicit-
ing user requirements. These types of user inquiries are common and success-
fully used to inform human-centered design and include methods such as field
observation, a number of interview techniques and questionnaires/surveys.

In the nuclear context, Gatto et al. (Gatto et al., 2013) have studied the use of
virtual simulation in ergonomic evaluation of PWR NPP control room environ-
ments. Their specific interest was on the positioning of monitoring and control
equipment in the control panels and desks and what impact this has on elapsed
times spent by operators in controlling the system. The authors stated that the
configuration of control buttons and monitoring displays may directly affect
how easily the different process variables and alarm indications can be identi-
fied and appropriate actions initiated during operation. In the nuclear context,
the time from the drawing board to the point when the human operator can
concretely experience the impact and the qualities of the different interface ele-
ments is often very long. However, the authors state that it would be more effi-
cient and useful to obtain user feedback to inform design already in the earlier
phases of the development process. Thus, an ergonomic study was conducted in
a CR environment that was realized with virtual reality technology, after which
the results were compared with earlier ergonomic evaluations in the real CR en-
vironment. The aim was to find out if the virtual reality-based CR could serve as
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a platform for early evaluations and provide valid user feedback that could in-
form design.

The results of this comparative analysis of operation in the VR and real CR
environment showed no significant differences in findings between the two set-
ups, except for three tasks. In these three cases, the elapsed times were shorter
than the times in the real CR environment, but according to the authors these
differences could be explained by the shortcomings of the simulation environ-
ment (e.g., avatars’ movements were limited). Overall, the authors concluded
that the results indicated that the VR based CR environment is a valid tool for
estimating the operators’ action elapsed times and the physical characteristics
of the CR and its interfaces. Thus, it potentially enables the early integration of
the human operator perspective in CR design. The authors state that the evalu-
ation may be first carried out cost-efficiently in a virtual environment before
taking the effort to conduct an evaluation in a real physical simulator facility.

Consultative form of user involvement
Bjørneseth et al. (Bjørneseth et al., 2012) completed an explorative study that
aimed at developing an interface for dynamic position application in a maritime
context. A new way of directing multitouch gesture interaction was studied by
applying methods and tools of human-centered design. The authors’ main mo-
tivation was to find interaction techniques that can benefit the user experience
onboard. In the first phase of the project, a background study (including end
user interviews and a guessability study) was conducted to define a suitable set
of gestures for interaction and to understand the demands of dynamic position-
ing in vessel operations. Carefully following the human-centered design pro-
cess, iterative design-evaluation activities were carried out to refine the details
of the interface. After this, a more comprehensive evaluation of the new inter-
face was executed in a motion platform configured to simulate sea conditions
on vessels (i.e., simulator testing). The study aimed to test four main hypothe-
ses: 1) multitouch gesture interaction will lead to faster interaction; 2) multi-
touch gesture interaction will reduce errors; 3) multitouch gesture interaction
will lead to more situational awareness; and 4) multitouch gesture interaction
will be less affected by a moving environment. Contrary to the initial back-
ground studies, in the final evaluation student participants were recruited to use
the new interface (user testing with prototype).

The results of the final study did not provide much support for the four hy-
potheses and the compared soft-button interface was preferred. The results also
clearly indicate that environmental motion (i.e., weaving) affects gesture input
negatively. However, the authors thought that the study exemplified the im-
portance of the human operator perspective when planning to apply new tech-
nologies and designing interfaces for safety-critical operation. The initial users’
opinions and preferences were consulted in a very early phase of development.
Even though the users involved in the testing were just maritime students (not
expert users), they provided critical user information related to the suitability
of touch screen technologies in the maritime context.
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In the hospital context, the University Hospital of North Norway initiated a
study on work processes, resource usage and error rates related to their labora-
tory activities. The study revealed a lot of repetitive work and many mistakes
being made in handling paper-based laboratory requisitions. This led to a pro-
ject reported by Johannessen and Ellingsen (Johannessen & Ellingsen, 2008)
in which the aim was to design an (IT) system that would function as the main
interface between local practitioners and the hospital laboratories from which
the practitioners could order laboratory services for their patients.

The vendor of the system was a company called Well Diagnostics. It used agile
methods in its software development as many companies developing large IT
systems often do. The central means of acknowledging the user perspective in
an agile development process is the utilization of user stories. One cycle in an
agile development process takes three weeks, during which the relevant user
stories are identified, prioritized, and scheduled to be realized within different
iteration cycles. The code for different functionalities in user stories is written
and the product is implemented and tested by the users. Then the code is re-
peatedly refined until the user story is satisfactorily fulfilled. Piloting of new
functionalities is done by means of a pilot channel in which pilot users may test
the system safely. Often the user stories are written by the user organization and
the stories are the main communication channel between the developers and
the customer. In Well Diagnostics’ process, the user stories were written by the
developers, and feedback on them was requested from the customer. However,
this created a challenge when faced with the development of a system with many
user groups that use the system in various ways and have diverse work practices.
In the first phase of development, the focus was on the user stories of the local
practitioners. One important new user group was discovered in this process,
that is, the receptionists that do a lot of work prior to the patients’ visits and may
also order laboratory tests. In the second phase, the developers faced even larger
groups of users when the hospital side of the laboratory services delivery chain
was concentrated. In the final phase of the project, the commercialization phase,
the new system was taken into use. Since the release, other hospitals have also
purchased the system, imposing the vendor again new challenge, as it has to
account for several new customers and an even larger number of users.

Participative form of user involvement
The participative form of user involvement moves from the technical system de-
scriptions that are traditionally central in design to collaborative construction
of mock-ups, prototyping and game-like participatory design sessions. Thus, the
different maturity levels of prototypes and workshop formats serve as a focal
point for collaboration and knowledge sharing among the participants. For ex-
ample, Barcellini et al. (Barcellini et al., 2015) promote implementing a partici-
patory design process that enables setting up spaces in which the different levels
of abstraction of design concepts and ideas may be discussed. Furthermore, the
design cards introduced by Guy Boy (G. Boy et al., 2016) aim to support collab-
oration between the design team and describe the system being designed from
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multiple perspectives (i.e., activity and functional) and not only from the struc-
tural point of view. In the participative form of user involvement, the users ac-
tively participate in making design decisions instead of just providing opinions.

In the nuclear context, dos Santos et al. (dos Santos et al., 2008) present a
methodology for carrying out control room design in a way that acknowledges
well-structured and relevant human factors principles. According to the au-
thors, these efforts should cover all phases of the CR lifecycle, from conceptual
design to the decommissioning phase. The proposed methodological framework
applies human factors guidelines and standards, checklists and ergonomics as
an aid tool and serves as a basis for proper analysis of operator activity. The
authors state that as poorly designed CR environments and interfaces may have
deleterious impacts on the success of operator work and decision-making, one
main purpose of human factors analysis is to identify HSI issues and difficulties
the operators have with control equipment and propose improvements and re-
shaping of operator tools.

In the study, the methodological framework was applied to develop the HSIs
of an experimental facility for human factors research, the Human–System In-
terface Laboratory (HSIL). The objective was to obtain human-centered data
using the framework in the evaluation of the existing interfaces to support the
design of the new HSIs. The main phases of the framework are: the tasks de-
scription, integrated evaluation of the existing interfaces, development of the
new interfaces and integrated evaluation of the new interfaces. In the different
phases, a variety of tools are used, such as expert reviews, surveys, and check-
lists.

Following through the framework, a list of interface deficiencies could be sum-
marized. The list included four main topic areas of needs for improvements: the
alarm system, screen information, screen components and screen visual appear-
ance, navigation and controls. This information was then utilized in the devel-
opment of the new HSIs (prototyping), and many redesigns were introduced in
the process. The evaluation of the new interface was carried out by observing
and analyzing the operator activity and executing expert review (done by two
operators) with a checklist procedure. The new interface was found to have
some advantages over the existing one regarding its conformance to the NUREG
700 guideline (checklist), to the decrease of elapsed/interval times in executing
operations, and to the results of the user satisfaction questionnaire. The design
tools (expert review, checklists, questionnaires, and task observation) used in
this specific project were quite conventional. However, the expert users (i.e., op-
erators) were involved in the design team throughout the project and they par-
ticipated actively in analyzing the old and new interfaces. The project seemed to
result in a successful outcome in terms of improved interface design.

Similar to the other forms of user involvement, most of the human-centered
design projects that can be numbered among the participatory form conduct
field observations and interviews in the beginning of the design process in or-
der to obtain a better contextual understanding of the design task. Then, the
users are most often involved in the design in various types of design workshops
and focus group sessions (Hossard et al., 2013; Manen et al., 2014; Österman et
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al., 2016). For example, Hossard et al. (Hossard et al., 2013) used a participatory
approach to design spatial scenarios of cropping systems and assess their effects
on phoma stem canker (i.e., plant disease) management at a regional scale in
central France and used a six-step method in which different types of work-
shops were the main arena for involving users. Each of the organized workshops
had a different focus. In the first workshops, the aim was to build a shared vi-
sion of phoma functioning and acting. The second set of workshops concen-
trated on the design of scenarios, and the last workshops were evaluative in na-
ture and provided the participants with the possibility to experience the effect
of the different scenarios by means of simulation and numerical modeling.

In many of the participatory design workshops, different types of mock-ups
were used as a central tool to involve users in design (dos Santos et al., 2011;
Jeffery et al., 2017). Several research studies have also explored the power of
different mock-up media to reveal critical user needs and preferences regarding
the design task (Andersen & Broberg, 2015, 2017; Jeffery et al., 2017; Österman
et al., 2016). For example, Andersen and Broberg (Andersen & Broberg, 2015)
studied participatory simulation with the help of three different mock-ups (i.e.,
3D paper mock-up with Lego figures, physical size foam mock-up and a blue-
print paper mock-up with Lego figures). They used video recordings from three
different participatory design projects in a hospital context and analyzed them
from the knowledge creation perspective (i.e., what kind of ergonomic infor-
mation and design specifications the mock-ups may allow the users to jointly
formulate). They recognize that the workers’ professional knowledge is often
tacit in nature and may be difficult to verbalize. Thus, understanding how the
different mock-ups can help elicit this information is important in planning the
participatory activities. Their analysis revealed three essential elements that
need to be in place in a participatory process: participants sharing work experi-
ences; experimenting with scenarios; and reflecting on ergonomics conse-
quences. In this experimenting–reflection loop, the mock-ups may play a facil-
itating role and enable diverse discussions to take place. When analyzing the
modes of interaction (i.e., pointing, and physically testing and interacting) with
the three different mock-ups, however, no clear differences could be identified
between them. In the study, all the mock-ups supported to some degree the two
modes of interaction. However, the participants preferred least the blueprint
mock-up; one reason may be that it did not afford good possibilities to physi-
cally experiment with different patient room setups.

A number of participatory studies experiment with scenario design, prototyp-
ing and different kinds of gaming/simulation principles in order to involve the
users in the design of new work systems and tools (Andersen & Broberg, 2015;
Broberg & Edwards, 2012; Hjelseth et al., 2015). For example, one interesting
participatory design study by Björgvisson (Björgvinsson, 2008) in the context
of an intensive care unit (ICU) involved the personnel in developing new infor-
mal learning practices. The author suggests seeing design as a joint inquiry into
prototypical practices, which requires an engaged open-ended inquiry into fu-
ture practices without a strictly defined a priori view of what technologies or
process designers should aim for. It demands the participants to carry out small
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in-situ experiments and being sensitive to whether any relevant practices may
be invoked. In the specific intensive care unit project, the possibilities of new
information technology to support personnel in updating relevant new
knowledge were explored.

In the design workshops with the intensive care unit’s personnel, the partici-
pants played a design games called The ICU as a Family and Garden, which were
created especially with this case in mind. The game playing in the workshop re-
sulted in one critical notion, that is, that the knowledge gained bedside and the
knowledge developed within the various competence groups did not spread well
enough in the clinic. Different kinds of aids were ideated for this issue in the
clinic in the workshop. Promising ideas were briefly explored and tested by
some of the participating nurses, and subsequently it was decided that the focus
of the project would be to study how a self-produced videos could support the
sharing of knowledge gained through experience at work. Following that, a set
of prototype videos were produced – these were watched during in-situ experi-
ments as a part of the clinic’s day-to-day work practices. The project provides
an example of an open-ended design process in which the direction was not very
clear at the beginning, but which in the end produced a new complementary
learning aid that was a good fit for the clinic’s work practices.

Hjelseth (Hjelseth et al., 2015) provides an example of another design project
in which participatory design and gaming principles (i.e., real-time 3D game
engines) were used for exploring possible futures in the maritime domain. One
of the specific design cases in this study was to develop a concept of operation
for future crisis management in Oslo Fjord. According to the author, now the
Oslo area is the most hazardous coastline in Norway, and an increase in traffic
might add considerably to existing risks and challenges. Thus, a participatory
project was initiated in which different stakeholders from the Oslo Fjord were
invited to discuss the challenges and develop solutions for future operation. An
advanced 3D game engine and simulation was used to facilitate scenario ex-
ploration (e.g., intense traffic situation, crossing cruise ship and bulk transpor-
tation and collision situation) in the design sessions. The design sessions re-
sulted in several new ideas for crisis management, for example ideas concerning
pilot training programs and a new collision warning system. Regarding the ben-
efits of using gaming principles and simulation to facilitate participatory design
sessions, the author concludes that a realistic and accurate scale between objects
and landscape could be created with the game engine. The participants could
also easily change the viewing perspective (between a first-person view from the
ship bridge and an overview of the fjord), which triggered more precise ques-
tions and notions about the situation. Moreover, the ability to add or change the
scenarios during the simulation led the participants to provide more precise in-
put on the risk factors in the scenarios. Overall, it seems that the new advanced
3D visualizations and simulation may provide a more immersive environment
for the participatory processes (i.e., designer–user interaction) to take place.

If Björgvisson (Björgvinsson, 2008) above was promoting carrying out small
scale in-situ experiments, Simonsen and Hertzum (J. Simonsen & Hertzum,
2008) present a sustained participatory design process and call for developing
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methods that would allow large-scale testing in real environments (i.e., expose
mature prototypes to real work practices) as a part of the design. The authors
admit that in safety-critical contexts this may be more difficult to realize but
would be necessary to avoid costly problems and issues that may appear later in
the implementation phase if the new solutions are not properly experimented
and tested in earlier design phases. Overcoming these testing restrictions in
safety-critical environments, the authors suggest the use of some kinds of sim-
ulation or shadowing techniques, for example. In their own study (J. Simonsen
& Hertzum, 2012a) in the healthcare context, they used an advanced prototype
of a new Electronic Patient Record (EPR) (that had for safety reasons some parts
simulated by a back office using Wizard of Oz techniques) in a stroke unit for a
five-day period. The experiment required all paper-based patient records in the
stroke unit to be replaced with the EPR system. For the experiment, extensive
planning activity and training of the unit’s personnel for EPR were required.
However, the experiment and the efforts needed were deemed to be necessary,
as so many difficulties had been encountered in the earlier implementation of
other EPR subsystems related to drug management. Already during the five-day
testing period, some positive changes in the department work practices were
observed. For example, at departmental meetings the head nurse had earlier
read out the patient statuses from paper-based patient records, but now thanks
to EPR the whole nurse team could view the statuses collaboratively from a
shared large screen display. As everyone could read the details and make notes,
this created a good basis for improved awareness of the department’s overall
situation. The authors promote large-scale experimenting with matured pro-
totypes in real work environments and recognize the need for methods that sup-
port stepwise testing and implementation, as in their view it is no longer realis-
tic to rely on any other way of introducing new technological tools at contempo-
rary workplaces.

2.5   User involvement in the design of safety-critical systems

In the following subsection, I review studies on the participatory design of safety
critical systems. The particular focus is on experiences of product-level partici-
patory processes. Primary studies carried out in the NPP context are reviewed;
studies from some other safety-critical contexts are also included. The aim was
to find out how participatory design and user involvement are carried out in
practice in the context of safety-critical system design – for example, what kinds
of design solutions are targeted, with what kinds of methods are users involved,
and what kinds of outcomes the participatory design projects have achieved.
As only a very limited number of studies concerning participatory design and
user involvement in the NPP context were identified in the literature, in the fol-
lowing both the NPP-related studies and those from other safety-critical do-
mains are reported together. The scope of the system and the point in its lifecy-
cle in which the users were involved in design varied: In some studies, the users
were involved at a very early stage of design (i.e., operating experience review
or concept phase) whereas several studies were carried out in a phase in which
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the designs are evaluated. In a few studies, the design took place when the sys-
tem was already in use. In the following, the studies are organized according to
the phases of the design process (i.e., early phase, evaluation and in use) in
which the users were involved.

2.5.1 Studies involving users in the early stage of design

Studies in which the user involvement and design concentrated on the early
phase of development were reported by dos Santos et al. (dos Santos et al.,
2011), Boy (G. Boy et al., 2016), Österman et al. (Österman et al., 2016), Hjelseth
et al. (Hjelseth et al., 2015), Mackay et al. (Mackay, 2000; Mackay et al., 1998),
Tideman et al. (Tideman et al., 2008), Björgvinsson (Björgvinsson, 2008) and
Kusunoki et al. (Kusunoki et al., 2015).

In the context of nuclear installations and CR system design, dos Santos and
his colleagues have advocated a participatory ergonomics practice as one essen-
tial means to apply HFE in equipment design. According to dos Santos (dos San-
tos et al., 2011), human-centered design (i.e., incorporation of user needs in the
design lifecycle) should start at the earliest stage of the project and continue
iteratively until the system meets the set requirements. One practical example
of the application of participatory ergonomics is given by dos Santos et al. (dos
Santos et al., 2011) in a project that aimed at developing new fluorometer equip-
ment (a device that measures an unknown amount of uranium) for nuclear in-
stallations. In the fluorometer design, the systematic methodology referred to
and introduced in subsection (2.5.2) above was used. In this particular design
project, two end users (i.e., licensed CR operators) participated and were as-
signed as members of the multidisciplinary design team. The main task of the
end-user representatives was to provide information to team members in re-
sponse to questions related to their work activities, needs, work practices and
operation experiences of similar equipment. Figure 13below depicts the ergo-
nomic methods used in the fluorometer design in detail. At the beginning of the
project, the project team allocated different activities regarding the specific
phases of the fluorometer lifecycle (see levels 1 and 2 in Figure 13). In level 3, in
Figure 13, the methods used to collect performance data of the users are speci-
fied.

One example of the particular way in which the users participated in the pro-
ject was that the analysis of the reference equipment (activity) was performed
by means of interviews and talk-through with the users. In specific, as the users
performed simulated tasks, they provided information to the multidisciplinary
team in response to questions. The general aim in this activity was to identify
points in the human-system interaction where the equipment design did not
complement user goals. The questions posed in order to facilitate and focus the
information needs specification included: Why did you do that?; How did you
do it?; What were the preconditions for doing that?; What information did you
consult for doing that?; What were the results of doing that?
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Figure 13. Ergonomics methods used in fluorometer design (dos Santos et al., 2011)

In basic design (lifecycle phase), the users were also actively involved in func-
tions analysis and functions allocations with the human factors expert and the
design engineers participating in the project. This analysis aimed at a more de-
tailed characterization of the working environment, the users, and their needs.
In the following lifecycle phases – that is, the detailed design, implementation,
test and integrated evaluation phases – the aim of the design team was to pro-
duce prototypes of different maturity levels and perform verification and vali-
dation tests. The validation process demands that users participate in the per-
formance of real tasks with the proposed equipment design in the working en-
vironment. The aim is then to validate the equipment design, define possible
usability problems that may have a negative impact on user performance and
specify the need for procedure design. In general, the authors conclude that the
use of participatory ergonomics in the nuclear industry presents many opportu-
nities for improvements, such as with respect to system effectiveness, efficiency,
and safety of operations.

In the fluorometer design case, the overall results showed a positive and sig-
nificant contribution of participatory ergonomics. Especially, the integration of
end users’ knowledge about the equipment in the design was experienced to be
crucial and useful in achieving the operational goals. According to the authors,
the project reflects the importance of having a multidisciplinary group of pro-
fessionals (i.e., representatives from diverse fields of knowledge and with differ-
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ent technical capabilities) who together take decisions and design the equip-
ment. Moreover, the authors claim that participatory ergonomics may only yield
its full advantages if followed throughout the product lifecycle.

Boy et al. (G. Boy et al., 2016; G. A. Boy, 1997b, 1997a) have also conducted a
lot of research and design work in the context of safety-critical systems such as
aeronautics-related domains and the nuclear domain. Boy et al. (G. Boy et al.,
2016) have introduced a methodology called Active Design Documents (ADD)
and later extended it with the notion of Design Cards (DCs). According to Boy
et al., design starts with the rationalization phase in which the various compo-
nents of the system being designed are described. In informing, the rationaliza-
tion space and describing the design space an adapted version of a Questions,
Options and Criteria method can be used. The rationalization phase is followed
by a structure space that describes the various components and their links and
the activity space in which 3D models (i.e., visualizations) of the system being
designed are developed. The 3D models are transferred into the Unity game en-
gine web player, supporting integration, and enabling intuitive manipulation of
different objects in the activity space. In addition to these spaces, an instant
messaging functionality and a structured evaluation space were added to sup-
port the design team and the holistic handling of development work.

Boy et al. (G. Boy et al., 2016) demonstrate the ideas of ADD and the DCs with
the I2S-LWR (Integral Inherently Safe Light Water Reactor) project. The chal-
lenge related to the design of the reactor was how to incrementally synthesize
and integrate the ideas and viewpoints of the 35-member design team and cre-
ate a common frame of reference as well as gain user feedback on the design. To
aid this, a support system called SCORE was introduced in the development
process. According to Boy et al. (G. Boy et al., 2016) the I2S-LWR project team
made active use of the SCORE design cards documentation to collaboratively
generate, modify, refine, and validate both the physical and figurative tangibility
of the system. In addition, exploiting the modeling and simulation capabilities
of the I2S-LWR SCORE design cards enabled the designers to involve future
users (e.g., operators) to evaluate different functions very early in the design. As
a main learning from the design of life-critical systems and this particular reac-
tor project, Boy et al. state that support for knowledge management and collab-
orative work is the major issue. There needs to be a clear understanding between
the design team members to reach the best design in the end, and in this the
DCs are a central mediating tool. By developing, assessing, and validating DCs
within a development process, they can converge toward both good design so-
lutions and appropriate documentation of the design process and solution re-
sulting from that.

Österman et al. (Österman et al., 2016) carried out a study in the maritime
domain to investigate the potential of using different 3D representations in a
participatory design to elicit design feedback from users. For the study, 18 ca-
dets from the maritime academy were recruited. The authors were also inter-
ested in understanding if representative users (i.e., not direct end users) may
provide useful and relevant design feedback, as in ship design real seafarers may
often be difficult to involve. Scenario-based workshops were organized, and the
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representative users were invited to explore four different representational
models (2D drawing, 3D models of 1:1 scale, 1:16 scale and CAD model) of a ship
bridge. The users evaluated the models both individually through answering a
questionnaire and by participating in a focus group. The users ranked the mod-
els on a variety of aspects such as easiest to interact with, most convincing, eas-
iest to discuss, easiest to consider alternative solutions, easiest to modify and
works best in practice. In the focus group, discussions about the abovemen-
tioned aspects were continued and three different scenarios (i.e., mooring, busy
fairway, and maneuvering situations) were used for facilitating the model inves-
tigations. The analysis revealed that five specific types of user feedback could be
obtained through the models: detailed design feedback, design change sugges-
tions, comments related to movement and space, evaluative comments related
to body dimensions, and evaluative comments based on tasks, experiences, and
alternative scenarios. Detailed design feedback was received most (both from
individual questionnaire answers and from focus group discussions), evaluative
comments based on task, experiences, and alternative scenarios second most
(also from both individual and focus group discussions) and comments related
to the bodily dimensions least. The most preferred type of model was the 1:1
model of the ship bridge, with the 1:16 being the second preferred, the CAD the
third and the 2D drawing the least preferred.

According to the authors, the study confirms that based on task scenarios and
model representations, representative users can provide not only useful feed-
back on design parameters, but also experiential reflections on the conse-
quences of the proposed design solution and alternative use situations that may
pose additional user requirements for the design. In addition, the results show
that combining task scenario descriptions with 3D models as mediating and dis-
cussion-stimulating artifacts is a successful way for designers to make dialogue
happen in a group of users. Even though only representative users were involved
in this imaginative ship-bridge design study, the authors suggest that the type
of evaluation methods and representations used may also be useful and relevant
in a real ship design process and argue that this approach could be even more
effective if experienced seafarers were to be involved in the design.

Another study conducted in the maritime domain by Hjelseth et al. (Hjelseth
et al., 2015) covers several case studies on the use of real-time 3D game engine-
enriched scenarios as a design tool in the participatory design process. Accord-
ing to the authors, one of the main challenges in safety-critical operation is to
holistically understand the needs and actions of users and use practices in terms
of both contexts and systems. They see this as a problem especially in the early
phases of design, at which point there may not as yet be any materialized designs
to work with and assist in design specifications.

Game engines are a generation of tools originally introduced in the entertain-
ment context (production of games for platforms like PlayStation). However,
the authors suggest that they are also useful for industrial and scientific needs
and explore their potential in the context of maritime product development to
facilitate expert user involvement. Specifically, they introduced three case stud-
ies in which real-time 3D game engine-enriched scenarios were utilized. The
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first case study context was crisis management in which the effect of future in-
creased traffic patterns in Oslo Fjord was explored with the aim of identifying
potential risk scenarios that should be paid attention to in the design of the sys-
tem. In the second case study, a safety-critical task of dynamic positioning of a
supply vessel in the offshore (i.e., polar) context was studied with a particular
emphasis on decision-making in ship navigation. The main aim was to obtain
feedback on the interface and to support ship bridge concept design. The third
case study focused on the design of lighting systems for offshore helidecks (i.e.,
landing platform for helicopters) and involved expert users in several design
sessions to study lighting design through helicopter-landing scenarios.

The authors used and explored the game engine as a design tool in collabora-
tive design sessions. With the game engine, they aimed to facilitate a collective
and shared understanding between the design parties as well as feed collective
creativity through enabling agile design iterations. The expert users in the de-
sign sessions included, for example, vessel captains, vessel traffic operators and
pilots, as well as helicopter pilots and passengers. Some of the design sessions
had a larger number of participants, whereas some of the sessions were only
held between the designers and one expert user. The authors conclude that the
main difference between the game engine-enriched and the other scenario-
based methods is the ability of game engine-based scenarios to combine several
types of media on the same platform, and to apply behaviors to objects and sys-
tems that may be simulated in real time and in context. Furthermore, they re-
ported that game engines and simulation allowed them to explore situations and
settings in the front-end stages of design processes and enabled subjective situ-
ated user participation and feedback on the complex design of maritime appli-
cations.

In the petroleum domain, Oggioni et al. (Oggioni et al., 2021) used work sim-
ulation and involved users in the participatory design of an Onshore Collabora-
tive Center (OCC) intended to enable integrated operations. According to the
authors, the expenses of offshore operations have driven many oil and gas com-
panies to launch initiatives for improving their operational performance and re-
ducing costs. Consequently, requirements for lower offshore staffing and in-
creased sensor-based monitoring and operations through the onshore centers
are introduced. Even though the importance of human factors and user partici-
pation is generally acknowledged, the authors state that this is not often used to
its full potential. Therefore, in the OCC project, one important goal is to provide
the users with real, early, and full involvement in making decisions about their
work, systems, and organization. Thus, the project aimed to reflect on how the
work dimension can be considered in OCC design through a work simulation
from a participatory ergonomic perspective.

In the study, work simulation was used as a central method for work-oriented
participatory design. In a work simulation, the workers and other relevant
stakeholders are the focal point and the work itself is accepted as a criterion for
decision-making. According to the authors, the idea of work simulation is not to
find a single right solution to the problem; instead, it brings the possibility of
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staging and manipulating certain elements in the work system that are consid-
ered significant in achieving the goal. In practice, an Ergonomic Work Analysis
and three Ergonomics Simulations cycles were performed to support discus-
sions with participants to create design solutions. The users involved were from
the existing staffing of the onshore teams, including members of several opera-
tional groups (e.g., monitoring and support teams).

Prior to the work simulations, a work analysis and field observations were car-
ried out to understand the work globally, its main tasks, and the interactions
between operation teams. The actual work simulation was carried out in three
cycles. In the first session, optional OCC layouts were introduced in the form of
paper schematic floor plans, and the participants could use pens to make inter-
ventions on them while discussing the alternative plans. The goal of the first
phase was to select two optional floor plans for further development. The second
session was organized in the room space in which the OCC was going to be built.
The discussion was facilitated by a board game with a vinyl-printed schematic
floor plan on which the participants could write and erase notes, with pieces
representing movable workstations. Based on the discussions in the second ses-
sion, the ergonomist organizing the work simulations prepared a 3D model of
the floor plan. In the last simulation session, the 3D plans were used to discuss
the OCC layout and act out some typical work situations (e.g., shift change situ-
ation) to see how they would occur in the space.

The authors observed that the game board and a virtual model enabled reflec-
tion on the OCC layout, as they made it possible to easily explore and test differ-
ent ideas. For example, in the last session, the operators had suggested arrang-
ing the workstations in a new half circle configuration to better support face-to-
face meetings, while still allowing everyone to have a view of the video wall. As
a conclusion of the participatory design of OCC, the authors argue that without
work simulation based mainly on the elements of the activity, in-depth discus-
sion about the work would not have taken place and the design would have fo-
cused on technical devices and details of the new OCC construction. Moreover,
they claim that bringing together the different points of view was the driving
force behind the modification of the OCC floor plan characteristics– that is, the
criteria being modified, the specifications adjusted, and the purposes redefined
so that the final OCC solution would be acceptable within the group.

One study that is worth of mentioning (even though its main focus is not on
user involvement) concerns the meaning of the paper flight strip tool in the air
traffic control context by Mackey (Mackay, 2000). In her intensive field study,
she concentrates on exploring the role of a single physical artifact, that is, the
paper flight strip in air traffic control practice. She also made comparisons be-
tween different types of air traffic control centers, for example, how the flight
strips were used in small or large control centers. The study was motivated by
earlier failed attempts to digitalize the traditionally paper-based system that
had been regarded as a safe and effective work practice by air traffic controllers.
It is also argued that the paper flight strips provide a certain level of flexibility
that is not supported by computer-based HSIs.
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In addition, in her initial background interviews, she found that there were
fundamental differences in how each interviewed group (i.e., engineering de-
signers, HF experts, sociologists and air traffic controllers by themselves) char-
acterized the day-to-day work of the controllers and, in particular, their use of
strips. Therefore, it was essential to understand in more detail the characteris-
tics of the paper flight strips that may contribute to safety and efficiency, but
which are not easy to measure or are not articulated in the official guidelines or
work procedures. To reveal the hidden factors, she carried out intensive field
observation (hundreds of hours) and interviewed air traffic controllers (a team
of controllers at the Athis Mons en-route control center in Paris) about their
work and in particular the paper flight strips.

The results provided a great deal of insight on the potential reasons behind
the earlier unsuccessful designs. For example, paper strips are extremely flexi-
ble – as already mentioned above, they take advantage of both controllers’ visual
and tactile memory – and without doubt form an essential component of today’s
air traffic control system. Other more silent but important features of the strips
emphasized in the study, to mention some, were their support for controllers’
sequential checking of each aircraft routine, and the temporal and spatial frame-
work and level of detailed information they offer for traffic management. Fur-
thermore, even though the controllers had some basic rules for how to fill out
the strips, the strips allowed individual styles with respect to how much to write
and in what detail. The same flexibility enabled the details of the interactions
with the strips to be changed to compensate for or adjust to ongoing externally
imposed changes (e.g., defects of digital HSIs).

This kind of shaping of interaction with the tool and the tool’s features already
comes close to what was referred to as meta-design by Fischer and Giaccardi
(Fischer & Giaccardi, 2006) or more generally the phenomenon of end-user de-
velopment. In their follow-up study, Mackay et al. (Mackay et al., 1998), suggest
an alternative approach: an augmented reality-based flight strips that Mackay
thinks may finally allow digitalization of strips in a form that the controllers
would be comfortable with. The reason why Mackay’s study was included in this
review, even though it is not especially participatory in its nature, is that it
makes an important point about acknowledging and understanding the history
and role of artifacts that are aimed to be developed (e.g., digitalized or automa-
tized). The insight yielded by the study is the kind of knowledge and experience
which expert users could bring into the design.

Tideman et al. (Tideman et al., 2008) introduced a new product design
method to better acknowledge the human perspective in design. The design
method is demonstrated with a design case of a lane change support system in
the context of vehicle automation. In the first phase of the lane change support
system design, twelve users were involved in the design. In the first phase, the
users participated on two separate occasions; a reflecting session and a verifica-
tion session. In the first phase, the authors state that the objective was to verify
the completeness and correctness of the design environment and enable users
to contribute to this by iteratively working toward their personally preferred
specification of the environment. In the second phase, forty-eight users were
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involved. All design sessions involved one user at a time and in those sessions,
a “personal report” specifying individual user backgrounds, design solution
specifications and justifications for the preferred designs as well as short de-
scriptions about user behavior during the design sessions were produced.

To search for a compromise between the varying user preferences, the authors
organized all design information into a hierarchy-exemplifying user’s perspec-
tive. In this process, an approach similar to “grounded theory” was utilized. As
a result, specifications of the six (lane change support system) assistants were
deduced. According to the authors, the hierarchy of information was also suc-
cessfully used to specify why users would be attracted to every assistant, what
they might not like about them, and how this is related to the circumstances
under which they use them. The lessons learned from the lane changing design
case allowed the authors to conclude that applying the new product design
method would most likely be highly suitable and return the investments in pro-
jects that aim at developing new and rather complex products, and in which
many different stakeholders are involved. According to the authors, the method
will be certainly beneficial in the design of products that should be “first time
right” such as lane change support systems, where a faulty version might endan-
ger the users’ safety and permanently harm the producer’s position in the mar-
ket.

Björgvinsson (Björgvinsson, 2008) views co-design as a prototypical practice
that should be explored through an open-ended exploration of possibilities. Fur-
thermore, he argues that when focusing on practice, in situ explorations cannot
be avoided. According to the author, they make it possible to study if the pro-
posed design explorations invoke relevant prototypical practices during work.
Björnvisson’s final argument concerns tools that should be considered as tem-
porary props for various settings rather than ones with a central role and fea-
tures that define the activity (learning, knowing, and working). Björgvinsson
presents a study made in the context of intensive care unit (ICU) work. The par-
ticipatory design project was initiated to explore how the employees could better
be kept updated with relevant new knowledge and if this could be assisted by
means of some technology.

Methodologically, the study was ethnographically inspired, including obser-
vation of work, expert interviews and collaborative design and development
workshops. One method that was used in the initial phase of the study was what
the author refers to as metaphor game. The unit’s staff was introduced to a game
called ICU as a Family, tailored particularly to the ICU environment, which
aimed to aid the nurses and nurse’s aides to discuss and negotiate how new tech-
nology affects cooperation at work and which artifacts they valued in work ac-
tivity. The game consisted of a game board representing a generic home layout.
In the second round of the game, the board was exchanged to represent an ICU
department layout. The game pieces then comprised family members and com-
mon artifacts such as telephones and newspapers. For every game piece placed
on the board, the participants described why they find the piece important, ex-
plained the meaning of the location of the piece on the board and then jointly
ranked the importance of the piece. According to the author, the nurses pointed
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out that the artifacts they valued most highly were those that engender discus-
sions and sustain traditions.

Another game that was played was called ICU as a Garden, which pointed out
that patient care situations were like “greenhouses,” meaning a rich place for
learning and constructing new knowledge that would be valuable for the whole
clinic. However, a recognized problem in the unit was that the gained knowledge
did not spread well enough in the clinic. According to the author, the initial
phase of the study identified several qualities in the ICU practice that could be
built upon, such as peer-to-peer learning during work and the need and satis-
faction invested in developing new ways of working. The framing in the design
exploration was purposely kept as open-ended as possible to create a rich design
phase in which joint analysis of practices could be done and the staff would gen-
uinely have a say in how possible future learning practices could be shaped. The
project resulted in self-produced videos that supported staff in learning and
sharing of knowledge gained through their experience of day-to-day work.

Kusunoki et al. (Kusunoki et al., 2015) provide a description of a study that
aimed to involve the medical team members required during trauma resuscita-
tions in the design of an information display to support situation awareness and
teamwork of an ad hoc emergency medical team. The study was conducted with
emergency medicine clinicians from two regional hospitals’ emergency depart-
ments. According to the authors, emergency medical situations share several
characteristics with other critical healthcare domains such as work in operating
theaters or in intensive care units (e.g., multidisciplinary teams); however, the
requirements for awareness differ due to ad hoc team formation, collocated na-
ture of teamwork, lack of information technologies, and tighter time constraints
in the situation. Both of the medical practices that this study focused on – that
is, trauma resuscitation and emergency medical resuscitation – represent very
dynamic processes and require highly specialized medical personnel to admin-
ister lifesaving treatments. Moreover, each patient entering resuscitation is
treated on a case-by-case basis, depending on the severity of the injury, the pa-
tient’s demographics, and medical history. Thus, there is a need for sharing
awareness to support fast-paced activity, dealing with competing priorities and
incomplete information.

Today, this critical information is mainly exchanged within the resuscitation
team through verbal communication; however, this project aimed to elicit de-
sign ideas for information displays to further enhance the medical teams’ aware-
ness. A total of 23 participants representing the core team member roles re-
quired during trauma resuscitations or medical alerts were involved in design
workshops that were carried out in two regional hospitals (i.e., two workshops
were held in each hospital). A design technique called PICTIVE (Muller, 1993)
was used as a frame for the participatory intervention. The authors selected this
technique because it emphasizes participant-generated design prototypes ra-
ther than collaborative analysis and planning of workflow. The design work-
shops were then constructed around five activities that followed each other: a
quick survey, then an individual design session, group design, a rapid infor-
mation ranking exercise and finally an evaluative discussion about the concerns
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regarding the design solution. At the beginning of the workshop, the partici-
pants were asked to recall a recent patient situation in which they had personally
been involved. According to the authors, this helped the participants to start
processing the design task through their own professional expertise and work
practice.

The participatory design workshops enabled obtaining contextualized exam-
ples of awareness needs as well as yielded a better understanding of the con-
cerns that the users had about their work. Moreover, regarding the information
displays, specific design solutions were created to address critical user needs.
The authors state that instead of just identifying the key information, they were
able to elicit details and examples of how clinicians would like to see the infor-
mation be presented. Overall, they conclude that by designing and consulting
with clinicians through participatory design workshops, the authors were able
to compare each role’s perceptions on awareness, how they would like to receive
awareness support in the display wall and identify concrete design strategies to
manage and balance between the different user perspectives.

2.5.2 Studies concerning system evaluation with end users

This subsection reports on studies in which the user involvement and design
activity was carried out in a lifecycle phase in which the design was evaluated.
As there are numerous studies concerning the human factors evaluation phase,
in my review I have concentrated on evaluations in which expert users’ opinions
concerning the new design played a central role and were used as main data for
making the assessment.

Studies in which user involvement concentrated on the evaluation were re-
ported by dos Santos et al. (dos Santos et al., 2009), Hwang et al. (Hwang et al.,
2009), and Rajala and Väyrynen (Rajala & Väyrynen, 2011).

Dos Santos et al. (dos Santos et al., 2009) report on another study relevant in
the context of nuclear installations and design of control room systems. Even
though the focus in this study is more on the evaluation than the design of equip-
ment, it was carried out through a participatory ergonomics approach. The spe-
cific object of evaluation was the control room interfaces of a research nuclear
reactor. Two end-user representatives were invited to participate in the work of
the evaluation team. Similarly to the study by dos Santos et al. (dos Santos et
al., 2011) introduced earlier, this study began with the formation of a multidis-
ciplinary team and choice of methods and tools. In the first phase of the evalu-
ation, a human factors questionnaire (dos Santos et al., 2009) was utilized. For
the purposes of the evaluation study, the questionnaire was slightly modified
from the original questionnaire to expand the original five topic areas (i.e., panel
layout, panel label, information displays, controls, and alarms) to six with the
addition of the working environment. Forty-eight (48) questions regarding the
above cited topic areas were included in the questionnaire. All the members of
the multidisciplinary evaluation team filled the questionnaire individually. The
score of the human factors questionnaire is defined as the value of the conform-
ance scale multiplied by the importance weights. The results of the question-
naire were used as inputs during the scenario design for the evaluation. The
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questionnaire revealed that the team considered that alarms involved the high-
est risk (65%), and the panel labels had the second highest risk (although lower
at 20%).

Two scenarios covering a broad spectrum of factors were defined based on the
results of the questionnaire (first scenario: reactor start-up and increase in re-
actor power up; second scenario: start-up and reactor shutdown due to an alarm
in the gamma radiation monitoring device). Operator activity analysis was car-
ried out through structured observation of operator performance and interviews
in which the selected scenarios were discussed in more detail (Table 1). In the
analysis, an adapted version of the operator monitoring model from Mumaw et
al. (Mumaw et al., 1995) was used. This model has three major elements: initi-
ating events, operator cognitive functions and resources to enhance the effec-
tiveness of monitoring. In Table 1, a summary of the operator activity analysis
regards the two selected scenarios is presented.

Following the analysis of the human factors questionnaire and operator activ-
ity, an alarm-panel development project was initiated. A specified set of func-
tional requirements was defined for the new alarm panel design, with users (i.e.,
the two operators) contributing their knowledge regarding the needs and diffi-
culties related to operation using information from the old alarms. An industrial
designer who was part of the design team was responsible for producing the first
sketches of the new panel design. The authors argue that the information gath-
ered made it possible to formulate a series of recommendations for the adequacy
of CR design, assisting in the safety assessment of nuclear plant operation and
justifying the alarm panel modernization. Moreover, the multidisciplinary team
– which harnessed operational experience through involving users in the design
and evaluation – was seen to support and greatly contribute to the success of
the development project, which according to the authors makes the application
of participatory ergonomics practices highly relevant and recommendable in the
context of nuclear installations and control room system design.

Table 1. A summary of the operator activity analysis regarding the two selected scenarios (dos
Santos et al., 2009).

Hwang (2009) (Hwang et al., 2009) reports on a control room and HSI vali-
dation that took place prior to the commercial operation of Fourth Nuclear
Power Plant (NPP4). A structured interview study was conducted involving
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twenty-five licensed operators through a focus group procedure. As a back-
ground for the interview study, observation of training sessions and task analy-
sis were carried out and used to finalize the interview guide. In the actual struc-
tured interviews, the operators were divided into two groups; in focus groups,
they were asked to discuss the potential latent problems (i.e., human errors)
that may arise in the operation of new digital CR and HSI systems. Two rounds
of interviews were organized. In the first round of interviews, the aim was to
identify and collect problems related to the interfaces. In the second round of
interviews, the identified problems were discussed and analyzed in more detail.
In addition, a prioritized list of problems (i.e., altogether 14 problems, of which
the three most urgent ones were highlighted) and recommendations for design
improvements were drafted to support the detailing of the design of new CR and
HSI systems. Even though the operators were not involved in the actual design
work to a great extent, their expert opinion was clearly utilized as a main source
of information to further the design. Through their experiences, operators could
identify possible latent problems and come up with suggestions for how to im-
prove the design to reduce the potential risk of future human errors, thereby
making the study and the methods used in it relevant for reviewing ways of in-
volving users in safety-critical system design.

Rajala and Väyrynen (Rajala & Väyrynen, 2011) propose a procedure to eval-
uate the optimum human work system. In the method, a hierarchic objectives
tree was constructed and then applied to describing the target of assessment.
The main objective of design activities, “optimum human work,” was first set
out by experts into three hierarchic subobjective levels: (1) physical, (2) cogni-
tive and (3) organizational issues, which were further divided into subobjec-
tives: (1) lifting and momentum, working posture, physical monotone, (2) own
knowledge, information processing, own skills, and (3) leadership, data man-
agement, participation. These hierarchical levels formed a set of criteria to as-
sess the work system. Interviews with three user groups (entrepreneurs, white-
collar workers, and blue-collar workers) were carried out in small and medium-
sized metal industry enterprises to define the weight of each criterion in evalu-
ating the system. Altogether 50 workers participated in the study. In the inter-
view procedure, the users were asked to compare each criterion with every other
criterion. Thus, all categories were thoroughly considered by the different user
groups. The results of the study showed no significant differences between
groups of entrepreneurs or white-collar workers. Instead, the blue-collar work-
ers were significantly unanimous – on average, they clearly favored physical is-
sues more in valuing the work system. The group of subobjectives concerning
organizational issues was most important. However, cognitive issues were
weighted as being almost as important. Contrary to previous studies carried out
in developing countries, the blue-collar workers (in the developed country con-
text) also assigned the least weight to physical issues. The authors suggest that
the design method used is participative design because it combines researchers
and interviewed workers. The method definitely utilized users’ expert opinions
to value the different dimensions in the work system. However, the study did
not aim to produce any specific new design; instead, it may have been described
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as a background study to develop a user-informed evaluation framework or pro-
duce valuable user feedback for generally developing the work systems regards
their different qualities (e.g., health and well-being, safety, and performance).

A healthcare-related study that concerned the Northern Norwegian health re-
gion’s endeavors to modernize its information systems and thus improve its
health services was reported by Johannessen et al. (Johannessen & Ellingsen,
2008). The study concentrated on an information system that was developed
for handling laboratory requisitions between the hospital laboratories and gen-
eral practitioners. It was found that paper-based laboratory requisitions from
primary care often contained errors or lacked some clinical information and de-
tail. This observation led to the establishment of a new development project in
collaboration with a company called Well Diagnostics and the University Hos-
pital of North Norway (UNN). According to the authors, the aim was to design
and implement a system to improve the work and information flow between
primary care and hospital laboratories, and to integrate this into the existing
information systems on both sides, hence increasing quality and reducing work-
load.

The central methods used in the project were the agile software development
approach (in three-week development cycles) and involving the user perspective
by means of participatory design. In addition, in the challenge of enabling in-
formation system integration between the different stakeholders’ systems in the
agile software development process, the user role is considered clearly defined,
which in the case of this complex organizational setting it was not. The new la-
boratory requisition system was intended to cross organizational boundaries
and mediate between the different users in hospitals, leading to a situation in
which the traditionally clearly defined user role becomes increasingly blurred
and heterogeneous. In the project, the Well Diagnostics developers wrote, and
prioritized user stories based on the customer feedback and used those as a
backbone for developing the functionalities of the system. According to the phi-
losophy of the agile development approach, the first version of the system to be
designed is often drafted very quickly and includes only very basic functionali-
ties. Then, through the iterations, these functionalities are further refined, and
new functionalities are introduced according to the scheduled release plan for
different user stories. To gain regular user feedback and evaluate the system
with relevant user groups, a pilot channel was launched – a new version of the
system is rolled out to pilot users for testing at three-week intervals. After the
pilot users have tested the new functionalities, they are directly uploaded to the
other users and a new development iteration cycle is started. However, in the
process of developing the new laboratory requisition system, the authors have
also witnessed many challenges faced in involving users as the complexity of the
system increases (e.g., new functionalities are requested), the size of the system
escalates (e.g., new hospitals start using the system) and the number of users
(e.g., new users are discovered, such as receptionists in general practices) and
systems to integrate increases. In their conclusions, the authors emphasize the
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need to develop the methods for user involvement in agile software develop-
ment projects as well as the position and responsibilities of vendors in this pro-
cess.

2.5.3 Studies concerning design in use

A design technique called meta-design is promoted particularly in the context
of software development and IT systems. Meta-design refers to a design ap-
proach that enables and supports humans in shaping their socio-technical envi-
ronments (Fischer & Giaccardi, 2006; Giaccardi, 2005). In a work context, this
approach empowers users to adapt their tools to their needs. The idea behind
meta-design is that systems are constantly evolving, and it is impossible to an-
ticipate all user needs beforehand. That is why users should be able to reshape
and adapt systems so that they are a better fit with their needs and working
practices.

In the healthcare domain and design of medical equipment, there have been
many studies that aim to involve users in design when the system has already
been implemented and is in use. Mogensen et al. (Mogensen & Wollsen, 2014)
reported a study in which they aimed at participatory design in the realization
phase of an IT development project within a large-scale, complex, and commer-
cial context. With “realization,” the authors refer to the phase that may often be
seen as an end point of most participatory design projects, that is, the phase that
focuses on the successful implementation of the envisioned changes and future
solutions. The empirical case focused on the pre-hospital sector and the devel-
opment of a national IT solution for this activity. According to the authors, the
new system was intended to improve and enable new forms of documentation,
coordination, and communication within and between acute medical coordina-
tion (AMC), alarm centrals, ambulance personnel (medics and paramedics),
emergency departments at hospitals, and many other parties, such as police and
fire services. The authors’ role in the project was to facilitate “adaptation” and
“user involvement,” and to this end they applied a participatory design process.
In specific, by means of constructive realization and adaptation workshops, sev-
eral user groups were invited to discuss how the new system would change their
future practice. According to the authors, a point of departure for exploring
these changes and unfolding future activities was found from the concepts of
Communities of Practice, Legitimate Peripheral Participation, and Boundary
Objects.  In addition, in the workshops, a wide range of HCD techniques were
used, such as incident games, prototyping with mock-ups, case stories, proto-
type evaluations, group discussions, plenary discussions and generating princi-
ples for technical design and future practices. The total participant group ex-
ceeds 60 persons, including participants representing diverse pre-hospital func-
tions such as nurses and doctors from emergency departments, acute medical
coordination staff and managers from different levels of the organizations. The
authors conclude that despite the somewhat fixed starting point (i.e., require-
ments and use cases were already specified), participatory design had much to
offer ¬– that is, a host of insights, objectives, tools, and techniques from typical
participatory design may also apply well in a large-scale complex context and
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later phase of design (i.e., realization phase). Moreover, by addressing and ac-
tively using complex issues related to pre-hospital practice, the authors report
that they are able to keep the bigger picture in mind and thereby increase the
possibility of successfully realizing the system.

Another study reported by Silsand et al. (Silsand & Christensen, 2012) was
done in connection with the development of a new large-scale Electronic Patient
Record (EPR) system for North Norwegian hospitals. The vendor (i.e., DIPS
ASA) of the EPR system aimed to offer a modular system to enable users to build
their own EPR software and user interface. This tailoring functionality would
make it possible for the new EPR to better respond to the everyday work prac-
tices and specific needs of the local hospitals. However, as the authors note, such
a “do-it-yourself” approach calls for an “empowered user” of a type not com-
monly found in the operation of large information systems in hospitals. Accord-
ing to the authors, the target configurability of the software is not straightfor-
ward, as it is not obvious who will decide what the final design should look like,
how much tailoring should be possible and in which situations. To further spec-
ify the new EPR functionality, a user-oriented LEAN methodology was applied.
In the project, several workshops with users and the vendor were organized, in-
volving clinicians from different health professions and from 11 different hospi-
tals. The authors report that the workshop participants created user stories that
point at obstacles that have been identified in everyday work practice and which
could possibly be solved with a proper ICT tool. For example, one specific con-
text in which the advantages of a new EPR system and the tailoring needs were
identified and discussed was the development of a surgery planning tool. Sur-
gery planning-related user stories were used in developing the new tailored
functionality. One aim of the practice-oriented LEAN methodology and user in-
volvement was to make the users – that is to say, the local hospitals – better
equipped for the task of shaping the EPR to better suit their specific needs. Nei-
ther the organization of workshops nor the use of user stories are described in
detail, but it seems that some positive developments and engagement in the de-
sign was reached by means of active user participation.

End-user development means that users are actively involved in software de-
velopment. Costabile et al. (Costabile et al., 2005, 2006) have promoted a
method called the Software Shaping Workshop (SSW), which is a virtual work-
shop (a kind of digital platform) where different design parties including expert
users can shape the software functionalities. According to the Costabile et al.,
the users are the actual owners of problems who also hold a domain-oriented
view but often lack technical programming skills, which is why it is especially
important to support their participation in developing domain-specific software
applications. In SSW methodology, the word “workshop” is understood as de-
fined in the Merriam-Webster Dictionary, that is, “a small establishment where
manufacturing or handicrafts are carried on,” which differs slightly from what
is meant with workshop, for example, in the Future Workshop technique by
Greenbaun and Kyng (Greenbaum & Kyng, 1991). Costabile et al. demonstrate
the SSW methodology in the context of planning a new tool for medical diag-
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nostics and consultancy. Analyzing medical examinations and making diagno-
ses is often a joint activity in which different specializations should give their
own contribution according to their expertise. However, because of the de-
mands of busy hospital work, less time is available nowadays for face-to-face
meetings in which the clinical cases can be collaboratively analyzed. According
to Costabile et al. (Costabile et al., 2006), today’s information technology has
the potential to overcome this difficulty, and many software environments may
support collaboration at a distance. Thus, the aim of the project was to develop
a software system that allows expert users (i.e., medical specialists) to analyze
the medical cases and to formulate their own diagnosis while considering the
opinions of colleagues.

A field study was carried out in which physicians were observed during their
daily work and when having consultancy meetings with their colleagues. In ad-
dition, several semi-structured interviews were performed to better understand
the documents, tools, and languages used in clinical work. Based on this, a first
version of the application workshop was created. The system was introduced in
use at SSW and the users could now further tailor the diagnosis system accord-
ing to their specific professional needs (e.g., shape a view enabling neurologists
to study EEGs but also in some cases analyze MRI plates versus the neuroradi-
ologists’ view which only shows MRI, which is their main interest). Costabile et
al. (Costabile et al., 2006) foresee that the SSW will enable the participation of
all the stakeholders in the development of the final system, each one from their
own perspective, using language familiar to them. The users may now serve in
two roles, that is, as a user and as a designer and customize the system according
to their needs.

2.6 Discussion on methods for user involvement in safety-critical
system design

I will summarize the insights and findings from the related research to identify
gaps in knowledge underlying the final research questions of this thesis intro-
duced in subchapter 1.4.

In reviewing the related research, I first sought to identify characterizations of
safety-critical systems as an object of human-centered design. Safety-critical
systems appear to form an extremely multifaceted problem-space and finding
appropriate design solutions often involves a highly networked and multidisci-
plinary design team. In discussing the design culture and dialogic design, Man-
zini (Manzini, 2016) calls for recognizing that every design process is co-design,
and that the process therefore must provide and allow space for the points of
view and active participation of many different actors. This claim may be even
more true in the context of safety-critical system design, as no single person can
accomplish a design task of that magnitude alone. Thus, creating a shared
awareness and common vision among the different design parties may be espe-
cially important in the context of safety-critical system design. For example, in
a project in the healthcare context described by Garde (Garde & van der Voort,
2010), the participatory design process and the success of the design outcomes
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were challenged by an absence of a future vision and limited use and awareness
of the knowledge and information available in hospitals. Therefore, the ques-
tions of what characteristics of the system and in what form they should be de-
scribed so that the sought-for future direction and resources for making the
change would be tangible to everyone participating in the design are essential
in the context of designing safety-critical systems.

Safety-critical systems tend to also be very complex by their nature (G. A. Boy,
2012). Even a single design solution may be restricted in so many ways that it
may be difficult to comprehend the causal relations behind the different design
decisions related to finding the specific solution. Over the years, the complexity
of systems has further increased due to the growing number of integrated sys-
tems and user groups as well as the utilization of sophisticated high-tech equip-
ment (e.g., highly automated systems and artificial intelligence-based solu-
tions)(Bratteteig & Verne, 2018; Geudon, 2016; Gyldenkaerne et al., 2020; Jo-
hannessen & Ellingsen, 2008). Consequently, it has become even more difficult
to see how all the pieces function together and what the potential consequences
of design decisions may be. This is true in safety-critical context as well, where
the design task easily becomes difficult to handle alone and overwhelming even
for those who carry out HSI design daily, not to mention the expert users whose
core task is elsewhere and operative by its nature. As Costabile et al. (Costabile
et al., 2005) note, the expert users are still the actual owners of problems, but
they often lack the technical design skills they would need to capitalize on their
strong domain-oriented view and first-hand operative experience when engag-
ing in design work. Thus, supporting the expert users’ participation in develop-
ing their work and tools is especially important.

The gap between the users’ world and the designers’ world has been also dis-
cussed by researchers such as Muller (Muller & Druin, 2003). In the context of
safety-critical systems, the design organization and the operative organization
are in many cases quite distant from each other. For example, it is common that
a vendor – instead of the organization operating the safety-critical system – car-
ries out the design work, which further complicates the integration of operative
experiences into the design process. Thus, even though not being the particular
focus of this thesis, the communication between the vendor and the operating
organization as well as the traditionally neutral vendor role should be critically
examined so that the end users’ needs and preferences can be better met in the
design process (Garde & van der Voort, 2010; Johannessen & Ellingsen, 2008).
It is also essential to provide support for the tracking of design changes in terms
of chronology as well as carefully documenting and obtaining well-informed
overall status of design (G. Boy et al., 2016; G. A. Boy, 1997b), as shared under-
standing constitute a starting point for any collaborative design activity. Both
the designers and expert users are without a doubt highly specialized profes-
sionals when it comes to the safety-critical systems they are involved in; how-
ever, they view these systems from very different points of view. Consequently,
the starting point for participatory processes and finding a common language
and grounds seems challenging.
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Human centered view and human factors studies within safety-critical system
design have a long tradition. Many times, incidents or accidents partially caused
by human related issues have highlighted the need for organizations operating
safety-critical systems to develop their HF processes. However, the human fac-
tors work in organizations that operate safety-critical systems seems to be some-
what analysis and evaluation-oriented (Boring et al., 2015a; Boring & Lau, 2015;
Norros, 2014). Safety-critical organizations are often rather conservative in
their approach to applying new technological innovations, and continuously
monitor and analyze the risks that the introduction of these technologies and
work processes may involve.

There are organizational functions that take care of analyzing incidents that
have occurred and carry out safety reviews, for example, the work of Operation
Experience groups in the context of NPPs. However, the design efforts following
from these analyses are often incremental and the focus is on the details. More-
over, when new HSI systems are introduced, HF experts may evaluate if the sys-
tems are acceptable from the usage point of view, and if there are any special
aspects to be considered, for example from the training point of view. These
evaluations are more summative by their nature. There is far less research re-
porting on HF work that focuses on innovative aspects of designing safety-crit-
ical systems. Another issue is the question of independence, which is always
present in the design and evaluation of safety-critical systems; that is to say, in
the safety-critical context, it is not acceptable for designers to evaluate their own
designs. Consequently, the HF has needed to take their possessions and the
methods and processes on how to participate and contribute to making innova-
tions and design (e.g., conduct mode formative type of evaluations) have in
practice been underdeveloped.

Still, for example according to Nureg (USNRC, 2012), human-centered design
is an essential part of HFE practice in the nuclear domain. The four general
principles of HCD are (ISO_9241-210, 2010): 1) actively involve users and cre-
ate user and task understanding, 2) allow an appropriate function allocation be-
tween the user and the technology, 3) conduct iterative and 4) multi-disciplinary
design. These principles aim at designing products in cooperation with the po-
tential users so that the final designs would better match their needs and pref-
erences. However, in the NPP domain (maybe also in safety-critical domains
generally), it seems that the first principle, that is, involve users is applied least
often, whereas the iterative design principle (i.e., gradual iterative refinement
of the design solution), for example, seems to have been far more well adopted.

It seems that the literature generally lacks descriptive detail of the activities
carried out within the safety-critical design process – and perhaps even less at-
tention is paid to activities related to involving expert users. The same applies
to reporting on how successful or unsuccessful these participatory activities
have been (e.g., cost effectiveness). Consequently, with some exceptions, little is
said in the literature about the participatory design methods that are specific to
safety-critical system design. Table 2 provides a summary of the participatory
methods used for involving users in safety-critical system design. In Table 2, in
addition to the lifecycle phase (i.e., early, evaluation and in use phases) in which
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the users were involved, the domain, the tools and methods, the participants
and the outcomes of the design projects are summarized.

Table 2. A summary of the studies on participatory design and user involvement in safety-critical
system design.

Domain Tools and methods Participants Outcome

Ea
rly

 d
es

ig
n 

ph
as

e

NPP (dos
Santos et al.,
2011)

Simulated tasks (inter-
views, talk-through) and
collaborative function
analysis by design team

Licensed operators
(2)

Reference equipment
analysis (information
needs), characterization of
the working environment

NPP (G. Boy
et al., 2016)

SCORE Design Cards,
including rationalization,
structure, and activity
spaces

35-member design
team; the number of
end users involved
was not mentioned

Comprehensive design
documentation/rationale
that links visually tangible
objects to their abstract
descriptions

Maritime
(Österman et
al., 2016)

Scenario walk-through
of representational mod-
els

Maritime Academy
cadets (18)

User feedback (design
feedback and change sug-
gestions, space and an-
thropometry feedback)

Maritime (Hjel-
seth et al.,
2015)

3D game engine-en-
riched scenarios

Vessel captains,
traffic operators and
pilots, helicopter pi-
lots and passengers
(around 18)

User feedback (potential
risk scenarios, UI design
feedback), shared under-
standing between design
parties

Petroleum
(Oggioni et al.,
2021)

Work simulation in three
cycles with paper sche-
matic drawings, game
board and 3D mod-
els/visualizations as ma-
terial means

Existing staffing of
OCC teams, the
number of end users
involved was not
mentioned

Design solution (i.e., a
new OCC floor plan)

Flight control
(Mackay,
2000)

Simulated recall (collab-
orative viewing of video
recordings of work)

Air traffic controllers
and air traffic con-
troller students (11)

Documentation of operat-
ing experience and work
practices as a basis of de-
sign

Vehicle autom.
(Tideman et
al., 2008)

Virtual reality models,
game engine and sce-
narios

Car drivers (60) Feedback on design envi-
ronments’ completeness,
design solutions

Healthcare
(ICU) (Björ-
gvinsson,
2008)

Ethnographic field study
(observation of work, in-
terviews), design work-
shops (metaphor game),
prototyping

ICU physicians, an-
esthesiologists, criti-
cal care nurses,
nurse’s aides, physi-
otherapists and so-
cial workers (around
124)

Ideas for tools to support
knowledge development,
concepts, and prototypes
(self-produced videos for
knowledge sharing)

Healthcare
(emergency
teamwork)
(Kusunoki et
al., 2015)

Design workshops, PIC-
TIVE (Muller, 1993), sur-
vey, individual and
group prototyping (low-
tech design objects,
e.g., paper and pen), pri-
ority ranking and evalua-
tion

Clinicians (the core
team member roles
required during
trauma resuscita-
tions) (23)

Critical information needs,
design solution/s (infor-
mation display)

Ev
al

ua
tio

n

NPP (dos
Santos et al.,
2009)

Prototype evaluation Licensed operators
(2)

Usability problems

NPP (dos
Santos et al.,
2008)

Functional testing in real
environment

Licensed operators
(2)

Usability problems, spe-
cific procedure design
needs

NPP (dos
Santos et al.,
2009)

Questionnaire (expert
opinion), scenarios, pro-
totyping

Licensed operators
(2)

Design solution (alarm
panel HSI)

NPP (Hwang
et al., 2009)

Focus group (structured
interview, expert opin-
ion)

Licensed operators
(25)

Latent problems (scored
for their priority, design
suggestions)

Metal industry
(Rajala &
Väyrynen,
2011)

Interviews (based on a
hierarchic objectives
tree, expert opinion)

Entrepreneurs,
white-collar and
blue-collar workers
(50)

Dimensions of work sys-
tem (scored for their value
for different user groups)

Healthcare (la-
boratory) (Jo-
hannessen &
Ellingsen,
2008)

Agile software develop-
ment through design it-
erations in three-week
cycles (prioritized user
stories), and evaluation

Physicians and la-
boratory personnel
(initial phase 26, the
other two phases
the exact number of

Product (IT system), user
feedback
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through a pilot channel
with pilot users

users was not men-
tioned)

In
 u

se
/ o

pe
ra

tio
n

Healthcare
(pre-hospital
sector) (Mo-
gensen &
Wollsen,
2014)

Adaptation workshops,
focus groups, plenary
discussions, scenarios
(incident games), proto-
typing (mock-ups) and
evaluation

Diverse pre-hospital
groups (over 60 par-
ticipants)

Principles, common under-
standing of system and
practices, bigger picture

Healthcare
(Elect. Patient
Record) (Sil-
sand & Chris-
tensen, 2012)

User-oriented Lean
methodology, work-
shops (user stories)

Clinicians from 11
hospitals (around
100)

Products (e.g., surgery
planning tool), hospital
personnel better equipped
to shape and tailor EPR

Healthcare
(medical diag-
nosis tool)
(Costabile et
al., 2006)

Software Shaping Work-
shop (SSW), interviews,
scenario design, proto-
typing.

Radiologists and
pneumologists. neu-
rologists and neuro-
radiologists (the ex-
act number of users
is not mentioned)

Application-specific SSW,
software system tailored to
user needs.

Many of the methods that were used in safety-critical system design to involve
expert users relied on mock-ups and prototypes to make the solutions tangible
and to elicit users’ experiences on the new designs (Healey et al., 2013; Koskinen
et al., 2013b; Lu et al., 2007). The evaluation of mock-ups and prototypes was
often also enriched with some scenario descriptions (i.e., series of hypothetical
actions and events) or simulations emulating the key characteristics of that spe-
cific operating environment, thereby helping the users to experience the differ-
ent functionalities of the proposed design solution (Hjelseth et al., 2015; Og-
gioni et al., 2021; Tideman et al., 2008). Another used method was applying
different kinds of individual channels such as questionnaires and feedback re-
porting systems through which the expert users could express their opinions
and concerns (dos Santos et al., 2009; Johannessen & Ellingsen, 2008). Most
commonly, the users were involved in design through group activities such as
focus group discussions or future workshops (Hwang et al., 2009; Mogensen &
Wollsen, 2014).

The methodologies for involving expert users in safety-critical system design
should be contextual and they should be able to address the particularities of
that specific work environment and the critical tasks that the new solutions are
designed for. Thus, a more thorough analysis of the work activity and the work
context should be obtained as a basis for new designs. Most of the prevailing
methods for involving users focus on handling the concrete materializations of
design ideas (e.g., variety of mock-ups and prototypes), but they rarely try to
connect or analyze the solutions in contexts broader than the specific work sets.
However, the methodological discussions on how to describe and form a model
that captures more than the immediate interface level of new HSI designs is
limited in the literature. Creating different kinds of conceptual and functional
models could potentially provide one means of engaging in a more profound
discussion with expert users about the new designs. In addition, for example,
UX goals have been introduced to communicate to the designers the meanings
that the new tools may have in peoples’ working lives (Kaasinen et al., 2015).
Yet, the literature lacks descriptions of methods that would allow expert users
to participate in the analysis and reflection of their work at a deeper level and in
an early phase of design when the initial requirements are set and when no ac-
tual design solution necessarily exists. It is evident that participatory methods



Related research

87

that would allow viewing the new design solution (e.g., new work tool) as a part
of the wider socio-technical use context would provide a more adequate design
basis for safety-critical system design than the current methods allow (Fogli &
Guida, 2013). A broader perspective would also allow more grounded discussion
on the potential influences of different design decisions, that is, how the work
practice may develop or change in more general terms if the design solution
would be implemented and taken into use (J. Simonsen & Hertzum, 2012b).
Thus, safety-critical system design would benefit from methods that would fa-
cilitate discussion that may reach the more abstract and conceptual level of de-
signing as well as allow drawing on the full capacity and richness of experts’ user
experiences (Grundgeiger et al., 2019; Savioja et al., 2014).

Moreover, the used methodologies reported in the literature, are somewhat
passive from the user involvement point of view, as the expert users are merely
invited to review and evaluate the resulting design solution together with the
designers. Clearly, the methods do not address the full potential and profes-
sional capacity of the expert users to discuss their tools and work practices. As
currently applied the user centered methods within safety-critical system design
falls short of what HCD and especially user-involving participatory processes
can be about: a process of mutual learning and creating together. At best, these
methods should involve expert users in contributing to design with their expe-
riences and knowledge and generating ideas and future directions for their
work. Having users participate as test subjects in evaluations in later phases of
the development is simply not sufficient for reaching the keynote of human cen-
teredness. The grounding idea of participatory design is to allow a confrontation
between different types of knowledge (Oggioni et al., 2021) and through a mu-
tual learning process reach an agreement about the design solution and future
direction.

As a summary, in review of related research, several research gaps regarding
the expert user involvement in safety critical system design were identified.
Even though the literature lacks descriptive details on how expert users are in-
volved in design, it become obvious that most often the interaction with the ex-
pert users take place around concrete design artefacts (i.e., mock-ups and pro-
totypes) whereas the overall concept and how it may influence work activity as
whole was rarely explored with the experts. Only few examples were found on
how to make design solutions tangible in more conceptual level. Yet, it was re-
ported that the lack of common vision frequently prevented developing the sys-
tems as the design participants had varying ideas about the content of the solu-
tion and the future direction. Another issue that come across was the strong
emphasis on evaluation instead of the innovative aspects of developing safety-
critical systems. Expert users were invited to evaluate the design solution often
later phases of design when many of the founding design decisions had already
been taken. Consequently, demonstrating ineffectiveness on what comes to the
utilization of expert users’ operative knowledge in design. Clearly there is a need
to claim a stronger design orientation in involving users in safety-critical system
design and give the expert users a more active role from the beginning of the
design process when the solutions are still discussed in more abstract terms.
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From these gaps in research appear also the justification for the main research
question of this thesis, that is, how can participatory methods for expert user
reflection on work – including both exploring and evaluating individual task de-
mands and future development prospects – be furthered to better integrate hu-
man and social considerations in safety-critical system design?

3. Empirical cases

In this chapter, a description of the research work carried out to complete the
thesis is provided.

The following subchapters present studies that all describe safety-critical sys-
tem design. Three of the studies included in this thesis are related to the NPP
context. However, the specific application areas in each of the studies set very
different design demands, as one concerns normal operation and another out-
age operation, while the third is a retrospective review of participatory design
case. The other three papers introduce design studies on safety-critical opera-
tions in domains outside the nuclear field. One introduces a pesticide-spraying
support system development in the context of food production and farming. An-
other non-nuclear study concerns process control activity more generally, in-
cluding the operation of other types of processes as well (e.g., conventional
power plants). The last study focuses on an entirely different field of safety-crit-
ical activity, namely the design of automated transportation.

3.1 Initial studies

At the turn of the millennium, there was a great deal of interest among both
researchers and industry in studying the possibilities of new advanced technol-
ogies. At that time, interactive touch screen technologies were just being intro-
duced into a number of consumer products. It seemed possible that technology
would embed everywhere in our surroundings and enable people to adopt new
ways of interacting with their environment. Consequently, many academic re-
search proposals concerning future technologies emerged.

VTT had its own initiatives as well, one of which was a project called Novel
Affordances of Smart Environments (NASE project). The aim of this project was
to study and better understand the possibilities afforded by advanced technolo-
gies in both our everyday home and work environments. One central technology
that was studied in the project was multitouch technology and how it could po-
tentially benefit industrial process control activity, for example, by allowing
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more direct interaction and operation of the system. One of the first research
contributions in the NASE project was a literature study concerning the concept
of affordance and new emerging technologies. The project also organized an in-
ternational workshop with several invited speakers. One important insight of
these research activities was a methodical problem related to studying the po-
tential of concept-level ideas when the affordances become actualized and real
later when interacting with the environment. Thus, using the concept of af-
fordance in design does not seem to be that straightforward. Nevertheless, fur-
ther investigations on the concept highlighted the importance of understanding
users and the content (e.g., preferences and UXs) of their goal-oriented activity
in an environment. Involving the users in exploring and designing their future
work environments seemed necessary to achieve successful design outcomes.
Another important learning from these studies was that it would be necessary
to take a wider view (i.e., the broader context of technology usage) instead of
just focusing on the individual task level of using tools.

Following the literature study and initial analysis, two case studies were orga-
nized. One of these concentrated on smart home applications and the other on
industrial process control activity. Within the industrial case study, an explora-
tive user study was set up to investigate the use of interactive multitouch dis-
plays in monitoring and controlling processes (Table 3). Paper 1 reports the re-
sults of this explorative user study. One central question posed at the beginning
of the study was how users could be helped to see and explore the potential of a
technology that is still not very mature and for which a domain-specific func-
tioning prototype could not be built cost efficiently for early trials. The focus was
on users (instead of the technology) enabling them to explore the potential and
gain early experiences on how it would be to interact with the environment in a
new way using touch-based interaction.

The explorative user study was conducted at the VTT research premises. Alto-
gether 10 participants were recruited for the study. The technical setup for the
study was purposely realized with a very low-fidelity and low-cost display mock-
up. In practice, the display mock-up for the study was constructed from a 97 cm
x 58 cm Plexiglas plate that was placed on a movable stand specially designed
for fitting large-screen displays. The actual user test was comprised of three dif-
ferent kinds of tasks. In the first set of tasks (24 individual tasks), the user asso-
ciations on different hand movements were inquired by asking them to perform
simple operations on the display, such as zooming in and out or opening a file.
In the second set of tasks (31 individual tasks), the users were instructed to in-
teract with the display in a predefined way, for example, touching the display
simultaneously with one finger from both hands with a long, light, and precise
touch. After this the users were asked to evaluate the interaction in terms of four
aspects: 1) how comfortable the interaction felt, 2) how easy the interaction felt,
3) how accurate the interaction felt and 4) if the users had associated the specific
hand movements with any particular operation. In the last set of tasks, the users
were given pieces of paper of different shapes and sizes and they were asked to
interact with them in a specific manner; for example, the users were asked to
rotate three different sizes of circles (both clockwise and counterclockwise). The
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user interaction was video recorded with two cameras, one capturing an over-
view and one capturing a close-up view from top down to the display surface. At
the beginning of each test session, short background interviews were conducted
to collect participants’ demographic information.

This explorative user study showed that it was possible to investigate users’
associations and preferences on touch-screen interaction early on with the help
of very low-fidelity mock-ups, much in advance of any functioning prototypes
being built. However, the participants of this study did not represent any spe-
cific group of expert users or domain, and the tasks were not related to any spe-
cific industrial operations, and thus it is expected that the results may tell more
about the general preferences that people have with regard to touch-screen in-
teraction than how promising the technology would be in an industrial process
control activity. Nevertheless, the insights may still be valuable when designing
safety-critical touch-screen applications in which usability and error-free oper-
ation is of importance. However, it would be necessary to develop new ways of
involving users in designing and exploring solutions early on, ones which would
be contextual and enable users to reflect on the specific work tasks for which
they are responsible.

Table 3. Summary of research study in Paper 1 summary of the studies on participatory design
and user involvement in safety-critical system design.

Domain Methods Participants Year

Research
study

Process control
activity in general

Experimental prototyping of hand
gestures with Plexiglas, interview,
questionnaire

Engineers (10) 2008

Research
question

Sub-question 3: What kinds of contributions can expert users deliver for safety-critical sys-
tems design in different phases of the product lifecycle?

Paper Paper 1: Koskinen, Hanna; Laarni, Jari; Honkamaa, Petri. (2008) Hands-on the process
control: users’ preferences and associations on hand movements. In CHI '08 Human Fac-
tors in Computing Systems Extended Abstracts, April 5-10, 2008, Florence, Italy.

Another user study on interactive large-screen displays was conducted within
the OECD Halden Reactor Project (Table 4). The specific application area for
the interactive displays was outage control centers (OCC) (Koskinen & Hurlen,
2011). In NPPs, outages are organized every year to carry out the needed mainte-
nance works and replacement of equipment. During an average outage, 10,000
to 14,000 individual work tasks are carried out, and thus planning, managing,
and coordinating the outage is a major effort that demands its own organization.
The OCC functions as a kind of nerve center of the outage operation, from which
the progress of the different activities is supervised and managed. The aim of
the research study was to explore and investigate the potential of interactive
displays in OCC operation, such as whether such displays could support collab-
oration and teamwork in problem-solving situations.

First, a literature review on interactive touch-screen displays was carried out,
after which two in-depth interviews with experienced outage operators were
conducted to better understand outage operation and to elicit the user require-
ments for developing the tabletop display concept. In the concept design phase,
different prototyping techniques were used for exploring the design ideas fur-
ther. Within the project, an evaluation workshop was organized in which a video
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prototype (based on non-functioning user interface mock-ups) of the outage
display concept was used to elicit user feedback from the outage operators.

The results of this user study are described in Paper 2. Compared to the study
discussed in Paper 1, the OCC study is situated further in the design process,
being clearly a concept design project in which the demands of the work domain
are modeled, and design solutions based on those requirements are proposed.
The study was future-oriented and explorative by its nature and the design so-
lution was mainly captured in the form of mock-ups and prototypes in different
stages of maturity. Consequently, documenting the user requirements, the de-
sign rationale and the related human factors data in a way that would fulfill the
demands set for the development of the safety-critical systems was not consid-
ered central in the project. However, the project initiated the first attempts and
suggestions on how to present the work activity, its demands and the emerging
design solution together and then constructively discuss them with the users.

Table 4. Summary of research study in Paper 2

Domain Methods Participants Year

Research
study

NPP,
outage

Interviews, real outage
schedules, design work-
shops, design explora-
tions with paper mock-
ups and video prototype

Outage personnel: outage director, one-
stop shop supervisor, outage manager,
outage shift manager, outage shift su-
pervisor, main CR Shift supervisor,
scheduler (7)

2010

Research
question

Sub-question 2: What kinds of functional models of work should be used as methodological
means to facilitate expert-user reflection on work and as a presentation around which con-
structive discussion between the designers and users can take place early on in the design
process?

Sub-question 3: What kinds of contributions can expert users deliver for safety-critical sys-
tems design in different phases of the product lifecycle?

Paper Paper 2: Koskinen, Hanna; Hurlen, Lars. (2011) Outage on the table: the design of interac-
tive surfaces for collaborative operation in outage control centres. In ECCE '11 the Euro-
pean Conference on Cognitive Ergonomics, August 24-26, 2011, Rostock, Germany.

3.2 Developing functional modeling of Tools-in-Use

In the following research activities within the context of safety-critical system
design, we identified possibilities to test and further develop the ideas for how
to model and describe the emerging design solution and use this description as
a catalyst for the participatory design process and user involvement. One of
these research efforts was a joint international research activity (MMOtion pro-
ject) aiming at defining a European research roadmap for Man-Machine-Organ-
ization processes within the nuclear sector. This project analyzed and discussed
the current and future situation of many of the topics (i.e., design and evaluation
methods, human-system interaction) that are closely related to this thesis.
Within the demonstrator work package of the MMOtion project, we developed
the first functional Tools-in-Use model that aimed at capturing the content and
design rationale of an innovative human-system interface called FITNESS
(Functional Integrated Treatments for Novative Ecological Support System). A
European research project called SmartAgriFood provided us with another op-
portunity to test our modeling approach in interacting with expert users in the
context of food production and pesticide spraying. In the project, the functional
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modeling approach was applied systematically throughout the whole design
process.

Conducting the studies provided opportunities to reflect in practice on the the-
oretical underpinnings of the modeling approach and its use in participatory
design activities within the human-centered design process. The modeling ap-
proach was initially outlined in a chapter (Paper 3) describing the evaluation of
FITNESS HSI that was included in the Core-Task Design book (Norros et al.,
2015). The results of systematic use of the modeling approach in user involve-
ment in the pesticide spraying case context are reported in Paper 4, which was
published in Interaction Design and Architecture(s) Journal.

3.2.1 Evaluation of an innovative human-system interface for NPP

The evaluation of the FITNESS concept was conducted within the MMOtion
project’s demonstration work package (Table 5). The general topic of the
demonstration work package was to pilot a human-factors evaluation method
for an innovative technical concept. The innovative technical concept that was
selected to be the focus of the evaluation was the FITNESS system, which is a
simulator platform incorporating a computerized human–system interface con-
cept developed by Électricité de France (EDF). Even though the FITNESS sys-
tem has a fully functional interface that can be used to operate the simulated
1300 MW PWR process, FITNESS has never been implemented in real use and
in the NPP context; it represents a very different type of HSI than what is con-
ventionally used to operate the NPP process. Thus, it is an innovative design
concept and by no means even close to a finalized product. The human-factors
evaluation methodology that FITNESS was aimed to be tested with was an eval-
uation approach called Systems Usability Case (SUC) (Koskinen, Laarni, et al.,
2021). The SUC approach is based on safety case thinking and the notion of sys-
tems usability (Savioja, 2014), and it relies on the design requirements as cen-
tral criteria for evaluation. Therefore, it is essential to understand and carefully
analyze the design rationale and the details of the design concept. The results of
the analysis of the FITNESS system’s design documentation were summarized
in the form of one of the first Tools-in-Use models.

To demonstrate the SUC evaluation approach and to test the promise of the
FITNESS HSI concept, an empirical user study was conducted at the EDF SEP-
TEN site in April 2010. Altogether four licensed NPP operators (two Finnish
operators and two French operators) participated in a three-day evaluation ses-
sion. On the first day, the operators received training for using the FITNESS
system, after which on the second day five separate scenario runs were con-
ducted with the operators. On the third and final day, a focus group discussion
was organized to discuss how the operators had experienced the FITNESS sys-
tem. The data collection efforts were quite extensive: At the beginning of the
evaluation session, short individual interviews were conducted with each oper-
ator to collect the participants’ background information. The training session
was video, and audio recorded to collect the first impressions of the operators
concerning the FITNESS system. The actual simulator runs were video-rec-
orded with overview and head-mounted cameras and task load information was
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gathered after each scenario run following short process tracing interviews with
a predefined set of questions about the specific FITNESS design solutions. In
the process tracing, the video recordings from the head-mounted cameras were
used to facilitate the discussions. The focus-group discussion on the last day was
organized in the simulator to make it easy for the operators to refer to the dif-
ferent features of the FITNESS system. The focus-group discussion was also rec-
orded.

The human-factors evaluations of human-system interface concepts should
serve an innovative function and seek design feedback for improving and direct-
ing the further development of the design solution. In the early stages of the
design process, the evaluations should help in answering the question of the de-
velopment potential of the proposed design solutions. It should also be possible
to differentiate between the promise of conceptual level design decisions and
the success of their materializations as interfaces. According to the notion of
systems usability (Savioja, 2014a), in addition to the performance measures, the
way of acting and the user experience may be used as indicators when consider-
ing the appropriateness of tools. At the concept design phase, the experiences
and reflections of expert users may be more valuable in foreseeing the promise
of the design solution when many traditional human performance measures
(e.g., execution time and errors) cannot still be reliably applied in the evaluation
of the design. In the case of the FITNESS system, it seemed that some concept-
level design solutions were promising, but there were usability issues in how
these ideas materialized at the interface level. The functional Tools-in-Use
model also made it possible to pose more precise questions concerning the FIT-
NESS system, and constructively discuss the different aspects of the proposed
design solution with the users. Moreover, based on the increased understanding
of the possible sources of the problems in interacting with the system, more con-
crete design recommendations may have been elicited even though that was out
of the scope of the research work in the MMOtion project.

Table 5. Summary of research study in Paper 3

Domain Methods Participants Year

Research
study

NPP
process
control

Document analysis, systems usability
case, tools-in-use, simulator study, in-
terviews, observation, questionnaires

Designer (1), opera-
tors: French (2),
Finnish (2).

2010

Research
question

Research question: How can participatory methods for expert-user reflection on work – in-
cluding both exploring and evaluating individual task demands and future development pro-
spects – be furthered to better integrate human and social considerations in safety-critical
system design?

Sub-question 2: Can functional modeling of work be used as a methodological means to
facilitate expert-user reflection on work and as a presentation around which constructive
discussion between the designers and users can take place early on in the design pro-
cess?

Paper Paper 3: Koskinen, H. Book Chapter 4: Foreseeing: How to uncover the promise of solu-
tions for future work. In Norros, L., Savioja, P., & Koskinen, H. (2015) Core-Task Design: A
Practice-Theory Approach to Human Factors, Synthesis Lectures on Human-Centered In-
formatics, 8 (2), pp. 1-141.
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3.2.2 Developing tools for future smart farming

In a project called SmartAgriFood, a Future Internet (FI) supported smart farm-
ing system was developed (Table 6). The specific activity that the project focused
on was pesticide spraying. The global food chain challenges – that is to say, food
safety, environmental, ethical, and sociocultural issues – are all aspects that
need to be carefully considered when developing future food chain activities
(i.e., food production and consumption). For example, there are demands for
more transparent food production due to consumers’ increased interest in
knowing the origin of the food products they purchase and consume daily. Fur-
thermore, there has been a lot of discussion about how profits are divided within
the food chain. It is expected that FI would enable new kinds of services and
products that can be radically useful in addressing global food chain challenges
and change ways of operation. Thus, in the project, the domain-specific require-
ments for FI and specific applications for smart farming were developed.

To appropriately elicit the requirements and develop meaningful applications,
it is essential to understand the context and user needs. Consequently, system-
atic efforts were made in the project to better integrate human factors and par-
ticipatory processes empowering the end users and other relevant stakeholder
groups in design. Within the project, two types of user interventions were orga-
nized. Throughout the project, national discussion panels (four panels) were
hosted in which different food chain actors could discuss and express their ideas
and concerns about the functioning of the future food chain. Furthermore, in-
terviews and smaller design workshops were organized with specific end-user
groups such as spraying contractors and farmers. The functional modeling ap-
proach – that is, Tools-in-Use modeling – was systematically used in all inter-
actions with the food chain actors. Through the models, the operational quali-
ties of the emerging new system were jointly examined. The human factors ex-
perts working in the project together with the agricultural engineers developed
the initial models. The models were then presented to and explored with the
food chain actors in a series of panels and workshops organized within the pro-
ject. After each user intervention, the models were revisited and developed fur-
ther (altogether six different functional models were introduced in different
phases of the development process). A total of 82 Finnish food chain actors were
involved in the development of the smart farming system. Data collection was
quite extensive. All the discussions within the national discussion panels and
the design workshops were audio-recorded. In addition, field observations were
conducted concerning the pesticide spraying. At the end of the project, a ques-
tionnaire study was organized to elicit subjective opinions and evaluations from
all the participants individually.

In the SmartAgriFood project, there were two significant differences in the use
of functional models in comparison to the MMOtion project: 1) In the SmartA-
griFood project, the functional models were developed throughout the design
process whereas in the MMOtion project, the models were developed afterwards
based on the design documentation; 2) In the SmartAgriFood project, the mod-
els were directly exposed and made available to the users, whereas in the MMO-
tion project, the models were used more as planning material (e.g., in scenario
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selection and structuring the questions) for the user evaluations. In both stud-
ies, we noticed that even though the focus was on user interaction, the designers
could also reflect on the models and found them useful in their design work. In
short, functional models clearly provided them with illustrative representations
that helped the designers view the system from an operational perspective,
thereby facilitating the discovery of information needs, demands and potential
new solutions within a development context. The aforementioned was particu-
larly the case in the SmartAgrifood project.

The results of the SmartAgriFood project and the use of functional TiU models
as a descriptive tool for user involvement are reported in Paper 4 of this thesis.

Table 6. Summary of research study in Paper 4

Domain Methods Participants Year

Research
study

Arable
farming,
pesticide
spraying

Tools-in-use, interviews,
observation, national
panel discussions, de-
sign workshops, inter-
face mock-ups, use
case scenarios, ques-
tionnaire

National discussion panels: 1. (14, end
users 8, IT experts 6); 2. (11, end users
10, IT expert 1); 3. (23, end users 18, IT
experts 5); 4. (15, end users 10, IT ex-
perts 5).
Design workshops: 1. farmers 2; 2. farm-
ers 2; 3. 15 (farmers 8, retail 1, IT expert
1, researchers 3).

2011-
2013

Research
question

Research question: How can participatory methods for expert-user reflection on work – in-
cluding both exploring and evaluating individual task demands and future development pro-
spects – be furthered to better integrate human and social considerations in safety-critical
system design?

Sub-question 2: What kinds of functional models of work should be used as methodological
means to facilitate expert-user reflection on work and as a presentation around which con-
structive discussion between the designers and users can take place early on in the design
process?

Paper Paper 4: Koskinen, Hanna; Norros, Leena. (2018) The participatory design of tools: Fore-
seeing the potential of future internet enabled farming. Journal of Interaction Design and
Architecture(s), 2018, (37), pp. 175-205.

3.3 Analysis of user involvement in the design of operating panel
interfaces

Wall and desk mounted analog operating panel interfaces have been central in
NPP process control from the beginning of the nuclear era. For decades, these
panels have been the main source of information for CR operators whose pri-
mary task is to monitor and control the nuclear process, recognize disturbances
and abnormal events that may affect safety and maintain the plant within safety
limits. It goes without saying that the panels represent the main means of inter-
acting with the system and they are thus the central tool of the operators. For
that reason, it was necessary to understand more deeply what qualities the op-
erators value in the operating panel interface and how they use them in operat-
ing the NPP process. Moreover, panel interface modifications in connection
with automation renewal at the Loviisa NPP provided a good opportunity to re-
view and analyze how the operators could participate in designing their tools
(Table 8).
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In analyzing user involvement in the design of operating panels, we focused
on three different phases of the operating panel system’s lifecycle. The first point
of analysis was the phase when the analog operating panels were implemented
and taken into use. For this purpose, in-depth interviews were conducted with
the HSI designers of Fortum Power and Heat Oy. These interviews were fol-
lowed by a panel interface walkthrough exercise in the training simulator of
Loviisa NPP in which the CR operators and the trainers explained the content
and operation of the panel interface in detail. The second reported phase in the
panel lifecycle is the shift from analog technology to digital alternatives (e.g.,
large screen and interactive displays). In this phase, the CRs were partly digital-
ized, and some alternatives were considered for the operating panels. A new dig-
ital operating panel interface was developed to be implemented and used in the
Loviisa NPP’s new training simulator. We had a possibility to follow this devel-
opment work closely within the O’practise research project in the SAFIR re-
search programme. We conducted interviews with the HSI designers and orga-
nized a user study in the Loviisa NPP training simulator in which four turbine
side operators were involved in testing the new panel interface. The third re-
ported phase concerns the developments that are currently taking place. Ad-
vanced new technologies such as virtual reality and augmented reality solutions
may also benefit NPP operation. For example, it has been envisioned that a vir-
tual reality-based CR could provide a new and more flexible training facility for
operator training. Within this phase, we have conducted an evaluation of the
virtual CR developed by Fortum Heat and Power Oy. Two full operating crews
(i.e., two reactor operators, turbine operators and shift supervisors) were in-
volved in the virtual CR testing. Data was collected by means of observation,
interviews, and questionnaires. A summary of the different user studies con-
ducted within the operating panel design research study – whose results are re-
ported in Paper 5 – is presented in Table 7.

Table 7. Overview of the studies related to the operating panel design

Lifecycle phase Data collection Subjects Date
1. Phase: Analog CR Interviews about the operating panel

HSI
In-house designers (2), ope-
rators (2)

2005

1. Phase: Analog CR An operating panel HSI walk-through  SS, RO, TO operators (3),
simulator instructors (2)

2008

2. Phase: Digital tur-
ning point

An interview about the virtual panel
HSI

In-house designers (3) 2011

2. Phase: Digital tur-
ning point

Virtual panel HSI evaluation (observa-
tion, interviews, and questionnaires)

TO operators (4) 2012

3. Phase: Future ope-
rations

Virtual CR HSI evaluation (observa-
tion, interviews, and questionnaires)

SS, RO, TO operators (6) 2016

The user involvement in panel design and the different user tests reported in
Paper VI were formative type since user feedback was actively pursued in order
to improve the panel interface.

Table 8. Summary of research study in Paper 5
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Domain Methods Participants Year

Research
study

NPP,
process
control

Interviews, interface walk-through,
simulator study, observation, ques-
tionnaire, video & audio recording

Designers (5),
operators (15),
simulator instructors (2)

2005-
2016

Research
question

Sub-question 1: What kinds of participatory practices are currently taking place in safety-
critical human-system interaction design?

Sub-question 3: What kinds of contributions can expert users deliver for safety-critical sys-
tems design in different phases of the product lifecycle?

Paper
Paper 5: Koskinen, Hanna; Laarni, Jari; Bergroth, Joakim. (2022) User Involvement in De-
sign of a Safety-Critical Operating Panel System. International Journal of Industrial Er-
gonomics

3.4 Planning user interactions within the HFE program for an au-
tomatic tram

The transport system is currently undergoing fundamental changes due to the
increasing use of automation. New automation solutions are being introduced
in all sectors of transportation; for example, technology developers are envision-
ing automated cars, metros, and autonomous ships. There are many reasons for
this ongoing trend of stepping up the use of automation, such as demands for
sustainability, efficiency, and safety, to mention a few. Within one of VTT’s own
research initiatives (i.e., SmartTram project) and user study, the focus is on pub-
lic transportation and developing automatic solutions for trams.

Developing a tailored human factors engineering (HFE) program creates a ba-
sis for appropriately acknowledging human and social aspects in the design of
safety-critical systems. This study developed a SmartTram project-specific HFE
program including an iterative evaluation framework. A particular emphasis
was on the involvement of relevant user groups and laying out the verification
and validation (V&V) plan and the related simulator and training facilities in the
project. The results of this user study are reported in Paper 6 published in In-
ternational Journal on Computer Science and Information Systems (Table 9).

Table 9. Summary of research study in Paper 6

Domain Methods Participants Year

Research
study

Public trans-
portation, vehi-
cle automation

Interviews, literature
review, simulator, in-
terface mock-ups

Tram drivers (4) (simulator require-
ments), instructors (2) (simulator re-
quirements)

2019-
2021

Research
question

Research question: How can participatory methods for expert-user reflection on work – in-
cluding both exploring and evaluating individual task demands and future development pro-
spects – be furthered to better integrate human and social considerations in safety-critical
system design?

Sub-question 1: What kinds of participatory practices are currently taking place in safety-
critical human-system interaction design?

Sub-question 3: What kinds of contributions can expert users deliver for safety-critical sys-
tems design in different phases of the product lifecycle?

Paper
Paper 6: Koskinen, Hanna; Aromaa, Susanna; Goriachev Vladimir (2021) Human Factors
Engineering Program Development and User Involvement in Design of Automatic Tram. In
the IADIS International Journal on Computer Science and Information Systems.
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4. Results

In this chapter, an overview of the main results is presented. The detailed results
are described in the papers attached at the end of this thesis.

4.1 Expert user view in safety-critical system design

Chapter 2 Related research pointed out that the expert users are ultimately the
problem owners in the context of safety-critical system design. The expert users
use their tools in managing and controlling the object of their activity (e.g.,
power production process). Over the years, expert users gain a lot of training
and practical experience, and they may carry out many of their daily work activ-
ities and tasks subconsciously as automated operations, in a way that they might
not find easy to verbalize or explain. Inspired by Vygotsky (Vygotsky, 1978), the
functions that the tool may serve in an activity may be called tool functions. Ac-
cordingly, well-functioning tools may enable the expert users to comprehend
the potential (i.e., psychological tool function) and effectively (i.e., instrumental
tool function to produce the intended effect in the environment) act on the ob-
ject of an activity as well as convey meanings (i.e., communicative tool func-
tions) within the specific work community. As such, the tool functions provide
one perspective on evaluating the appropriateness of a tool, that is, the systems
usability (Savioja, 2014a).

The reviewed research (in Chapter 2) indicated that even if the expert users
are not verbally able to separate these characterizations of tool or be conscious
of them, these expert users are the ones that possess the most first-hand expe-
rience of their tools and how they function in different operational situations,
which makes their opinions particularly valuable. Thus, the expert users’ sub-
jective experiences and professional knowledge on using the tools in their goal-
oriented activity can be a valuable source of information for safety-critical sys-
tem design as well. Based on their earlier experiences of using different tools in
their work, the expert users may be in a special position to estimate the promise
of a design solution (or even a design idea) and whether it has potential to de-
velop a meaningful tool for their activity. For that reason, the expert users’ ex-
periences and knowledge should be collected, as they are important in the de-
sign of safety-critical systems.
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4.1.1 Knowledge contribution and subjective experiences of expert users

The design of safety-critical systems (particularly design in the nuclear domain)
often follows a conservative strategy and relies on dogmas and standardized so-
lutions that have been found to work in the past. In the reviewed literature in
Chapter 2, the value of expert users’ operative knowledge and experiences of the
design of new tools were emphasized. In addition, in the systems usability con-
struct developed and applied in the VTT’s human factors team’s research work,
user experience (UX) is valued as one indicator of system appropriateness.
Within systems usability, the UXs of the users are utilized as anticipatory indi-
cators of the effects that the new system/tool will have on usage activity. This
general feeling of expert users should not be dismissed in the design of safety-
critical systems. For example, when after testing the system, an experienced op-
erator has concerns about the suitability of some aspect of the proposed design
solution, the experience should be taken seriously, and the source of these hes-
itant feelings should be investigated. Are the identified issues such that they may
hinder the development of the technology into a meaningful tool for the operat-
ing activity and, if so, what are the particular characteristics of the solution that
should be further improved? According to the reviewed literature, the expert
users’ opinions were most often utilized in connection with usability evalua-
tions. Moreover, the systems usability construct suggests that the UX would be
especially valuable in evaluations during the early phase of the design, as the
maturity of the design solution does not yet allow the meaningful use of other
measurements such as performance metrics (e.g., execution times and errors).
The expert users, however, possess operative knowledge that certainly goes be-
yond merely contributing to traditional user testing and evaluations. The expert
users who operate the safety-critical system daily are the persons most qualified
to provide input for the design even though their insights are often not articu-
lated in the form of traditional design recommendations.

In the three phases of the operating panel interface design presented in Paper
VI of this thesis, the motivation was to investigate how the expert users were
involved in the design throughout the panel HSI lifecycle and what was the spe-
cific quality of the expertise that they contributed to the design. The operating
panel interface is one of the central tools that the operators use for monitoring
and controlling the NPP process. These panels with their blinking indicator
lights may tell them in a fraction of a second if anything abnormal happens in
the process. Moreover, the panels provide very tangible feedback from the con-
trol operations, unlike screen-based interfaces, as well as allow the use of several
different operating strategies (e.g., operating many individual pumps simulta-
neously by pressing multiple control buttons at same time). It has also been sug-
gested that panels support the shared awareness of the operating crew, as the
location of the crewmembers can indicate what they are working on at a given
time. Thus, over the years, the operating panel interface has become a meaning-
ful tool for the operators, and many operations have become subconscious, as
they can be executed efficiently without the need for conscious guidance or
monitoring. Therefore, any efforts to develop and modify the panel interface
should be sensitive to the feelings and opinions of the operators.
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In the first phase, the operators contributed to the panel HSI in two ways.
First, they actively helped reconstruct the operating panels after the vendor-in-
stalled panel setup was found to be confusing and inadequate for operating pur-
poses. Thus, the operators were directly involved in the design of the new panel
setup, and they could contribute by constructing a representation of the process
that is a better fit with their mental models (see 4.3 in Figure 14). However, in
this case, the user involvement was not planned beforehand, but was instead a
reactive response to suddenly identified HF issues and unsatisfactory design
outcomes from the operational point of view. The second contribution that the
operators made in the first phase was their participation in the panel
walkthrough exercise that was organized to understand more profoundly the
use and meaning of the operating panels as a central tool of the NPP operators.
This walkthrough exercise was not directly related to any specific design project;
it was known that in a couple of years it would be timely to modernize aspects
of the CR and HSI systems. The user contributions were clearly associated with
explaining the tasks and requirements of performing panel operations and these
could serve as future design inputs (i.e., capturing operator needs and expecta-
tions concerning the operating panels).

In the last phase, a virtual reality-based CR was developed. The virtual panels
were implemented in this virtual control room environment as well, and the op-
erators were brought in to experience how it would be to operate the process in
a virtual environment (see 4.2 in Figure 14). Many potential applications and
functions for the virtual control room were envisioned by its developers, includ-
ing design and development of HSI, testing and evaluation activities as well as
operator training. After getting some hands-on experience of the operation of
the virtual control room, the operators could critically reflect on the fulfillment
of the user requirements and generally give feedback on how realistic the virtual
control room is as an operating platform (see 4.3 in Figure 14). This enabled
them to make a valuable contribution to refining and shaping the different char-
acteristics of the virtual control room.

Figure 14. Knowledge creation framework in participatory simulation by Andersen and Broberg
(Andersen & Broberg, 2015)

As a conclusion, within the operating panel interface study presented in Paper
5, the operators were involved in the design in different phases of the panel HSI
lifecycle. The experiences of the operators of the panel HSI provided rich con-
tributions to the design that went beyond the customary type of user feedback
reached in usability testing and validations. The valuable contributions of the
operators also motivated the designers to involve users in a more active and
permanent manner. However, the participatory processes and user involvement
as such were still not managed systematically or supported methodically, and a
lot depended on the interest of the individual designers working in the organi-
zation to actively seek the users’ feedback.

4.1 Set requirements
through contextual

knowledge

4.2 Envision future possibilities
grounded on past experiences

4.3 Critical reflection on
fulfillment of require-

ments
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4.1.2 Contextual demands of work

To successfully take care of safety-critical work tasks (i.e., fulfilling the objec-
tives of the activity) the actor (i.e., expert user) needs to take into account the
possibilities and constraints of that specific work environment. Similarly, in de-
signing tools for safety-critical work, it is essential to carefully analyze the con-
textual demands of the particular object of work activity for which the tools are
intended to be used. This contextual understanding of the demands of the work
activity can be further used, for example, in eliciting design requirements for
HSIs or designing procedures. Norros (Norros, 2004) has introduced a method
called core-task analysis that is actively used by VTT’s human factors team –
this method makes it possible to model the human role and work demands in a
more elaborated manner by specifying the actual possibilities and constraints of
an activity. The notion of core task is used to functionally describe the main con-
tent of the work. First, the dynamicity, complexity and uncertainty features of a
specific work environment are elicited. Then the activity is viewed from the per-
spective of the human resources, that is, from the perspective of the actor’s
skills, knowledge and collaboration and reflection resources. Finally, when the
use of human resources related to managing/coping with the features of the en-
vironment in achieving the objectives of the activity is analyzed, the core tasks
of the specific work activity can be deduced. The contextually defined core-task
functions provide knowledge about what features of the specific environment
should be mediated and supported by the tools so that the goals of the activity
can be successfully achieved. Analyzing the core-task functions requires empir-
ical data sourced through user interviews and observations of work activity, for
example.

Acquiring the contextual understanding is often done through a specific core-
task interview procedure. For example, in the context of smart farming dis-
cussed in Paper 4, the core-task demands for farming activity were modeled
based on interviews with the farmers and the spraying contractors. However,
other sources of information exist as well. For example, in the MMOtion project
in the process control context described in Paper 3, the already existing and
available design documentation, especially the section stating the requirements
of operator work, was used as a basis for modeling the core task demands of the
work of the turbine side operator.

4.2 Design process of safety-critical systems

Safety-critical systems may set special challenges for engineering and the design
process. Safety-critical system design is often strictly regulated, and several
standards and restrictions are introduced concerning both the design process
and the end product (i.e., the design solution). For example, in the design of new
CR and HSI systems for NPPs, a conservative design strategy is followed. The
conservative design strategy entails the idea that design solutions that have been
found to work well should not be interfered with lightly without rigorous analy-
sis and justification. From the human factors and HSI design point of view, fol-
lowing the conservative design strategy means that the conventional design
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principles also dominate in the development of the new solutions and, for ex-
ample, introducing advanced technologies and contemporary ideas and under-
standing about the human-system interaction paradigm and human cognition
is a time-consuming and sometimes even a troublesome process. Of course, im-
provements to HSI design are also conducted in the nuclear field when, for ex-
ample, some elements of the HSI become obsolete, but these changes are often
incremental and almost never as radical as, for example, the FITNESS HSI de-
sign concept that was evaluated and discussed in Paper 3.

4.2.1 HFE program and integration of HFE in design

In addition to the conservative design approach and strict regulatory demands
concerning the development of new solutions, based on the reviewed literature
(in Chapter 2), many other issues pose challenges to safety-critical system de-
sign as well. For example, if the operative lifecycle of a NPP is long, so too is also
the design process whenever any development or modernization projects are
initiated. An extensive automation modernization project may take several
years to carry out from the drawing board all the way to the implementation and
commissioning of the new system. The lengthy design process and the present-
day desire to incorporate other lifecycle considerations also call for better inte-
gration of diverse engineering knowledge and improved knowledge manage-
ment practices. In Paper 6, it was stated that the human factors engineering ac-
tivities should be planned as an integral part of the lifecycle activities of the
safety-critical system and should be considered at all levels of engineering de-
sign (aspects also discussed in documents such as IEEE 1023-2004 and IAEA
NP-T-3.10). As a cure to this engineering management issue, drafting a system-
atic and integrated HFE program for each individual development project was
proposed in Paper 6. Within the HFE program, the needed HF activities, their
scope, extent as well as schedule and the needed resources are planned and
specified in detail. Table 10 outlines the basic structure of the HFE program re-
garding the Smart Tram project. However, because the projects are initiated
from different kinds of starting points and realized in a variety of organizational
contexts, it is likely that the HFE programs always need to be individually tai-
lored to best fit each specific situation and the needs of the project.

Table 10. The general outline of the HFE program for the Smart Tram project. Abbreviation: PoUI
= Points of User Interaction.(Koskinen, Aromaa, et al., 2021)

Input           Design process Output
 Need for change (e.g.,

growing number of passen-
gers, sustainable and envi-
ronmentally friendly public

transport solutions)
 Existing concepts (e.g.,
proofs of concept, level of

automation)
 Operational experience

(other automated traffic solu-
tions, e.g., metro)

Initial clarification and analysis (impact,
needs and constraints, HFE goals)

PoUI
Operation: Tram driver & traffic control

center personnel (interviews)
Service: passenger & road users (surveys,

interviews)

 HF input to project
plan (identification of

      relevant user groups)
 HFE program/

      activities (i.e., tasks,
      schedule and re-

sources)
 Preliminary

      evaluation schema
(i.e.,

      SUC, subsystems and
      integrated system

      validation)
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Input           Design process Output
 Operating environment de-

scription
 User and safety require-

ments
 Standards

Requirements and concept design (Co-
nOps, task analysis, user requirements)

PoUI
Operation: Field observation. Explorative
prototyping and testing with tram drivers

(field, simulator)
Service: Passenger & road users (e.g., fo-

cus groups)

 SmartTram concept
   (level of automation,

   documentation of
   ConOps, user interac-

tion)
 Project requirements

set
 HSI style guide (e.g.

    main design principles,
    HSI guidance on layout,

    alarms, navigation,
    color coding etc.)

 I&C architectures
 Standards

Detail/integrated design (user interface,
training design)

PoUI
Operation: Iterative development of solu-
tions with tram drivers (simulator, work-

shops)
Service: User testing with passenger &

road users (simulator, workshops)

 Tram user interface and
   interior solution

 V&V plan (e.g., user
groups, scenarios, ac-

ceptance criteria)
 Standards

Verification & validation (simulations, val-
idation tests)

PoUI
Operation: SSV and ISV tram drivers (sim-

ulator)
Service: ISV passenger & road users (sim-

ulator)

 V&V record (identified
    human engineering

    discrepancies, design
    feedback, decisions on

    further design itera-
tions)

 Training curriculum Implementation, commissioning
PoUI

Operation: Operating experience of tram
drivers (field)

Service: Customer experience of passen-
ger & road users (field)

 Accumulated evaluation
   record (document early
operating experiences)

The tailoring of the HFE program is necessary, as it may be, for example, that
many relevant but substantially different user groups are identified that require
different kinds of HF attention and in different phases of the design process.
One example is the SmartTram project discussed in Paper V, in which one im-
portant group of users comprised the tram drivers whose work tasks were about
to radically change from operative driving tasks to the monitoring of the auto-
matic driving systems. The future passengers of the automatic tram with their
specific preferences and expectations represented the other essential user group
to be involved in the development of the new automatic transportation solu-
tions. The type of contribution and user knowledge, however, that these two
user groups (i.e., tram drivers and passengers) could provide to automatic tram
development were completely distinct from each other. Consequently, it is ar-
gued that in safety-critical system design, a tailored HFE program is needed to
systematically and appropriately address all the activities and user groups that
require HF attention. In Table 10, the points of user interaction with the rele-
vant user groups are defined. Drafting a HFE program may also support collab-
oration with the other engineering disciplines working in the project as the in-
puts and outputs (e.g., documents) of different development phases are clearly
stated. Moreover, it can be easily seen what kinds of investigations and under-
standing the design solution are based on, thus supporting the general require-
ment to carefully document both the process and the details of the final design
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solution that is expected in the context of safety-critical system design. Planning
and clearly stating the points and types of user interactions within the HFE pro-
gram may help in coordinating and optimizing the HF efforts more efficiently
but also immediately reveal if the user view is not appropriately addressed in
some stage of the design process.

4.2.2 Maturation of the design solution

Regarding the issue of involving the expert users in the early phases of the de-
sign process requires considering the maturity and form that the design solution
has in different phases of its development. The expert users’ contribution and
involvement in the different phases of the design process was discussed in more
detail in Paper 5 and illustrated in Figure 15. The design process often begins
from an idea or a recognized need for a change (see Figure 15, row 3, cell 3.1).
In this early phase, there are still several directions and material forms that the
design can later take. Then, when the design proceeds through iterative design-
evaluation cycles, the design solution assumes a more matured and defined
form, and simultaneously the latitude for changes and design alterations be-
comes narrower. In other words, at the early phases of the design process there
is the most potential for effective design decision-making and developing the
design. The same issue is exemplified with the often-discussed design-to-cost
cycle, which is illustrated with two crossing curves within the axis of effort/im-
pact and time – when the design process is further along, the ability to impact
cost and the functional capabilities of the design solution decreases whereas the
cost of making changes increases. Thus, reaching a proper socio-technical un-
derstanding of the problem space and the design task at the beginning of the
development process would be most beneficial (both economically and func-
tionally) in achieving a successful design outcome (i.e., useful product/a mean-
ingful tool). However, when the design solution has not as yet reached a very
mature form, it may be more difficult to address and discuss the different char-
acteristics of the solution; yet early evaluations and user feedback through test-
ing and explorations would be essential. In the concept design phase, when the
design solution can be addressed in a more mature form with a drawing or
mock-up of some sort, the discussion between designers and expert users may
already be easier (even though, according to the reviewed literature in Chapter
2, in the concept design phase the difficulty of providing tangible demonstra-
tions is still often recognized). When the expert users can experience and test
the new solution hands-on in the form of a functional prototype or a product,
that is, when the design process has proceeded to the detail and integrated de-
sign phases, contributions from the user evaluations are most concrete and easy
to obtain. However, in these late phases, there are only remote possibilities to
do any substantial changes to the design without incurring high costs, even if
the user studies would indicate the need for such changes.
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Figure 15. A summary of the qualities of expertise delivered in the design by the expert users in
different phases of the design process.

Example 1: Exploring multitouch-based interaction in the context of process
control
The explorative user study presented in Paper I assessed whether multitouch-
based interaction would benefit the process control activity and be more intui-
tive and direct than the predominantly used mouse-based interaction. The test
setup for investigating the idea of multitouch-based interaction in process con-
trol was realized without any graphical illustrations or HSI mock-ups by simply
using a Plexiglas board (size of 97 cm x 58) to imitate the surface of a multitouch
screen and a carefully drafted test manuscript.

Much was left to the imagination of the test persons interacting with the Plex-
iglas according to the given instructions. The results showed that users pre-
ferred interaction with the display screen in which the used touches were short
in duration and light in terms of the amount of force used in pressing. Moreover,
the users associated specific types of hand gestures with specific operations such
as zooming in or out or activating some particular command. Based on this ex-
plorative study investigating touch-screen interaction in process control, I con-
clude that users’ knowledge and experiences are significant in informing the de-
sign of a new tool and it is possible early on to gain insights into the potential of
the new design idea to develop a seriously taken tool in work. Furthermore, im-
plementing explorative studies with expert users in early phases of the design
process does not always need to be a laborious and costly effort (e.g., a demand-
ing simulator of some sort) and can still produce meaningful design feedback
that can direct the further development of the design solution.

Example 2: Interactive large-screen displays in an outage control center
Paper 2, included in this thesis, presents the results of a research study that was
realized collaboratively by two international research organizations, OECD Hal-
den Reactor Project and VTT Technical Research Centre of Finland. The re-
search study was future-oriented, aiming at exploring novel human-system in-
teraction concepts for future NPPs. The particular topic of the study was outage
operation and how interactive surfaces could be used to benefit collaborative
activity in Outage Control Centers (OCCs), from which outages are managed. An
outage is an activity in an industrial plant that takes place at regular intervals
(usually annually) and during which a variety of maintenance and repair works
(i.e., an average of 12,000 activities and work items) as well as refueling are ex-
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ecuted. The main objective of the outage operation is to carry out all these ac-
tivities in a safe and efficient manner. In the first phase of the project, experi-
enced outage personnel were involved in setting the requirements for the new
display concept. A series of interviews were carried out at the South Texas Plant
in the U.S. and a design workshop with one experienced outage shift supervisor
from U.S. PWR was held at Halden Norway. The interviews were facilitated with
different outage materials such as outage schedules printed on paper canvases.
Based on these user interactions, concept level requirements for the interactive
tabletop system in OCC were elicited (see Figure 16). The detailed description
of the results of the contextual inquiry is presented in Paper 2, included in this
thesis.

Figure 16. User requirements for the interactive tabletop in OCC (Koskinen & Hurlen, 2011)

Following the contextual inquiry, initial design ideas were explored through
prototyping activity in design workshops. The used prototypes were mostly low
fidelity paper mock-ups and sketches that were explored together with expert
users and designers. In the last phase of the project, a video prototype was pro-
duced from the ideas that were experienced as being most promising. The video
prototype was then used for obtaining feedback about the tabletop concept from
a larger audience. Overall, the study demonstrated how important it is to create
a good contextual understanding of the activity based on the initial design ideas
that can be developed further. Even with low fidelity paper prototypes and ver-
bal characterizations of the possible design solutions, valuable user feedback
was obtained, contributing to the further detailing of specific interface features
(e.g., outage schedule manipulation). With the video prototype, it was possible
to demonstrate the functioning of the main concept solutions of the tabletop
design.
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4.2.3 Human factors evaluation of the design solution

Iterative evaluation of the design solution is an integral part of the HFE program
and required in the context of safety-critical system design. Indeed, this is the
case when, for example, the formal evaluation of a new design solution has to
be undertaken in a large-scale modernization project or an upgrade/modifica-
tion of old systems. In safety-critical system design, evaluation may be an espe-
cially demanding, lengthy and regulated process. For example, NUREG pro-
vides guidance on carrying out the evaluation activities within NPP moderniza-
tion and upgrade projects; however, these documents have a strong emphasis
on the late-stage final evaluation that should be conducted with the finalized
design solution, that is, on integrated system validation (ISV). Consequently, as
many of the authors of the reviewed literature have also pointed out (in Chapter
2), the other types of evaluations (those that are more formative by their nature
and executed at an early stage of the design) are not so thoroughly addressed –
for instance, in Figure 17, the ISV is just one point of the system lifecycle in
which HF evaluation should take place.

Systems Usability Case SUC

EARLY TESTING

Design
Finalized design/
Concept of Operation System operation

Figure 17. A lifecycle view of safety-critical system V&V process

HF evaluations should be iteratively implemented from the beginning and
during the design process to ensure success when the design reaches the ISV
stage. For example, in a design stage when some of the subsystems have been
completed, a subsystem validation (SSV) procedure could be followed. How-
ever, even more early-stage formative evaluations and testing of the system
should be pursued in safety-critical system design so that a proper human fac-
tors view can be implemented. For HF evaluations and analysis that may take
place before the actual design project, the term post-formative evaluations have
also been used (see Chapter 2.4.2). One example of such post-formative evalu-
ations is an expert review prior to the design phase, which provides expert input
for the planning and analysis of the design; another example is baseline evalua-
tions that aim at creating a picture of the state of current operator or system
performance. Paper 5, included in this thesis, reports on a panel walkthrough
exercise with the NPP operators that provides a good example of the kind of
post-formative HF evaluation that yields useful design insights from expert us-
ers. In a similar vein, when the system has been completed and deployed, HF
evaluation activities that aim at longitudinal performance monitoring should be
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considered. For these types of evaluations, the term post-summative evalua-
tions have also been used (see Chapter 2.4.2); such evaluations could be done,
for example, in connection with operator training by carefully following the op-
erators’ interaction with the system and collecting feedback. Thus, the ISV
should not be considered as an end, but rather as a starting point from which
the newly introduced design solution can start developing into a meaningful
tool. This idea was also referred to by one experienced HSI designer whose in-
terview is reported in Paper 5, which described the NPP CR as evolutionary de-
sign, that is, the CR should be seen as a continuously developing entity that can
never reach a fully completed stage. Thus, the tool develops all the time, and the
expert users may even do their own small modifications and improvements to it
over time.

Sub-question 2 concerning the development of methodological means to fa-
cilitate expert-user reflection on work and inclusion of expert users’ contribu-
tion at the early stage of the design process originated from the need to better
support formative evaluation (i.e., evaluation that is done during the design to
improve the design solution as it evolves) or the HF analyses that are done prior
to the actual design. VTT’s human factors team has developed a human factors
evaluation approach called Systems Usability Case (SUC) (see lowest bar in Fig-
ure 16). SUC is based on safety case thinking and the notion of systems usability,
but also borrows ideas from other fields of engineering such as continuous en-
gineering and multi-stage validation. SUC is defined as aiming at “creating an
accumulated documented body of evidence throughout the design that provides
a convincing and valid argument of the degree of usability of a system for a given
application in a given environment” (Koskinen, Laarni, et al., 2021; Liinasuo &
Norros, 2007). Thus, the evaluation approach is meant to be used in a longitu-
dinal manner throughout the design process and provides a documentation of
the human factors data concerning the design solution. SUC has been employed
successfully in subsystem and integrated system validations, which are also de-
picted in Figure 17. In both types of evaluations (i.e., SSV and ISV), the testing
activities have been carried out in advanced simulator environments (e.g., full-
scope NPP training simulator). Even though SSV by its nature is more formative
and the idea is to gain design feedback to inform the further refinement of the
design solution, it may still not be considered to represent very early-stage eval-
uation. Expert users could potentially contribute much more extensively at the
early phase of the design process, such as by taking a stance on the design ra-
tionale (e.g., descriptions of operating environment and user requirements) and
participating in defining the different characteristics of the design solution both
at the conceptual and interface/HSI level. In Paper 3, included in this thesis, the
SUC approach was exploited in the evaluation of an innovative HSI concept.
Whereas in Paper 6, a V&V process was developed for the SmartTram project in
which iterative evaluation would be carried out from the beginning of the devel-
opment process and the systems usability case approach would be used as an
evaluation framework and for documentation of the results of the evaluations
(Figure 17). This would be the first time when the SUC evaluation approach
would be used systematically from the very beginning of the design process. It



Results

109

is expected that new insights about the type and form of user contributions at
early-stage design can be gained as well as how the evaluation documentation
starts to accumulate evidence in favor of or against the promise of the design
solution.

4.3 Participatory method for expert user involvement – functional
approach

This subsection presents the results concerning the methodical research ques-
tions related to practical ways of facilitating participatory processes and espe-
cially the involvement of expert users in the design of safety-critical systems. In
the review of related literature (Chapter 2), the following development needs
were identified: 1) there should be more emphasis on gaining formative design
feedback early on, 2) which would be contextual and enable more thorough
analysis of the work activity, and 3) aid in discussing the new design solutions
at different levels of abstraction (i.e., address the complexities and help seeing
the causal relations).

4.3.1 Functional modeling in design

It has been made an inquiry into the use of functional modeling of work as a
methodological means to facilitate expert-user reflection on work and as a
presentation around which constructive discussion between the designers and
the users can take place. The central interest was in the expert user involvement
in the early stages of the design process of safety-critical system design.

With the aim of developing methodical means and broadening the repertoire
of participatory design tools (from the predominant use of different prototyping
techniques identified in the review of relevant research) the feasibility of func-
tional models was investigated. Functional models seem to have potential, as
they are structured representations of functions (i.e., purposes, activities, ac-
tions, processes, and operations) within the modeled system or subject area.
The aim of functional modeling is to produce a behavioral model of the system
under construction. Thus, a structured description of how the different system
functionalities must cooperate in achieving the operational purpose/goal of the
system may be created. Consequently, the functional models may help compre-
hending the means-ends hierarchy of the system, that is, to connect the upper-
level goals and system functions to lower-level physical means. In doing so, the
functional modeling may result in a tangible and illustrative representation of
the modeled entity and help to view the system from different levels of abstrac-
tion. The analysis of core-task demands referred to in subsection 4.1.2 can be
seen as one type of functional description of the work activity. The benefit of
functional modeling is that it may offer the possibility to comprehend the work
system in more generic and conceptual terms (i.e., focusing on the functionali-
ties), without necessarily anchoring the structural means required for achieving
the intended functions. Thus, the functional models seem especially promising
in dealing with the design ideas in the early conceptual phases of the design
process, yet provide a natural way to start discussing the physical means that
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become topical in the later stages of design, that is, the detail and integrated
system design phases.

4.3.2 Tools-in-Use modeling

To build a foundation for a constructive discussion between the designers and
the users about the promise of design solutions, a functional modeling approach
called Tools-in-Use (TiU) has been developed. As the name of this modeling ap-
proach suggests, it aims to depict the emerging new design solution (i.e., tool)
in a contextualized way alongside the work activity that it aims to serve. This
specific aspect of the TiU models, that is, presenting the tool together with the
task demands, invites the different design parties (i.e., designers and users) to
gather around a presentation that both sides may find somewhat familiar. This
supports constructive discussion, as the model provides a basis that all the par-
ticipants can relate to one way or another. In the context of participatory design
research, Muller and Druin (Muller & Druin, 2012) have discussed “the third
space of participatory design,” by which they refer to the design parties moving
out from their accustomed “territories” to neutral ground not owned by anyone
in particular, which allows them to together develop the new rules and prospects
to be commonly shared. Similar to this idea, the TiU model creates a kind of
third space that includes characteristics from both design parties’ worlds. That
is to say, the core-task demands represent the contextually meaningful content
of the work activity (i.e., the expert user’s world) and the analysis and descrip-
tion of the problem-solution space something typical for designers in their eve-
ryday design world. Thus, the TiU model provides an arena in which the collab-
orative construction and discovery of the new design solution can start to
emerge through negotiation, with the potential to develop a meaningful tool.

One principal idea in user-centered design is to base the design on an appro-
priate understanding and analysis of user needs and preferences. The TiU model
aims to make the work activity explicit so that informed design decisions can be
made. The core-task analysis produces a generalization of the present work ac-
tivity in the form of stated core-task demands and therefore creates a contextu-
ally grounded basis for analyzing the future value of the new design solutions
and for projecting potential concepts of new work. To emphasize the mediating
role of tools in work, the technical enablers and the main innovative functional-
ities of the proposed new design solution are analyzed and made explicit on a
detailed level in the TiU model.

4.3.3 Procedure for constructing the Tools-in-Use model

In developing TiU models, first, the work activity and the technological enablers
are analyzed together with the end users, which then enables the values of the
future system, its major innovative functionalities and the operation of the sys-
tem in practice to be portrayed and comprehended. The resulting TiU model
presents the higher-level functional goals (e.g., the functional task of human ac-
tors) in connection with the lower-level physical means (e.g., individual inter-
face elements and design solutions).
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Three distinctive levels aim to capture the particular properties of the func-
tionalities of the joint human-technology system and form the basic structure of
the TiU model (see Table 11). The “value level” is the uppermost level described
in the TiU model and the level from which constructing the TiU model is started.
The value level, as its name indicates, aims at describing the use values that are
connected to the functioning of the system. Within the value level, at least the
core-task demands as a functional description of the main content of that spe-
cific work are analyzed according to a core-task analysis procedure. That is, the
core-task functions are analyzed and comprehended based on enquiry (e.g., by
means of interviews and observation of work) of the generic features (i.e., dyna-
mism, complicity, and uncertainty) of the work domain and the type of human
resources (i.e., skill, knowledge, and collaboration and reflection) applied in the
work. While obviously the description of the core-task functions comprises the
central content of the value level, the value-critical user experiences (e.g., in the
form of UX goals (Kaasinen et al., 2015; Koskinen et al., 2013a)) and business
“value” propositions affecting the operation of the system may also be stated
and under discussion in this level. Following the value level, a description of the
main functional content of the work (i.e., core tasks) in the second intermediate
level – the HSI concept level – of the proposed technology concept is outlined.
The HSI concept level is described from two distinct vantage points: the first is
the functional requirement point of view and the second the concept solution
view. The importance of domain-specific expertise is often highlighted in con-
structing the HSI concept level, even though eliciting the functional require-
ments and forming the concept solution is meant to be a dialogic thinking pro-
cess and iterative design activity between all the design parties. In the descrip-
tion of the requirements and the solution, the HSI concept level’s connection to
the value level is elaborated from the perspective of the potential support of the
concept to the defined core tasks. At this phase of the modeling, similar content
and questions are worked on as when, for example, drafting concept of opera-
tion documentation. The last and most concrete level of the TiU modeling is the
user interface level. At this level, the requirements and content of the user in-
terface are explicated and stated from the usage point of view. Consequently, a
picture and an understanding of how the functionalities of the system become
affordable and realized should start to assume a very tangible form. It is often
easiest for both designers and users to deal with the user interface level of the
TiU model as it is the most concrete level and, furthermore, the proposed new
tool may already be experienced in the form of a functioning prototype of some
sort. However, the TiU modeling approach allows easily drafting and exploring
alternative ways to realize the support for the core tasks, as the user interface
solution is described in written form. In the modeling, it is not beneficial to be-
come fixated on some specific user interface solution too early on in the design
process because it is likely that there are many possible material means to fulfill
the core-task functions.
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Table 11. The generic structure of the TiU model

Level Content Description
Va

lu
e

The core task The generalized control demands of a particular work, as mastered
by means of a human actor’s skill, knowledge, and collaborative
resources

Business propositions  A value proposition is a promise of value to be delivered
User experience Value-critical user experiences

C
on

-
ce

pt

Concept requirements The concept level functional requirements indicate what kind of
qualities the future system should provide for the users

Concept solution The concept solutions indicate the main ideas/construction of the
elements that contribute to the delivery of the required functions

U
se

r i
nt

er
-

fa
ce

UI requirements The UI requirements indicate how the elements of the interface
should be organized for the interface to be, e.g., usable, effective,
and aesthetically appealing

UI solutions The UI solutions indicate the main ideas/construction of the ele-
ments that realize the user interface as it would be implemented
into use

Ideally, the work modeling and handling of the TiU model would be initiated
at the beginning of the design process. The functional view would allow a better
focus on the critical functionalities that are needed in achieving and appropri-
ately addressing the object of the activity instead of introducing products, for
example, through a technology push or on the basis of another distorted view.
The TiU modeling, however, can attend to any phase of the design, yet it directs
to revise the value base, that is, the functional design rationale and the user
point of view at the value level.

4.3.4 Example 1: Foreseeing the potential of Future Internet-enhanced
smart farming

In the SmartAgriFood project reported in Paper V, the TiU modeling approach
was used as a basis for interacting with food chain actors in the development
process of Future Internet-enhanced smart farming. The specific application
area within the smart farming work package was pesticide spraying activity. The
following is an explanation of the TiU models (one of which can be seen in Fig-
ure 18) that were developed and utilized within the SmartAgriFood project.

In the project, the smart farming system was described at different levels of
abstraction through TiU modeling. Within the value level, the farming work and
its core-task functions were analyzed and made explicit. In analyzing the core-
task functions, interviews with farmers and the earlier research work on farming
activity were utilized as a foundation for contextual understanding. The initial
TiU models in the project were developed in close collaboration with the agri-
cultural engineers working in the project. The work analysis at the value level
was followed by progressing through the concept level ideas to drafting a par-
ticular design solution at the user interface level of TiU modeling and a discus-
sion about the support that it may provide for the core task. The TiU model was
handled together with the food chain actors in two different types of user inter-
ventions, that is, in national discussion panels and design workshops. After each
interaction with the users, the researchers revised the TiU model according to
the discussions and user feedback. Hence, the TiU models were further elabo-
rated and refined based on the food chain actors’ insights. The TiU models could
also be readily edited during the user interventions as necessary. In later stages
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of the design process, the developed TiU models were enriched with usage sce-
nario descriptions and illustrative user interface mock-ups. While the scenario
descriptions and interface mock-ups attempted to make the specifics of the de-
veloped smart farming system explicit, the functional TiU models were needed
to highlight and interconnect these singular operational situations and solutions
within the wider context of farming activity and the food chain. The operational
scenario descriptions and interface mock-ups directly drew their content from
the TiU models and therefore enabled users to easily make references to the
higher abstraction levels of the TiU models (i.e., the value and concept levels)
while exploring the individual user interface solutions through scenarios and
mock-ups.

Altogether four individual TiU models (Table 12) were developed and explored
together with the food chain actors during the project. The content of the models
was closely related to each other, and the models were introduced in successive
order in the user interventions, that is, in a series of national discussion panels
and design workshops. It may also be claimed that the initial model became
more precise and was further developed in the collaborative design process
when the results of the joint exploration of the models were documented.

Table 12. The TiU models introduced in the user interventions of the SmartAgriFood project

User interventions Name of the TiU model
Phase I: Shared construction of future smart farming FI-supported smart farming model
Phase II: Collective discovery of smart spraying concept Smart spraying concept
Phase III: Service framework as model-initiated innova-
tion

Smart farming service framework

Phase IV: Shared agreement of the FI Promise for future
smart farming

An integrated model of the smart farming
concept

In the following, the content of the first two functional TiU models (Phase I &
Phase II) are described with the idea of providing a tangible example of how TiU
modeling can be used for involving users in the design process. The detailed
level results are, however, presented in Paper 4 of this thesis.

In the first phase, there were two central objectives that covered 1) how the
aims of the farming activity were seen in relation to the global food chain chal-
lenges (i.e., food safety, environment, sociocultural and ethical issues) and 2)
what innovations FI was foreseen to provide for arable farming. A particular
challenge from the participatory design point of view in this first phase was how
to initiate a shared construction of smart farming and enable the creative agency
of the food chain actors involved in the project. In Figure 18, the initial TiU
model for FI-supported smart farming is presented. The model was prepared in
close collaboration with the agricultural engineers working in the project. While
the human factors specialist was responsible for modeling the core tasks of pes-
ticide spraying and providing the general TiU modeling frame, the engineers led
the drafting of the description of the technical characteristics of the spraying
system. A TiU-specific tree-level structure was utilized (see the upper part of the
Smart Farming box in Figure 18). However, in this early phase, the model did
not as yet include the most concrete level of description, that is, the user inter-
face level. In addition to the introduction of the smart spraying concept, in this
specific model the concept’s relation to the overall farming work process and the
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three particular use cases selected to be in focus in the project (i.e., bad weather,
work setup and machine breakdown) were depicted. The main aim was to pro-
vide a comprehensive illustration of the problem space for the forthcoming de-
sign work, that is, the statement of the core tasks, the overall work process and
the specific situational demands, and thus facilitate further definition of the
qualities of the smart spraying system. The model was walked through with the
food chain actors; for example, it was highlighted how the specific functionali-
ties of the future system would be exploited in different operational situations
and the farmers could then respond by expressing if they had any additional
task demands or knowledge requirements to carry out those spraying tasks ap-
propriately. Through this kind of dialogic contemplation of the different aspects
of the TiU model, a shared understanding of the context was created, which also
enabled the further enhancement of the smart spraying concept.

Figure 18. FI-supported smart farming model (Koskinen & Norros, 2018)

In the second phase, the main aim of the user interactions was to obtain more
detailed user feedback on the benefits and value of the smart spraying concept.
A new more specified and revised TiU model according to the results of Phase I
– called the smart spraying concept – was introduced for this purpose (Figure
19). At the uppermost value level, the initial set of user experience goals and
core-task functions were depicted. Nine specific user experience goals (i.e., in-
formation security, trust within the community of network actors, quality of
information and services within the FI smart farming system, cloud aware-
ness: understanding the structure of FI, experience of continuity of service,
timely responses, ease of use of harmonized solutions, joy of professional de-
velopment, positive expectations of developing farming culture) were elicited
based on the user interventions in Phase I. In addition, the six core-task func-
tions regarding the spraying activity were further elaborated (see the Core-Task
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Functions line in Figure 19) and the Technology Concept concretized by stating
the six functional requirements and the five concept solutions.

In Phase II, in the national discussion panel, the model was discussed at a
more general level because not that many of the participants had firsthand ex-
perience of spraying tasks. However, the model was collectively explored, and
several notes were made, especially regarding the user experience goals at the
value level. For example, the panelists unanimously expressed that the meta-
phor of a cloud is too vague and does not provide a sufficient basis for judging
the features of the concept. In addition, information security was seen as one
central concern that may affect the acceptance and more extensive use of FI-
based systems in agricultural production. However, the panelists thought that
the aim of improving food awareness and a direct link to the consumers could
be a major improvement that FI-enhanced smart farming could provide.

In the design workshops with expert users (i.e., farmers and spraying contrac-
tors), a more detailed discussion could be held about the proposed future func-
tionalities of the smart spraying system. The TiU model was explored beginning
from its value level and a discussion about the six generic core-task functions
(i.e., readiness to act, flexibility of acting and reorienting, interpretativeness
of acting, conceptual mastery of the process, creating shared awareness and
optimal sharing of efforts). When exposing the expert users to the initial core-
task definitions, they were asked if they could relate both themselves and the
demands of the spraying task to the generalized description of the work activity.
Furthermore, the expert users were encouraged to project the core-task defini-
tions onto the proposed concept solutions (i.e., tailoring services by combining
internal and external data; aggregated recommendations for online decision-
making; the task-aware and timely presentation of information; the context-
aware reporting of decisions and tasks; and networked communication). In
exploring each concept solution individually, it was discussed what kind of sup-
port they may embody regarding the different core-task functions. The engi-
neers explained the design rationale and how they thought that the specific so-
lution contributed to the problem, and the expert users reflected on the solution
from the perspective of how well it fit their everyday work practices. For exam-
ple, concerning the concept solution for food chain communication, the expert
users had high expectations, as they felt that there is no genuine two-way com-
munication in the food chain, and they had difficulties with maintaining aware-
ness of the market demand for their products. Enhanced food chain communi-
cation would allow them to provide more detailed and meaningful information
about their products to the consumers (e.g., production history) but also a pos-
sibility to adjust their own production processes in line with the consumer pref-
erences and market demand (e.g., organic production).
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Figure 19. Smart spraying concept (Koskinen & Norros, 2018)

The discussions in both the national discussion panel and the design work-
shops provided confirmation about the potential benefits and value of the new
innovative features of the smart spraying system. The perspectives of the differ-
ent participants also enabled the informed further development of the specific
characteristics of the smart spraying concept.

Two TiU models were then introduced in the project. They followed the same
three-level TiU model structure. Between Phase II and Phase III, a TiU model-
initiated innovative leap was taken (see Figure 19). In exploring and refining the
smart spraying concept model and the concept promise that it contained, the
agricultural engineers recognized a gap. Even though the concept was generally
considered promising, the expert users lacked a channel that would allow them
to employ the smart spraying concept effectively in their everyday farming work.
It seemed again to be a standalone system that might cause just more manage-
ment and interoperability issues. This observation initiated the idea of a farming
service framework that exploits the FI to achieve seamless integration of all
kinds of farming system, equipment, and information services (for more infor-
mation about the technical construction of the smart service framework, see
(Pesonen et al., 2014)). The framework following from this specific expert users’
concern was designed to enable utilizing and tailoring not just the smart spray-
ing system but also all the information services available for arable farming.
Thus, the model introduced in Phase III (the smart farming service framework)
explicated the FI-enabled service framework, with its specific application (the
smart spraying system) detailed at the user interface level. In Phase IV, food
chain actors were requested to comment on an integrated model of a smart
farming concept provided to them. In the final model, the initial FI-supported
smart farming model (introduced in Phase I) was completed according to the
results of and elaborations in the different user interventions. The main objec-
tive in this ending phase of the project was to get confirmation from the food
chain actors that the development of smart farming was heading in a favorable
direction.
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4.3.5 Example 2: Evaluation of an innovative human-system interface
concept called FITNESS

The evaluation of the Functional Integrated Treatments for the Novative Eco-
logical Support System (FITNESS) concept within the MMOtion project is re-
ported in Paper III. FITNESS is an innovative human-system interface concept
that was developed at Électricité de France (EDF), originally with the aim of
using it in the design of HSI for the control rooms of the N4 reactor type. How-
ever, in the end, the FITNESS concept was never deployed in real use for reasons
that can only be guessed at, as they remain confidential business decisions and
trade secrets. The MMOtion project, however, opened up a possibility to revisit
this interesting HSI concept and evaluate the promise the concept may still offer
for the process-control work in the project’s pilot exercise. The main focus of the
pilot exercise was on demonstrating a methodology to support the human fac-
tors evaluations of an innovative technical concept. The evaluation methodology
selected for piloting was the systems usability case (Koskinen, Laarni, et al.,
2021). In the following, it is, however, explained how TiU modeling was applied
and used to support the HSI evaluation.

One of the main designers of the FITNESS concept summarized the design
philosophy behind it in the following terms: The FITNESS approach draws upon
a generalization of the functional representation of the plant, which specifies the
purpose of use of the plant functions in each individual situation. This approach
enables the complexity of the process to be controlled in various respects. For
example, the propagation of function failures from low levels to high function-
ality levels becomes clearer, which allows the generation of a synthesis of relia-
ble information on the availability of the key functions. In addition, the scheme
of operations for commissioning (and decommissioning) the main functions
during plant-unit start-up (and shutdown) becomes explicit and the operators
are offered the possibility of carrying out related tasks in a more effective yet
flexible manner.

The design process and rationale behind the FITNESS HSI concept was also
carefully documented. This extensive design documentation covered reports,
articles, design meeting records, and personal notes and email exchanges of the
designers. However, for the purpose of the pilot exercise evaluation, it was nec-
essary to further specify the innovative features of FITNESS that the expert us-
ers (i.e., turbine operators) were expected to experience and report on. TiU
modeling was used for this purpose, that is, to create an overall description of
the innovative functionalities included in the FITNESS concept. The FITNESS
TiU model was created based on the interviews with the aforementioned HSI
designer and by familiarizing with the available design documentation. The re-
sulting FITNESS TiU model presented the higher-level functional goals (e.g.,
the functional tasks of the human operator, the core tasks) in connection with
the lower-level physical means (e.g., individual user interface elements and de-
sign solutions) and thus allowed viewing how the operators’ activities and goals
are supported by HSI in their work. Modeling the final FITNESS TiU model (see
Table 13) required many iterations and discussions with the designer about how
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to formulate the different descriptions so that the central aspects of the FIT-
NESS concept are captured appropriately.

Table 13. The TiU model introduced in the evaluation of the FITNESS concept

FITNESS in process control
Level 1:
Value /

core-
task
func-
tions

Creation of
shared aware-
ness
– Operators
apply the in-
structions in an
intelligent way

Flexibility of
acting and
reorienta-
tion
– Operators
must be
able to take
over and
adjust the
system at
any time

Concept mas-
tery and com-
prehension of
wholes
– Operators
must under-
stand the
functioning of
the automatic
controls
– Operators
must have a
global picture
of the process

Interpretative-
ness of acting
– Operators
must be capable
of
identifying the
causes and
meaning of
events

Readiness
to act
– Operators
have re-
sponsibility
for decision-
making and
supervision
– Operators
must be
able to de-
tect that an
event has
occurred

Optimal sharing
of efforts
– Operators
need flexible
organization and
division of
tasks

Level 2:
HSI con-
cept re-
quire-
ments

Representation of the plant that
is consistent with operators’
view of the plant

Components
that are
grouped into
coherent sets
and are inter-
connected

Clearly evident relationships of
process events to production or
safety objectives

Automation level
adapted to oper-
ators’ needs

HSI con-
cept so-
lutions

1. Functional structure of all
kinds of displays

2. Functional structure of synthetic
information and alarms
(available/unavailable, in service /
out of service, and level of degra-
dation)

3. Functional structure and flexi-
ble automation of procedures

Level 3:
Interface
require-
ments

Consistency of
principles of
operation in
normal, dis-
turbance and
emergency sit-
uations

Consistency
of dialogs

Consistency
of information
presentation

Access to syn-
thetic infor-
mation at all lev-
els

Transpar-
ency of the
logic of how
the system
synthesizes
information

Freedom in ac-
complishing
tasks and adjust-
ing the level of
automation

Interface
solu-
tions

Consistency of
all operation
and inter-
face-manage-
ment dialogs
– The same
  dialog princi-
ples for all
plant situa-
tions, operation
dialogs,
and information
– Screen
  structure
– Dedicated
  areas for
  specific
  dialogs

Inter-display
links
– A single
  operation/
  monitoring/
procedure
display for
each func-
tion or com-
ponent
– The same
vertical and
horizontal
structure
across all
types of dis-
plays

Information
accumulation
– Top-down
access and
navigation
– Bottom-up
access and
navigation

Presentation of
status infor-
mation
– Integration of
status infor-
mation in
  the displays
– Use of ani-
mated icons

Procedure
system in
flowchart
format
– Functional
objective
presented
for each
procedure
– Use of an-
imated
icons

Functional struc-
ture of alarms’
processing and
presentation
– Functional dy-
namic pro-
cessing of the on
sequences of
alarms for each
function
– Integration of
alarms into the
displays
– Functional
synthetic view of
alarms for each
function

In level 1 of the FITNESS TiU model, the core-task functions are presented
(see upmost level in Table 13). Earlier research studies on the work of NPP CR
operators were utilized in characterizing the main content of the process control
work. The demands of the operator work (that can be considered as defined user
requirements) drawn from the FITNESS design documentation (see the bul-
leted lists in level 1 in Table 13) are thematically organized according to each
general core-task beneath the more general core-task function statements.

Even though the FITNESS concept has a computerized HSI connected to the
simulator of a 1300 MW pressurized water reactor, for the nuclear process con-
trol, it introduces a HSI concept that is very different from conventional HSI
solutions. Level 2 (Table 13) depicts the analyzed central HSI concept require-
ments and HSI concept solutions of FITNESS. The three main concept solutions
are: 1) the functional structure of all kinds of displays, 2) the functional struc-
ture of synthetic information and alarms, and 3) the functional structure and
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flexible automation of procedures. In traditional HSIs, information is often or-
ganized according to the logic of process flow diagrams and not so clearly into
functional groups and their subfunctions. In the FITNESS concept, functional
orientation and structure are pervasive (see Table 13). For example, from the
global plant overview display, the operator may navigate downwards to the level
of function units (e.g., seawater pumps) from which the operator may move on
all the way to the lowest elementary level (e.g., level of individual pumps). In a
similar functional vein, the process information and alarms are synthesized and
presented corresponding to the function level considered. This approach repre-
sents a very new kind of alarm philosophy in which the alarms are presented
directly on the process displays and the severity assigned to each specific alarm
depends on the functional level at which it is viewed. That is, the severity indi-
cation of an alarm takes into account all available redundancies, together with
the contextual data of the plant situation, hence assessing the need for the func-
tion subject to alarm. This means that at the higher functional levels, there may
not be any alarm visible but when moving downwards in the functional display
structure, the alarm severity indication may change to yellow or even red (see
solution 2 in Figure 20). The concept solution regarding the level of automation
was based on the designer’s (also a former operator) conception of what auto-
mation level would be optimal. Design principles such as that the operator al-
ways has the main responsibility for supervising the process and must be able
to take over at any time and that the automation should adapt to the needs of
the operator and make the operation more efficient drove setting the optimal
level of automation for the FITNESS concept.

Figure 20. Illustration of the three main concept solutions of the FITNESS concept (Norros et al.,
2015)

The FITNESS TiU model highlighted the characteristics of FITNESS that
make it distinct from the other HSI concepts utilized in NPP process control.
However, for the assessment of the value of the FITNESS concept, more oper-
ating experiences and investigations of different aspects of the concept were re-
quired, which made it an ideal candidate for demonstrating a methodology for
human factors evaluation of innovative human-system interfaces.
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The TiU model in planning human factors evaluation
The FITNESS TiU model was central in the planning of the evaluation. The con-
tent of the FITNESS TiU model provided a clear focus for the evaluation, as in
the model the main concept solutions of FITNESS are made explicit and docu-
mented in detail. FITNESS evaluation utilized a human factors evaluation ap-
proach called systems usability case (SUC). SUC is based on safety case thinking
and the notion of systems usability (SU). SUC is constructed through three basic
elements, that is, claim, argument and evidence. In forming the claims about
the value of the system under evaluation, an understanding of the design ra-
tionale is essential. TiU modeling enabled the creation of an overall view of the
object of evaluation in a very condensed form. In the case of the evaluation of
the promise of FITNESS, three types of claims were the most relevant to ad-
dress:

 A particular HSI concept solution supports fulfilling certain work de-
mands (core-task functions),

 A particular interface solution concretizes the HSI concept solutions,
and

 A particular interface solution supports meeting certain work demands.

Following these basic claim structures, for example, a claim could be made
that “the functional structure of alarm processing and presentation (interface
solution) supports/enables interpretativeness of acting (core-task function).”
The above type of claim is related to the expert users’ point of view, as the inter-
est is in the tool’s capability to evoke positive user experiences and provide value
for the work. The claims about the FITNESS concept generated based on the
FITNESS TiU model were then used for further planning of the evaluation. Prior
to the actual evaluation occasion, it was necessary to define the content of the
scenario runs, frame the questions and prepare all the other supporting evalua-
tion material. All of this preparatory work focused on the specifics of the three
main HSI concept solutions stated in the FITNESS TiU model. For example, the
scenario runs (altogether five scenarios) were developed under the three partic-
ular themes, that is to say: I) functional information presentation and FITNESS
mode, II) synthesis of plant state and alarm and, III) functional information
presentation and different operation modes that were closely related to the
three identified concept solutions. Paper 3, included in this dissertation, con-
tains a detailed account of aspects such as scenario planning and presents the
prepared pictorial material.

The TiU model in training of operators
In the FITNESS evaluation, the first day was reserved for the training of the
operators (Table 14). Even though the designer of the FITNESS concept had de-
veloped a dedicated training manual for FITNESS, the training of operators for
the evaluation was refined and modified to highlight the specific characteristics
of the concept identified in FITNESS TiU modeling.

Table 14. The organization of the FITNESS evaluation’s training day
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Day 1: Training
Topic Format
The goals of the design/evaluation experiment Presentation by the MMOtion human factors spe-

cialist
The principles of the FITNESS simulator and HSI
functions

Presentation by the designer

Testing FITNESS and the different HSI functions  Free exploration and assistance when needed
Closing discussion and first user experiences Group discussion (all parties)

Especially the closing discussion of the training day was designed based on the
FITNESS TiU model. The three innovative concept solutions were reviewed to
assess how they materialized in the interface. The first impressions and user
experiences were carefully recorded and used as evidence in constructing the
SUC.

The TiU model in human factors evaluation and analysis of results
In constructing the SUC, the description of the different solutions integrated
into the proposed new system is not readily made explicit. TiU modeling instead
aims to discover and explicate the innovative features of the tool and describe
and organize them in relation to the demands of the work activity under devel-
opment. In the FITNESS evaluation, the TiU model made it possible to focus
the evaluation on the identified key innovative features that were claimed to im-
prove the efficiency and safety of the process control work. For example, more
elaborated discussions (e.g., in the focus group discussion) with the operators
about the content of the FITNESS concept in the course of the evaluation could
be held, thanks to which more detailed evidence was gained about the value of
the concept. A short summary of the findings of the FITNESS evaluation is pro-
vided below (see Table 15). The detailed account of the results of the evaluation
is presented in Paper 3.

Table 15. The organization of the FITNESS evaluation’s training day

HSI con-
cept solu-
tions

1. Functional struc-
ture of all kinds of
displays

2. Functional structure of syn-
thetic information and alarms
(available/unavailable, in ser-
vice/out of service, and level of
degradation)

3. Functional structure
and flexible automation
of procedures

Promise It was experienced that
the functional structure
provided a good presen-
tation of the facility. In
addition, the operators
thought it aided in under-
standing the logic of the
system and the interde-
pendencies within the
functional levels. The in-
terface solutions were
seen to effectively cap-
ture the functional struc-
ture, e.g., in inter-display
links and in the con-
sistency of all operation
and interface manage-
ment dialogs. However,
one criticized issue was
the navigation within the
hierarchical display sys-
tem.

This feature received the least con-
firmatory evidence. One reason for
this may be the fact that this was the
most radical innovative feature of the
FITNESS concept that the operators
had no previous experience with. The
operators had trouble in reading sym-
bols and understanding their connec-
tion to the severity index determined
by the current view of the display hier-
archy. Moreover, it was not always
clear to the operators which functional
level they were at, which is key to un-
derstanding the severity of the
emerged issue. However, it was prom-
ising that the solution was positively
linked with the requirement that the
relations of process events to the
achievement of safety objectives must
be made evident. Therefore, it might
be that the concept solution itself is
worthwhile investigating further if
some other interface solution could
materialize it in a more appropriate
form.

This feature was experienced
most positively (and gained
the most supportive evi-
dence). The operators thought
that the solution was well
manifested in the interface by
the procedure system in a
flowchart format. It was also
found to support the require-
ment that level of automation
must be adapted to operator
needs. The so-called FIT-
NESS operating mode was
experienced to support flexibil-
ity of operation and optimal
sharing of efforts leading to,
e.g., reducing the operator
workload in some demanding
operational situations. Some
concerns were raised con-
cerning the acquisition of ex-
pertise and a certain passivity
that may be caused by opera-
tion in automatic sequence.
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4.4 Summary of the results and answers to the research ques-
tions

In this subsection, the results are summarized and concise answers to the re-
search questions are given.

Sub-question 1 concerning the present status of the participatory design prac-
tices and user involvement in safety-critical system design led to the review of a
number of studies addressing the topic. The resulting understanding of the cur-
rent participatory practices within safety-critical system design was not very fa-
vorable. Even though a lot of academic research was carried out, the learnings
and insights of these studies have not been incorporated into well-established
industry practices. There was a lack of responsible HF specialists and organiza-
tional structures as well as integrated design processes and methodological rep-
ertoires that could be used for involving relevant user groups.

In the development of safety-critical systems, the human and social aspects
are essential in achieving safe and resilient design solutions. For that reason,
the human factors efforts within safety-critical system design need to be system-
atic and addressed at all levels of system engineering (i.e., organization, process,
and product) and throughout the design. It was proposed that a tailored HFE
program should be established in the safety-critical system design project to fa-
cilitate the implementation of HF activities that appropriately address the de-
sign task from multiple viewpoints and abstraction levels as well as acknowledge
the needs and preferences of relevant user groups. In the contextually defined
and tailored HFE program, elaborating the points of user interaction would be
especially important in order to facilitate participatory processes and active user
involvement in design.

The sub-question 2 concerned the use of functional models to facilitate expert
users’ reflection on work. Based on theoretical considerations about the medi-
ating role of technology in activity and the practical problems of addressing this
appropriately in design led to the introduction of Tools-in-Use modeling provid-
ing a functional conceptualization of the work. In Tools-in-Use modeling, both
the work activity and the emerging new tool are embodied. The content of the
TiU model is always contextually defined and starts from comprehending the
work activity to whose successful performance the new tool aims to contribute.
The work activity is expressed in the TiU model in the form of core-task func-
tions that reflect the central content of the work domain. This is followed by the
description of the emerging tool regarding the concept and the interface level
requirements and solutions. By constructing these two points of view – that is,
the generalization of the work activity and the developed technology concept –
a condensed and tangible description of the proposed new design from func-
tional point of view can be created.

Sub-question 3 dealt with the question of what kinds of contributions the ex-
pert users can deliver for safety-critical system design in different phases of the
product lifecycle. Based on the review of the related research and the practical
research work on different cases included in this thesis, the expert users’
knowledge contribution to safety-critical system design may be extensive and
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certainly goes beyond participating in traditional usability evaluations as a sub-
ject. The expert users have in-depth knowledge and insights on how the safety-
critical system can or cannot be used and their subjective experiences may re-
veal aspects concerning the suitability and potential of the proposed design so-
lutions. In the early stages of design, the expert users can 1) set requirements
for the development of the future system through their contextual and operative
knowledge. These past experiences enable the expert users to 2) envision future
possibilities in such a way that they still correspond to the practicalities of eve-
ryday work and thus have a bigger potential to develop a meaningful tool in
work. The users who operate safety-critical systems might themselves have dif-
ficulties grasping the possible implications that the introduction of a new tool
will have, not to mention persons without operational expertise. Therefore, the
ability of operators to 3) critically reflect on the fulfillment of the requirements
should be exploited in design. User involvement and their knowledge contribu-
tion would have the greatest impact when integrated into the design in the early
phases when there is still room for alterations and formative design feedback.

The main research question of this thesis asked how can participatory meth-
ods for expert user reflection on work be furthered to better integrate human
and social considerations in safety-critical system design. The Tool-in-Use
model draws on the description of the domain-specific critical features of the
work while advancing   the foreseeing of promise the future activity (the second
function in CTD design model).

The modeling of the TiU facilitates the focus on the safety-critical work activ-
ity, yet allows for the free exploration of the different characteristics of the pro-
posed new tool and discussion of their potential to support the core task func-
tions. Consequently, enabling the expert users both exploring and evaluating
individual task demands and future development prospects of the tools in a way
that other available participatory methods have not been able to address. The
TiU model enables displaying together the main ingredients of both worlds, that
is, the central functional content of expert users’ work and the problem solutions
space that the designers are used to working with. Thus, in doing so, the TiU
model establishes a fruitful ground for participatory processes and from which
to start collaboratively developing the future system.

5. Discussion

In this thesis, the TiU modeling approach is presented as most important meth-
odological contribution that complements the other prevailing participatory
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methods aimed at addressing usage activity and involving expert users in de-
sign. In this chapter, the results of the research work are reflected on and the
findings discussed in relation to the previous research and what kinds of prac-
tical implications the findings may have.

5.1 Advancing participatory processes in safety-critical system
design

A safety-critical work system at its fundamental level represents a design task of
a magnitude and complexity that no single design engineer could complete
alone. Therefore, safety-critical system design is a collaborative activity in which
representatives of several highly specialized fields of engineering participate (Lu
et al., 2007). Human factors is a design discipline that aims at contributing to
the system design particularly by promoting a profound contextual understand-
ing and incorporating the usage point of view into design decisions.

However, I have more than once read in magazines or experienced in my own
research studies that expert users feel that the proposed design solutions do not
fit the realities of their everyday work. Even if a design solution is technically
solid, the users might find it awkward. For example, when doing field observa-
tions and interviews in the process industry, a process operator once explained
to me that the operators did not want to use a new automatic start-up function-
ality because they found it very slow and thought that they could do the same
procedure manually much more quickly and efficiently. Later, when discussing
this with the designer, I heard that this functionality was also designed to opti-
mize and take into account other aspects of the system such as the durability of
the technical equipment, and that was why more time was reserved for some
steps of the start-up procedure so that, for example, optimal temperature for
equipment durability would be reached. However, the users did not seem to be
aware of this and they found the new automatic function useless. Clearly, this
issue could have been avoided in operation by, for example, providing more
training or just explaining better the design rationale of the new functionality to
the operators. Another similar example can be found in the operation of heavy
machinery: I was told that the operators often needed to override the set safety
limits to manage one specific operational situation. Again, I wondered why this
particular operational situation was not acknowledged better in the design so
that the users would not need to purposely override the safety functions.

The above are practical examples of the problems of incorporating appropriate
human and social understanding into design projects. Similar problems were
also identified in the reviewed literature, revealing that the impact of human
factors is still not integrated to its full potential in the design of safety-critical
systems (Balfour et al., 2012; Money et al., 2011). One issue that might affect
this is that human factors in the context of safety-critical systems have focused
on V&V and especially on summative evaluation at the later stages of design
(e.g., ISV). This evaluation phase has perhaps also received the most attention
in the regulatory procedures and guidelines under which the new system must
be formally assessed before it can be commissioned. Conducting human factors
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evaluations of safety-critical systems such as NPP control rooms is not a
straightforward task to accomplish and thus demands methodical development
efforts from the human factors community (Braarud & Strand, 2011; O’Hara,
2009; Savioja, 2014a; E. Simonsen, 2018).

Without wishing to diminish those achievements regarding the human factors
evaluations at all, some of the HF issues identified in these later evaluation
phases would benefit from formative evaluation and would have been most ef-
ficiently tackled when the requirements for the new system were set at the be-
ginning of the design process. Several authors have discussed the benefits of
formative evaluation and suggested that human factors should take a more ac-
tive role in early evaluations (Boring et al., 2015c; Norros, 2014; E. Simonsen et
al., 2020). For example, Simonsen has suggested a combination of heuristic
evaluation and scenario-based talk-through methods for performing formative
control room system evaluations (E. Simonsen, 2018). Boring et al. (Boring et
al., 2015c) discussed the importance of integrating the operators’ knowledge
into design at early stages of development and used the terms pre-formative ep-
istemiation and formative epistemiation for this purpose. According to him,
pre-formative epistemiation may happen prior to the actual design phase by
means of, for example, a cognitive walkthrough procedure used in support of a
task analysis with the aim of capturing operator needs and expectations for the
system.

Recently, Boring et al. (Alivisatos et al., 2021; Boring, Ulrich, & Lew, 2021;
Boring, Ulrich, Lew, et al., 2021) have suggested a control system design proto-
typing toolkit – which they call the Rancor Microworld – that can be used for
rapid design and implementation of prototype control systems and accompany-
ing human-machine interfaces, thereby yielding design input early on in the
new reactor development process. These abovementioned research studies have
also recognized the gap in today’s design and evaluation practices: the need to
commit human factors earlier on in design and conduct assessments with form-
ative purposes for the new design solutions.

The purpose of this thesis was to enhance the understanding of human factors
contributing to safety-critical system design and especially to promote methods
and processes that would allow expert users to get involved in design in a way
that can be utilized to deduce design implications and improve the proposed
design solution. Regarding the temporal dimension of the design, this thesis
aims to support and reassert the inclusion of expert users’ operative knowledge
in the early stages of the development process. Thus, the results of this thesis
contribute to the development of human factors as a design discipline and fore-
most by advancing participatory processes and expert user involvement early in
the design process.

5.2 Methodical implications

The form in which the emerging design solution may be presented affects the
expert users’ involvement and their evaluations. Most often, operators in the
NPP context participate in human factors evaluations conducted in a variety of
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simulator environments (e.g., development or training simulators). In this kind
of simulator setup, the operators may already experience the design solution in
quite concrete terms. In the simulator runs, the operators are invited to attend
to the handling of a certain operational situation such as a process disturbance
that may already give tangible experience about the functioning of the design
solution. Other methods typically used to present the design solution according
to the reviewed literature were different kinds of mock-ups and prototypes of
various levels of maturity. These are useful as they can be produced with rela-
tively low investments and still give the design solution a tangible form that can
be discussed and reviewed collaboratively.

The TiU modeling approach presented as one concrete result of this thesis
complements the other prevailing participatory methods (e.g., prototyping and
scenario-based approaches) aimed at addressing usage activity and involving
expert users in design. The TiU model aims to make the emerging design solu-
tion tangible in an illustrative way by including a concise description of the basic
solutions that the new tool design is constructed from. The method contributes
to conducting qualitative analysis of work so that an informed and constructive
discussion can be held about how the design solutions support the work de-
mands. The TiU modeling approach is developed particularly with expert user
involvement in mind and with the idea of making the design solution explicit so
that the users can start comprehending the potential value that the solution may
introduce into their object of activity. Thus, in CTD (see Figure 2), TiU modeling
first and foremost serves to foresee the promise of the design function.

Many potential benefits can be seen in the use of TiU models. As the TiU model
makes the work activity explicit by describing the core-task functions, the work
activity is constantly present in design and can be referred to at any time even
though the discussion would be about some specific characteristic of the design
solution. Even though the design project in question would be in the summative
evaluation phase, constructing the TiU model would involve the design parties
starting from the functional content of the work activity in a way consistent with
the basic ideas of human-centered design and understanding the contextual
needs and preferences of users.

Secondly, the content of the TiU model is collaboratively constructed starting
from the analysis of the work tasks and then proceeding to the description of the
design solution at both its concept level and its user interface level. Thus, the
design participants can begin to foresee step-by-step the promise of the pro-
posed design solution for the work. The core-task functions are exposed to the
expert users’ review, and they are taken into active contemplation. Thus, the
users can be actively involved in the design process from the beginning, even
before any potential design solutions are considered. Arguably, constructing
TiU models demands more thorough analysis of the work activity, and when
used for facilitating participatory processes the expert users are also engaged in
reflecting on and analyzing their work.

Constructing the TiU model is an iterative process within which the partici-
pants can explain their viewpoints, relate what the others have brought to the
discussion and talk about their own experiences. The different aspects of the
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TiU model can be critically questioned and reflected in the design process. The
conflicting viewpoints of participants may be easier to discuss when the design
rationale and the characteristics of the design solution are explicitly stated and
visible to all. On the other hand, the threshold for giving feedback may be lower
when the design solution does not as yet seem to have a very mature form, that
is to say, a functioning prototype or full-scale simulator. Consequently, TiU
models may facilitate and encourage expert users to voice their opinions. It does
not take too much effort to adjust or make changes to a TiU model, and yet the
impact on the overall concept may be radical (like in the case of the introduction
of the smart farming framework in Paper 4).

Moreover, as TiU models are collaboratively constructed, the participants are
in control of knowledge creation within the modeling process and share owner-
ship of the final outcome (i.e., a vision of a meaningful and promising future).
It is likely that each member of the design team can make a meaningful contri-
bution to the TiU model as it has elements from both worlds, that is, the opera-
tion of the system (core task) and the design engineering of the system (require-
ments–solution structure). On the other hand, it is unlikely that an individual
can alone complete TiU modeling in such a way that it would appropriately ex-
press all the aspects it includes (i.e., the work task, the concept, and the interface
level). Consequently, TiU inherently builds on collaboration in completing the
modeling.

The description in the TiU model proceeds logically from the abstract gener-
alization of the work tasks and the concept to the concrete description of the
interface elements. The TiU model facilitates moving between the different lev-
els of abstraction and seeing how the different levels are interrelated. Thus, the
TiU model enables an illustrative description of the new design solution for fu-
ture work in a more generic and conceptual form as well as facilitates compre-
hension of the interrelations of the work system. TiU provides a kind of repre-
sentation of the joint human-technology system and allows examining how the
targeted functionality may be achieved as a joint effort of the different parts of
the system.

5.3 Practical implications

The fact that the involved users are expert users may affect the choice of suitable
participatory methods and processes. Moreover, the design objective (e.g., focus
on an individual interface or task or on a full-scale control room modernization)
may need to be considered in the form and extent of user involvement.

It has been seen necessary to improve and develop safety-critical design prac-
tice – and in particular like this thesis to advance the collaborative and partici-
patory processes (including expert user involvement) in order to reach inte-
grated design solutions. The research studies presented in Paper 1 and 2 showed
that formative design feedback can be reached already with low-fidelity design-
solution representations. Tools-in-Use modeling in its simplest form produces
a low-fidelity representation of the proposed design solution but in a way that
also makes the work activity explicit (unlike traditional prototypes). A concrete
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description of the TiU modeling approach is provided and it may be used in a
variety of contexts as demonstrated in the studies presented in Paper 3 (i.e.,
NPP context) and 4 (i.e., pesticide spraying context).

I envision the TiU modeling being a participatory design artefact used in the
research and product development context of safety-critical systems. Thus, the
primary users of the modeling approach would be designers and developers of
the systems and in particular the persons being responsible for inclusion of the
human and social aspects in the design process, that is, the human factors ex-
perts and HSI designers. Applying the TiU does not demand unreasonable
amount of training or specialized knowledge beyond understanding its con-
struction logic (i.e., proceeding from the functional usage value level of the sys-
tem to the concrete interface solutions). I recognize that presumably the value
level is the most challenging part of the TiU model to commit to (at least from
the traditional system engineering organization point of view), however, diffi-
culties in this may already help the design organization to recognize their absent
methodical repertoire regarding analysis of the human activity and initiate some
positive developments to this aspect. Iterating the content of the other two levels
(i.e., concept and interface) is most likely much more straightforward at least
for the system developers.

Based on my experiences of working with TiU modeling, it can be to a certain
degree completed by an individual (e.g., designer) but collaboration is soon
needed to elaborate further on the different aspects of the model. Arguably, TiU
modeling may cost-efficiently reveal if some part of the design rationale from
the work activity point of view is incomplete or weakly understood and justified.
At the beginning of the design process, it is especially important to support
shared awareness and exchange of ideas. The TiU model may provide one de-
sign tool to initiate discussing and seeing how the different parts are related to
each other and what kinds of design decisions lie ahead and should be made to
reach an integrated design solution.

One aspect of the design of safety-critical systems and involvement of expert
users is that access to relevant user groups and expert users is often restricted.
It may be that the number of expert users operating one system is not very high
and the operation of the process is continuous, leaving little room for other ac-
tivities such as participation in innovative processes. Therefore, there is a need
for methods that may produce qualitative descriptions with the involvement of
fewer expert users instead of relying on quantitative processing of user data and
a large number of involved expert users. As the expert users may be busily oc-
cupied with their everyday work activities and may not have any training on de-
sign, supporting their participation in the design process is especially im-
portant. TiU models invite the expert users to foresee the new design ideas but
at the same time emphasize their role and expertise that is of importance for the
success of the development process, which may provide extra motivation for the
users to participate and share their operative knowledge. For the primary users
of the TiU models, that is, the human factors experts the model provide a con-
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cise structure to help the expert users to start foreseeing and discuss the differ-
ent aspects of the emerging design solution and thus facilitate mediating their
operative expert knowledge between the design and usage organizations.

5.4 Limitations of the research work and suggestions for future
research

The research conducted in this thesis may have been improved in many ways
and the achieved results could be developed further.

One frequent complaint regarding the more extensive adoption and utilization
of HF methods, as also proposed in this thesis, is that they are laborious and
demand highly specialized methodological knowledge. It is true that acquiring
the contextual information, for example, to model the core-task functions of a
specific work requires efforts and resources. Moreover, the input of only human
factors specialists is not enough; time and contributions are also needed from
representatives (e.g., operators) of the specific domain being modeled. For ex-
ample, in modeling the core-task functions, interviews and discussions with ex-
pert users are often needed. In addition, transforming these empirical enquiries
into design implications or a clearly defined set of specifications for the new de-
sign solution is not a straightforward task, either. However, considering the na-
ture of the systems that are in focus – that is to say, safety-critical systems – I
feel that a certain rigorousness is necessary, as the success of the design can
have consequences beyond the well-being of individual workers. Moreover, as
these systems are complex and large in size, careful analysis and domain
knowledge are needed in order to specify the real development needs at which
the limited resources should be directed.

Tools-in-Use modeling and the participatory processes initiated around it may
also be further developed. I have attempted to provide a flexible method that
could be adopted throughout the design process and regardless of the starting
point of a specific project (e.g., identification of development needs or summa-
tive evaluation of a design solution). More experiences of how the model works
in different phases of design would facilitate its development. One specific phase
that the TiU model is still not used in is performance monitoring and collecting
operating experiences (O’Hara et al., 2008) when the new system is commis-
sioned and taken into use. I think the modeling approach would have potential
to classify the operating experiences according to the different characteristics of
the design solution and the core-task functions and thus help identify poten-
tially emerging HF issues in a more proactive manner. In the research studies
included in this thesis, the modeling approach was mostly utilized in interacting
with expert users; however, how the model may be used for involving different
user groups (e.g., passengers of an automatic tram) in design should be further
explored as well. TiU modeling requires input and contributions from both ex-
pert users and design engineers. The focus in this thesis has been on the involve-
ment of expert users and less on how the designers may use the model to sup-
port their design thinking and the practical design work in developing the solu-
tions; this would thus be one aspect to study further.
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5.5 Conclusions

In this thesis, I have presented research related to user involvement in safety-
critical system design. The main motivation has been to advance the design of
high-quality tools that are useful and support efficient and safe operation of sys-
tems. Particularly, the inclusion of the valuable operative knowledge of expert
users in the design of safety-critical systems was pursued.

For this purpose, a functional modeling approach called Tools-in-Use was in-
troduced. By constructing the TiU model, it is possible to view the new design
solution (i.e., tool) from the work activity (i.e., core tasks) point of view in an
illustrative way and engage expert users in discussion about the value and
meaningfulness of the proposed design.
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