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POPULÄRVETENSKAPLIG SAMMANFATTNING

Under de senaste årtiondena har industrin digitaliserats i stor ut-
sträckning och består nu av komplexa strukturer där människor, ma-
skiner, autonoma agenter och sensorer samspelar. Människor arbetar
ofta som operatörer i industrin, med uppgift att övervaka och styra
maskinella processer på distans från kontrollrum. Den omfattande di-
gitaliseringen medför nya utmaningar för operatörerna i och med att
mängden tillgänglig information växer samtidigt som kontrollrum-
mens användargränssnitt är otillräckliga för de ändrade förutsättning-
arna. I den här avhandlingen utforskar jag nya former av visualise-
ring och interaktion som skulle kunna hjälpa operatörerna hantera de
växande informationsmängderna och sköta sitt arbete på ett effektivt,
tillförlitligt och säkert sätt.

Jag presenterar flera exempel på skräddarsydda datavisualiseringar
som minskar belastningen på operatörerna genom att kombinera stora
mängder data i kompakta, icke-triviala presentationsformer. När det
gäller interaktion föreslår jag flera fysiska och taktila interaktionsfor-
mer som kan göra operatörernas arbete mera fritt och självstyrt. Jag
presenterar slutligen koncept för adaptiva system som anpassar sig
till operatörernas arbetssituation för att skapa smidig interaktion och
stödja hög situationsmedvetenhet.

Avhandlingen vänder sig i första hand till interaktionsdesignområdet,
men jag räknar med att den kan vara av intresse för en bredare publik
i och med att den behandlar användarupplevelse. Vi använder alla
tekniska produkter och tjänster i någon utsträckning och bör därför
kunna relatera till industrioperatörernas utmaningar. Mitt arbete ger
också en inblick i hur människans arbetssituation ser ut i dagens in-
dustri.
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ABSTRACT

During the last decades, the industry has been undergoing extensive
digitization leading to complex ensembles of humans, machines, au-
tonomous agents, and sensors. With this new setup comes the chal-
lenge of how to appropriately support work-practices of industrial
operators who now need to monitor and control complex industrial
processes through digital interfaces. Information overflow and restric-
tive interfaces are two significant problems that operators face in their
daily routines. In this PhD, I explore approaches to visualization and
interaction that would reduce industrial operators’ information load
and enable them to perform their duties in an efficient, reliable, and
safe manner. Industrial users and industrial settings are the starting
points of my research.

In this thesis, I describe multiple examples of custom-tailored data
visualizations that reduce the operator’s visual load by consolidating
large amounts of data into compact overview displays with often non-
trivial data presentation. With respect to interaction, I propose several
tangible and tactile interfaces, as well as concepts for natural interac-
tion, that let the user freely interact with the control station and the
information it depicts. Finally, I propose several concepts of adaptive
systems that adjust to the operator’s context to ensure their high situ-
ational awareness and convenience of interaction.

Even though this thesis is primarily intended for the community of
interaction designers, I expect it to be of interest to a broader audi-
ence due to its relation to the user experience field. To a certain extent,
everyone can resonate with the user’s problems because, in our ev-
eryday life, we all are users of some technology and services. Further-
more, for a lay reader, this work can be seen as a comprehensive in-
troduction to how the industry works and what role the human plays
there.
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Chapter 1

Introduction

1.1 Industrial process control
For millennia, production was essentially manual with the human at
the center of the process. It was taking place in small family work-
shops where the human was in close contact with materials, tools, and
the final product, and had total control of the entire process. As the
human was working with one product at a time, the cognitive load
was tolerable. The status of the production process was perceived
through sensory inputs, i.e. sounds, smells, physical properties, such
as weight, color, etc. Such production setup assumed low productivity
and low output [160]. Production volume increased as, with the flow
of time, more sophisticated tools, machines, and approaches were ap-
pearing. Industrial revolutions brought especially drastic changes in
this development. Factories appeared during the First Industrial rev-
olution, i.e. in the late 18th early 19th centuries, and continued their
rise under the Second Industrial Revolution, i.e. in the late 19th and
early 20th centuries [35, 160]. During the first half of the 20th century,
a typical shop-floor operator was stationed at one machine perform-
ing standardized, monotonous tasks with low complexity; advanced
knowledge was not required as decisions were taken by higher-level
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1. INTRODUCTION

managers [108]. With the continuous flow of technical innovations, it
became possible to automate some manual tasks and perform process
control from panels located close to or placed on the process equip-
ment. Such a setup required personnel to be constantly present at the
machines, see Figure 1.1.

Figure 1.1: Cotton-spinning machines at the Krenholm Man-
ufacturing Company, approx. year 1950-1957. Source:
Narva Muuseum, photo number NLM KMM F 17:4,
http://www.muis.ee/museaalview/2513110

The next significant development step undertaken in 1950s comprised
the centralization of all the localized control panels in a permanently-
manned central control room placed in a close proximity to the actual
production, see Figure 1.2. The operators interacted with the produc-
tion process through single-sensor–single-indicator panels with dials,
gauges, buttons, lamps, etc. Information was presented statically all
at once, in a parallel form. Therefore, to be able to monitor the pro-
duction process, operators had to know where all of the different in-
dicators were physically located [231]. With the centralization came
the advantage of reduced manpower requirements and the possibility
appeared to get a comprehensive overview of the entire production
process. Centralized control panels had certain drawbacks. For exam-
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1.1. Industrial process control

ple, it was very hard to upgrade such interfaces, e.g. introduce new
interaction controls into an existing control panel. Furthermore, due
to the linear layout of panels, the operators had to physically move
around the control room to be able to maintain high situational aware-
ness of what is happening in the plant. Vicente et al. [231] point out
that such a layout made it difficult for operators to communicate with
each other, therefore, for example, it was not trivial to understand
when another operator needed help. Similarly, it was very difficult
for operators to remain aware of the state of a unit after having physi-
cally left it. Moreover, analog hard-wired control panels were fixed in
their location and grouping, therefore they did not allow any degree
of freedom for tailoring the presented information to a particular task
at hand. To overcome this issue, operators had to go outside of the
means explicitly provided by the design using ad hoc methods such as
creating external reminders [231].

The Third Industrial Revolution, which started in the 1970s, brought
automatic production based on electronics. With the arrival of CPUs,
networks and graphical computer displays, it became possible to re-
place analogous control panels with digital interfaces and form sta-
tionary workplaces. The digitalization significantly changed the look-
and-feel of the industrial control rooms, as well as the workflows of
operators [231]. Digital interfaces offered a wealth of flexibility in
terms of how information could be depicted on the screens which
allowed the operators to adjust the information presentation to their
current task [231]. With the transition to digital control systems, many
authors [234, 97, 231, 120, 132] agreed that the graphical user inter-
face (GUI) of the digital control system became one of the most criti-
cal factors for improving operators’ efficiency and preventing safety-
related issues. Han et al. [97] write that early GUIs were prone to
a common mistake when a man-machine interface (MMI) design was
directly transformed into a GUI design by miniaturizing and condens-
ing MMI controls on a computer display which diminished the advan-
tage of using a GUI. Later, various guidelines for user interface design
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1. INTRODUCTION

Figure 1.2: A control room at the Gotland HVDC link built in 1954.
The image is taken from ABB internal archive.

were proposed consisting of high- and middle-level theories, mod-
els and principles, design standards, practical recommendations, and
evaluation strategies. Operators, however, were finding the transition
to digital interfaces challenging because they felt that digital informa-
tion alone was not enough to support their need for understanding the
real status of the control process [25]. The requirements for the indus-
trial operator have also significantly changed. If earlier the operator
was more or less focusing on one particular machine or process con-
ducting repetitive tasks, the operators of digital control rooms started
facing increased responsibilities in a wide-ranging spectrum of tasks
starting from manual maintenance skills to data analytics. Operators
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1.1. Industrial process control

were now expected to behave proactively, i.e. predict the system’s be-
havior and forecast occurring problems. As a result, from now on,
operators could be identified more as knowledge workers with tech-
nical skills rather than merely technicians [1].

Figure 1.3: A control room at one of the visited industrial sites. The
control station consists of more than 17 screens that serve for different
purposes. On the right, there is a setup of legacy control panels that
are occasionally still in use.

Since the transition to digital control rooms in the 1970s, the phys-
ical setup of industrial control rooms has not significantly changed.
They are office spaces where operators are monitoring the status of
the production processes. Importantly, the modernization of control
rooms can significantly vary from one another. Some control rooms
that I have visited are rather outdated, with old-fashioned monitors of
different sizes stationed on simplistic desks and keyboards and mice
chaotically spread around the tables, some of them still have control
panels in use, see Figure 1.3. Others are fully modernized with the
latest holistic motorized control stations that can be ergonomically ad-
justed to the operator’s needs. All in all, regardless of the modernity
of the interfaces and look-and-feel of the rooms, the work processes
in the modern industrial control rooms are very similar. Most of the
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1. INTRODUCTION

time the operators spend in control rooms only occasionally visiting
the field. An operator’s workplace is a workstation comprising an
office table with a dozen screens, several mice, and keyboards. The
operators monitor and control industrial processes via the displays of
the control station, see Figure 1.3. The information on the displays
is mainly visualized using schematic data presentations, e.g. process
and instrumentation diagrams (P&IDs). A P&IDs, see Figure 1.4, is
a detailed diagram used for laying out the piping and process equip-
ment of an industrial process together with the instrumentation and
control devices [166, 115]. Dashboards with numerical KPIs (Key Per-
formance Indicators), tables, and real-time videos from the field are
other typical examples of information visualization in modern indus-
trial control rooms.

Figure 1.4: An example of a PID diagram in the control interface at
one of the visited industrial sites.

Operators are getting notified about extraordinary events through
alarm systems. Alarms and warning signals are indicators presented
in visual, i.e. through colorful notifications on displays, audio, and
sometimes light forms to inform the operators about extraordinary
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1.2. Problem statement

conditions. An alarm system is a combination of hardware and soft-
ware that deliver alarms to operators. Alarm systems are central ele-
ments in the operation of production as they continuously monitor the
production and notify operators about undesired process states that
require their professional judgment or action. Routine alarm manage-
ment incorporates noticing an alarm once it is activated and taking the
necessary corrective actions to mitigate its source [111].

Industrial operators work in shifts. Shift handover, taking place when
a new group of operators comes in to take over, is an important mecha-
nism for the new coming operators to obtain situation awareness. For
this purpose, operators have brief meetings with the previous shift
and take system printouts to obtain a more sufficient understanding
of the current state of the processes, devoting an extra effort if needed,
e.g. going through system logs [231].

1.2 Problem statement
During the last decades, the process of extensive industrial digital-
ization, which is often referenced to as the Fourth Industrial Revolu-
tion, i.e. Industry 4.0, has been gaining pace. Industry 4.0 features
the convergence of physical and digital worlds by means of sensors,
actuators, algorithms, and networking. The resulting cyber-physical
production systems (CPPS) strive to make the production more cost-
and time-efficient, as well as safe. The extensive digitalization brought
multiple challenges into industrial control rooms. First of all, the
legacy interfaces prevalent in industrial control rooms, i.e. industrial
control stations with process control graphics on the interfaces, as well
as alarm systems, were designed during the times when the data vol-
umes were rather modest. The most typical response to the increasing
data flow is to expand these interfaces by adding more screens, in-
troducing more system views and making them more detailed. As
a result, screens of different sizes and purposes are flooding indus-
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1. INTRODUCTION

trial control rooms, see Figure 1.5. For example, Vicente et al. report
that, during their field studies in control rooms of several modernized
power plants, they observed "many different display screens, many
more than can possibly be viewed at any one time" [231].

Figure 1.5: A multitude of screens in a control room at one of the vis-
ited industrial sites.

Importantly, as the dataflow grows exponentially in both size and
complexity, human cognitive capacity, such as attention and short-
term memory, remains essentially the same, thus becoming the lim-
ited resource [137]. No surprise that operators become cognitively
overloaded with too much visual information and too many displays.
Ironically, people generally enjoy seeking for information and feel sat-
isfied when new information is found [18]. Such heuristic work pro-
vides intrinsic motivation through a sense of accomplishment [181].
Furthermore, people tend to want more information and more choices
than they can process [117]. There is some evidence that too much in-
formation and too many choices will prevent people from choosing
at all, i.e. the information overload actually paralyzes thinking [118].
The information overload problem describes the danger of the human
getting lost in data, which is either not related to their task at hand
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1.2. Problem statement

or is presented in an inappropriate way [133]. This visual and cog-
nitive overload can lead to difficulties in prioritization, reading and
comprehending information, and reduce the ability to make the right
decisions [38]. Drowning in a multitude of screens, the operator might
occasionally not attend to the one showing critical information risking
to miss essential data, e.g. alarms. In the scope of a broad evaluation
of alarm system interfaces, Han et al. [97] found that even when warn-
ing signals were presented on the interface, many of them could not
catch the operators’ attention to be easily perceived. With respect to
the acceptable alarm delivery rate, several industrial standards [114,
66] recommend to limit the alarm flow to no more than 6 per hour
per each operator. In reality, most alarm systems are poorly config-
ured and cannot meet these requirements overloading operators with
nuisance alarms that distract their attention from real problems [111].
Furthermore, due to the increased alarm flow, operators often switch
off the sound notifications to avoid the constant noise, therefore, they
might not recognize presence of alarms unless they fix their eyes on
the appropriate screen.

Furthermore, as the amount of system views grows faster than the
number of screens, not all the views can be shown simultaneously to
the user, but only a limited subset of them. This, in turn, creates the so-
called keyhole effect [239], i.e. the reduced visibility when the size of
the virtual information space is much larger than the viewport avail-
able to the user. As a consequence, operators might miss important
information or get only a limited understanding of the ongoing situa-
tion in production. Navigation among system views is another source
of trouble. Operators should be aware of how to bring up the informa-
tion they want to be shown on the screens which increases the amount
of knowledge required to operate a digital control system [231]. Due
to the increasing complexity of industrial systems, navigation can get
overly complicated. For example, Vicente et al. [231] report a menu-
driven interface that has a hierarchical structure with approximately
45 system views at the highest level of the hierarchy; Han et al. [97]
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report more than 100 views of the control system at a steel manufac-
turing factory. For this reason, simple operations, such as locating a
system view containing an object of interest, are getting much more
difficult. The complexity of the interfaces and many degrees of free-
dom they provide put extra pressure on the operators who have to
spend a significant amount of time manipulating the interfaces rather
than monitoring the production. Furthermore, design of control inter-
faces is prone to many usability issues. For example, the case study in
a control room of a steel manufacturing factory by Han et al. [97] iden-
tified more than 500 usability issues, such as a) too many system views
not directly relevant to the operator’s tasks, b) redundant information,
and c) not salient enough important information in the system views.
Vicente et al. [231] point out that usability problems of control room
interfaces "make monitoring more difficult, not because the job itself
is more difficult, but because the job has to be done with an interface
that does not support monitoring activities as well as it could".

Another significant problem of the industrial control room is that op-
erators are too tethered to their control stations. The information pre-
sented by the control station is only comprehensible when the oper-
ator is in close proximity to the screens. The user interface (UI) el-
ements are simply too small to be distinguished from a distance of
several meters. Furthermore, interaction with the control station goes
only through keyboards and mice that also require physical proxim-
ity. All in all, the operator’s situation awareness is dependent on the
proximity to the control station. Every time they move even a couple
of meters away from the control station they risk losing their situa-
tional awareness and understanding of the ongoing situation, not to
mention the ability to control the processes. Sadly, during field stud-
ies, I have witnessed industrial operators eating their lunch right at
the desk or thinking twice before going to the toilet.

Moreover, after plant control was moved to centralized control rooms,
the operators became disconnected from the actual production [251].
On one hand, being isolated from the field is beneficial as industrial

10



1.2. Problem statement

production is often noisy, dirty, and dangerous. On the other hand,
the physicality of the industrial environment is inseparable from the
activities that are going on there, including field workers’ workflows;
operators receive additional knowledge about the status of the pro-
duction process through tactile sensations, sounds, and visual obser-
vation. Even though, due to the extensive digitalization, the nature of
the knowledge required from the operators is changing, the skills in
the industry are still learned in a situated way [151, 1], i.e. acquired
by actually engaging in physical interactions in a real-world industrial
context. As such, even newly educated operators are familiar with the
physical properties of the equipment they are in control of. However,
this knowledge is not captured in the interfaces nor facilitated in the
input and output devices used in modern industrial control rooms.
When working with GUIs, operators cannot take advantage of their
technical proficiency learned in situ nor utilize their skills for manip-
ulating physical objects. Furthermore, physical properties and effects
of the industrial environment and machinery can be a source of infor-
mation for humans. Therefore, some feel that GUIs act to further sep-
arate operators from industrial environments. For example, Müller et
al. [164] outline that conventional visual interfaces widely used in in-
dustrial control rooms lack process-related interactivity such as haptic
feedback, physical constraints, and the involvement of motor skills.
Heyer and Husoy [105] cite operators of an oil and gas facility who
expressed that "feeling" the plant is important for maintaining situa-
tional awareness, diagnosing faults, and determining what corrective
action to take.

The last but not least important problem is related to the prevalence
of legacy interfaces in industrial control rooms. As the control sta-
tions grow more complex, keyboards and mice become in many ways
restrictive. For example, an average control station that comprises 9
monitors, would require 3 or 4 keyboards and mice respectively. One
can imagine that looking for the right mouse to control an interface
in focus can take a moment. To add more, operators often complain
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1. INTRODUCTION

about mice and keyboards getting dirty, mostly because operators
tend to get their hands dirty when going to the field, which repels
from touching them. Another problem is that in addition to not keep-
ing pace with the tempo of industrial digitalization, they also repel
younger generations of industrial operators from joining the indus-
try. The so-called Net generation [220], i.e. people under the age of
30 who grow up with the Internet, interactive technologies, social net-
works, and online access to information, have different habits in social
interaction and approaches to problem-solving. As a result, they have
certain expectations related to technology they are working with on a
daily basis. Obviously, they are not willing to deal with outdated oper-
ating systems and boring, over-complicated interfaces. With respect to
the industry, the gap between the interaction technologies used in con-
sumer products, especially in the gaming industry, and those avail-
able in industrial control rooms is already too large and continues to
expand. No surprise that many industry representatives are talking
about the problem of recruiting young people [108]. In the interviews
conducted by Holm et al. [108] with production and HR managers
at several Swedish manufacturing companies, a few interviewees ex-
pressed a hope that an increased level of interactive technology in the
industry will help to recruit young people in the future.

In this chapter, I listed only a fraction of known problems encoun-
tered in industrial control rooms in connection to the extensive digi-
talization and automation of the industry. All in all, the underlying
message is that the existing tools simply cannot effectively accommo-
date new and emerging conditions, such as growing amounts of data.
Therefore, it is only natural to admit the need for a new set of inter-
faces that would support work-practices of industrial operators under
the changing work conditions [92].
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1.3. Research questions

1.3 Research questions
The problems of industrial control rooms listed in the previous section
underpin my PhD research. The overall goal of my research is to im-
prove user experience in industrial control rooms and turn industrial
control rooms into more user-oriented environments with interfaces
that assist rather than stress. With this goal in mind, I have outlined
four major research questions to be addressed in the scope of my PhD
research.

RQ1: How to support the operator’s situation awareness under in-
formation overload. Having too many screens and too many system
views, as well as a constant flow of alarm notifications, the operator
can never be sure that they are attending to the most urgent infor-
mation at the moment and have the right understanding of the situ-
ation in the production, i.e. up-to-date situation awareness. Perhaps,
the right way to deal with this problem would be to reduce the very
amount of information delivered to industrial control rooms, but that
would require a holistic reconsideration of the means by which the
industry is getting digitalized. Obviously, in the scope of my PhD
research, I cannot do anything about the growing amounts of data.
Instead, I would like to find ways to ensure the operators’ situation
awareness in the situation of information overload by means of effec-
tive data visualization, as well as through flexible interaction.

RQ2: How to facilitate the operator’s interaction with the operator
workstation. The operator’s workstation is restrictive in many as-
pects starting from limiting interaction means to the required proxim-
ity. Working in such constrained conditions has a direct influence on
the operator’s performance and well-being at work. From my point of
view, the control station, which is essentially the operator’s working
place for eight hours per day, should not be their prison, but rather an
assistive environment with a rich spectrum of interaction possibilities.
In my research, I would like to find ways of increasing the flexibility
in the interaction between the operator and their control station.

13



1. INTRODUCTION

RQ3: How to reduce the information load of the operator. Next, I
would like to focus on the problem of operators getting overloaded
with too much information. In my eyes, the approach of blindly
adding new screens and new system views is only a temporary so-
lution in dealing with growing amounts of data. At some point, they
will inevitably exhaust their potential. In my research, I would like to
investigate other ways of presenting industrial information that could
become an alternative to the conventional process graphics, which is
usually too detailed and requires a lot of visual space. In addition,
I would like to explore the potential of other interaction modalities
that could potentially reduce the cognitive load when interacting with
overly complicated control stations.

RQ4: How to bridge the gap between physical industrial processes
and their digital representation. My last research question is dedi-
cated to the problem of digital interfaces increasing the gap between
the actual industrial processes and industrial operators. Existing digi-
tal interfaces are too pragmatic conveying only numeric and schematic
data, which prevents the operators from envisioning what they are ac-
tually in control of. As a result, from the interface perspective, there is
not much difference between controlling a power plant or a pizza pro-
duction factory. In my research, I want to find ways of reintroducing
the physicality of industrial processes into industrial interfaces, i.e.
physical properties that are an integral part of production processes
such as sound, smell, temperature, etc. In my eyes, this can help op-
erators to keep a stronger bond with the field and better understand
the effects of their manipulations in the control system on the actual
production.

1.4 Research scope
In the scope of my PhD, I focus on designing and developing novel
industrial data presentation approaches and interaction means for in-
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1.4. Research scope

dustrial control rooms. My goal is to assist operators in their work-
flows under the new circumstances of extensive industrial digitaliza-
tion. In my work, I do not question ethical questions of whether the
extensive digitalization and automation of industrial production is
good or bad. I am aware that there are different opinions about the
subject in terms of the influence on unemployment in society, con-
sumption of resources, pollution, globalization, etc. In my eyes, re-
gardless of whether the process will continue at the same pace, accel-
erate or eventually slow down, the important fact with respect to my
research is that, all in all, digitalization and penetration of automation
have already changed the working context of industrial operators. In
particular, growing amounts of data and the complexity of digital in-
terfaces reveal the need for supporting operators in their workflows.
Therefore, the goal of this work is solely to assist industrial operators
to do their jobs more effectively under the new conditions.

The work of industrial operators comprises a complex nexus of dif-
ferent aspects such as human factors, levels of automation, industrial
process complexity, control room setup, etc. In my research, I could
not possibly touch upon all the factors that influence the workflows
of operators. In this section, I would like to explicitly point out some
limitations of my work.

First of all, in the course of my research, I do not take into consider-
ation the collaborative aspect of work in industrial control rooms. I
am aware that collaboration is an important part of the industrial op-
erator’s workflows. Operators collaborate on solving problems in in-
dustrial control rooms, in the field, as well as with remote colleagues.
Earlier in my career, I developed a spectrum of solutions [58, 228, 59]
that were intended to support remote and local collaboration in indus-
trial control rooms. However, in my PhD, I have deliberately decided
to focus on the individual work of industrial operators. This choice
was motivated by the fact that, even though occasional collaboration
is inevitable, operators are often on their own when monitoring the
production and solving problems.
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Furthermore, in my work, I do not take into account the social effects
that are normally taking place in industrial control rooms. For exam-
ple, operators are usually sharing a common working space, i.e. they
are not alone when performing their tasks. Moreover, under some
non-routine circumstances, such as a start-up of a plant, their actions
are closely observed by supervisors and managers who are eager to
return to normal production rate as soon as possible [144]. Such co-
presence and increased attention per se can result in arousal and influ-
ence operators’ actions and decisions leading to both facilitating and
impairing effects. There is a body of literature [26, 5, 244] reporting
changes in performance when performing a task while being observed
or alone. Even though the topic of social facilitation in the industrial
domain is understudied, there is some evidence that social facilitation
and other factors of social stress might influence the performance of
human-automation interaction [194].

Another limitation of my work is that I solely focus on the operator’s
routines while in control rooms. In reality, operators often shift be-
tween the field and the control room, which adds extra pressure on
maintaining situation awareness and brings other issues, such as the
need of carrying tools around or the problem of having dirty hands
and clothes. Some aspects of my work on the interactive zones [52]
indirectly address these issues, for example, the set of alternative in-
teraction means, such as gaze, voice, and gestures, can be useful when
the operator is returning from the field having dirty hands or carrying
tools and generally cannot or does not want to touch keyboards and
mice of the control station. All in all, the fieldwork aspect of operators’
workflows was not a particular focus of this work.

The last but not least significant limitation of this work is that I do
not take into account personality traits, cultural and demographic
specifics, physical abilities of industrial operators. Industrial opera-
tors are first and foremost humans, therefore, they are very diverse,
e.g. old, young, women, men, experienced, inexperienced, introverts,
extroverts, shy, active, impaired, etc. Some of these personal aspects
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can have a very strong effect on the spectrum of suitable interfaces
for a particular user. For example, physical disabilities might make
some interfaces or interaction means completely unacceptable. Take,
for instance, color blindness. Nine percent of men and one-half per-
cent of women are color-blind, i.e. they have a color deficiency that
prevents seeing differences between some colors, most commonly be-
tween reds, yellows, and greens [236]. As a takeaway, ideally, when
designing interfaces, one should employ colors that work for every-
one, for example, various shades of brown. Culture is another factor
that can influence technology acceptance, as well as operators’ behav-
ior in different circumstances. All in all, I did not consider any of these
aspects in my work.

Finally, I would like to add that some of the limitations described in
this chapter were of necessity, mostly due to the time limitations of my
research projects, while others were deliberate to reduce the scope of
the work. In any case, I want to express the hope that these limitations
will not diminish the results of my work in the eyes of the reader. Also,
I believe that some of these limitations can inspire others to open up
new directions for future research.

1.5 Papers included in the thesis
Veronika Domova. “Fidgeting with the Environment: a Tangible
Control for Interacting with a Smart Light”. Submitted. [50]
In this work, I explored the potential of considering the user’s behav-
ior in a particular environment when designing a control interface for
controlling technology in this environment. As an embodiment of my
ideas, I designed and developed one example of such an interface, i.e.
a hand-held tangible artifact with fidgeting features intended for in-
teraction with a smart light in a home office environment. I worked
solely on the concept idea, implementation, and on the paper.
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Veronika Domova. “Guiding the Operator’s Attention Among a
Plurality of Operator Workstation Screens”. Submitted. [51]
In this work, I explored the possibilities of visual aid systems to help
guide operators’ attention in the multitude of control station screens.
For this purpose, I developed and evaluated two visual aid systems. I
was the main leader in this work with respect to the ideation, design,
and implementation, however, I engaged a master thesis student who
was helping me with the development of the high-fidelity prototypes
and arrangement of the evaluation tests. I worked alone on writing
the paper.

Veronika Domova, Erik Gärtner, Johan Källström, Martin Pallin,
Fredrik Präntare, and Nikita Korzhitskii. “Improving Usability
of Decision Support Systems for SAR Operations: WARA-PS case
study”. Submitted. [54]
This is a collaborative work between me and my colleagues from the
WASP program. It describes our workflow when improving the us-
ability of the interface of one existing search and rescue control sys-
tem. In the project, all the participants took the lead of project-related
tasks belonging to their expertise. My role was to design and develop
the dashboard which was one of the extensions of the system. I did not
participate in the field studies and the evaluation of the final solution
due to being on sabbatical abroad, however, I was an active partici-
pant in the subsequent analysis phases. Also, I took the leading role
in writing the paper.

Veronika Domova and Katerina Vrotsou. “A Model for Types and
Levels of Automation in Visual Analytics: Examples from Event-
Sequence Analytics”. Manuscript in preparation. [60]
In this collaborative work, me and a colleague from Linköping Univer-
sity propose a two-dimensional model for types and levels of automa-
tion in Visual Analytics. The work grounds on the existing body of
literature on Levels of Automation, as well as on the theoretical frame-
work for the Visual Analytics pipeline. In this work, I contributed with
my knowledge of Levels of Automation taxonomies. I also initiated
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the idea of creating the model, which was later elaborated collabora-
tively. I took an active role in writing the article.

Veronika Domova and Shiva Sander-Tavallaey. “Visualization for
quality health-care: patient flow exploration”. In: IEEE Interna-
tional Conference on Big Data. IEEE. 2019 [57]
In this collaborative work, me and a colleague from ABB CRC together
with two municipal Swedish hospitals and several industrial partners
investigated possibilities of optimizing patient flows and resource al-
location in Swedish hospitals. In this work, I was an active participant
in all the project stages including field studies, brainstorming, design
and development, and evaluation. I was working on the design and
development of the web portal. I took the leading role in writing the
article.

Veronika Domova, Alvaro Aranda Munoz, Elsa Vaara, and Petra Ed-
off. “Feel the Water: Expressing Physicality of District Heating Pro-
cesses in Functional Overview Displays”. In: ACM International
Conference on Interactive Surfaces and Spaces. ACM. 2019 [55]
In this collaborative work, me and several colleagues from RISE ex-
plored alternative data presentation means beyond conventional in-
dustrial process graphics. One particular aspect of the research was
related to visually conveying the physicality of the underlying indus-
trial processes. The work resulted in three interactive prototypes of
novel visualizations. In this work, I have designed and developed
two out of three prototypes. I have participated in all the stages of
the design process, i.e. field studies, analysis, brainstorming, concept
development, and evaluation. I took the leading role in writing the
article.

Veronika Domova and Goranka Zoric. “Towards Effective Indus-
trial Robot Fleet Visualization for Remote Service Applications”. In:
Enabling Technologies: Infrastructure for Collaborative Enterprises
(WETICE), 2017 IEEE 26th International Conference on. IEEE. 2017,
pp. 185–190 [61]
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This work presents a novel web-based interface for remote monitor-
ing of a large fleet of industrial robots. The interface combines several
interactive data layouts to maximize effective data presentation. I was
the main contributor to the concept design and the implementation
of the interface. I was actively involved into communication with the
project’s stakeholders to agree on the preferable designs and future
directions. I also took the leading role in writing the article.

Veronika Domova, Maria Ralph, Elina Vartiainen, Alvaro Aranda
Muñoz, Adam Henriksson, and Susanne Timsjö. “Re-Introducing
Physical User Interfaces into Industrial Control Rooms”. In: Pro-
ceedings of the European Conference on Cognitive Ergonomics 2017.
ACM. 2017, pp. 162–168 [56]
This work presents two tangible devices, the tactile mouse and the
shift report button, aiming to a) re-introduce the physicality into in-
dustrial control rooms and b) facilitate the user’s interaction with the
control station. I was the main contributor to the tactile mouse con-
cept, starting from the idea to the high-fidelity implementation of the
device and the required software. The idea of the shift report but-
ton was created in collaboration with several other participants of the
project. I took over the first iteration of the prototype and elaborated
it to be a fully functional solution. The final look-and-feel, i.e. the
3D-printed version, of the devices was developed by another partic-
ipant in the project. Also, I developed the user interface needed for
evaluation of both devices. I took part in the evaluation tests of both
prototypes in the field. I also took the leading role in writing the arti-
cle.

Veronika Domova and Aldo Dagnino. “Towards intelligent alarm
management in the Age of IIoT”. in: 2017 Global Internet of Things
Summit (GIoTS). IEEE. 2017, pp. 1–5 [53]
In this work on Visual Analytics, I proposes an interface for the anal-
ysis of sequences of industrial alarms. Using the proposed concept,
the analyst can differentiate informative alarms from redundant noti-
fications with the purpose of reducing the number of alarms delivered
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to industrial operators. My major contribution is the design and de-
velopment of the visualization concepts and development of the high-
fidelity prototype of the visualization system. I also took the leading
role in writing the article.

Goranka Zoric, Veronika Domova, Maria Ralph, Elina Vartiainen,
Petra Björndal, and Alvaro Aranda Muñoz. “Supporting maritime
remote experts working over distance”. In: Proceedings of the 9th
Nordic Conference on Human-Computer Interaction. ACM. 2016,
p. 124 [250]
This work proposes an interactive web-portal to support maritime re-
mote experts in their daily routines. I was an active member in all
the project stages, i.e. field studies, brainstormings, user evaluations,
etc. My major contribution is the design and development of the high-
fidelity prototype of the web-portal. I also took an active role in writ-
ing the paper.

Veronika Domova, Saad Azhar, Maria Ralph, and Jonas Brönmark.
“Untethered Workspaces: A Zones Concept Towards Supporting
Operator Movements in Control Rooms”. In: Proceedings of the 2016
CHI Conference Extended Abstracts on Human Factors in Computing
Systems. ACM. 2016, pp. 680–689 [52]
This work introduces the concept of interactive zones into an indus-
trial control room. Depending on the zone, the operator can interact
with the control station by different interaction means. In collabora-
tion with other participants of the project, I contributed to the overall
zones concept. I was the main developer of the high-fidelity prototype
of the final solution. I also took the leading role in writing the paper.
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Chapter 2

Theoretical framework

In the scope of my PhD research, I have conducted a broad litera-
ture study in a variety of different domains. Directly or indirectly,
these domains are related to designing interactive systems for indus-
trial process control. In this chapter, I will give a short summary of
the related literature discovered. I start the overview with different
taxonomies of industrial automation. Different levels of automation
lead to different interaction setups between the human and the system
and have their influence on the design of the system. Next, I provide
some background theory related to situation awareness, an integral
aspect of human-automation interaction which is tightly correlated
with the system’s level of automation. I proceed with an overview
of the specifics of human perception and performance. Deliberately
I focus on humans’ weaknesses and biases to highlight their imper-
fection when dealing with large amounts of data, making decisions in
stressful conditions, and interacting with automation. My goal is to
emphasize the need for supporting tools and technologies that would
diminish these weaknesses and capitalize on humans’ strengths. I
then review approaches to data presentation and design of interac-
tive spaces. First, I focus on theoretical frameworks and best practices
in both domains, then I list relevant solutions developed for industrial
control rooms.
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2.1 Levels of Automation
Automation is application of mechanical, electronic, and computer-
based technologies to operate and control manufacturing with the aim
to reduce the amount of involved manual effort in product design,
production planning and control, and business functions of the com-
pany [93]. Parasuraman et al. [178] refer to automation as the full or
partial replacement of a function previously carried out manually by
a human operator.

Arguably, the most widely applied taxonomy, which underpins many
attempts to build intelligent industrial systems, is known as levels of
automation (LOA). Essentially, levels of automation mean allocation of
tasks between humans and automation ranging from entirely manual
operations to fully automated. There is a rich history of research on
the topic of LOA. Early efforts in this direction started with Fitts’ in-
tent to provide a basis for appropriate allocation of system functions
to a human or machine for reaching effective system performance [77],
i.e. an attempt to create a "Men-Are-Better-At/Machines-Are-Better-
At" (MABA-MABA) list. This and other similar MABA-MABA lists
[37, 65] generally emphasize that people and computers have their
strengths and weaknesses, and task allocation in systems should be
designed in a way to capitalize on the strengths and compensate for
or eliminate the weaknesses. Many have taken such lists as a proper
scientific basis for distributing functions between humans and ma-
chines [200]. However, MABA-MABA lists were also widely criticized
a) for the extent to which they tend to frame human capabilities in
machine terms [200], b) for being static whereas real-world tasks are
dynamic [98], and c) in general, for comparing men and machines in-
stead of seeing them as complimentary [126]. Moreover, soon it be-
came clear that introducing automation does not eliminate the hu-
man weaknesses, but rather leads to new human strengths and weak-
nesses, often unanticipated [11].

26



2.1. Levels of Automation

With respect to models of man-machine interaction, one of the most
cited works, perhaps, is the technical report by Sheridan and Verplank
[202] that described a variety of ways in which humans and comput-
ers can interact in undersea operations, i.e. ten levels of automation.
Their taxonomy has been extensively discussed throughout the litera-
ture and served as the foundation for several subsequent taxonomies
of LOAs including reformulations of levels focusing on particular do-
mains or aiming at broader types of automation [70, 69, 127, 136],
several surveys provide a comprehensive overview of existing LOA
taxonomies [226, 82].

Sheridan [200] criticized the taxonomy for oversimplicity advocating
that on different stages of any rather complex task the suitable level
of automation is likely to be different. Endsley [69] proposed that
there are four generic functions in a human-machine system that ei-
ther the human or the automated system performs, i.e. monitoring,
generating, selecting, and implementing. She then formulated a ten-
level taxonomy by assigning these functions to the human or com-
puter or a combination of the two. Parasuraman, Sheridan, Wickens
et al. [178, 43] suggested a two-dimensional taxonomy where the sec-
ond dimension is the four stages of human information processing,
i.e. information filtering, information integration, decision, and action
implementation, derived from the classic human information process-
ing models [28, 29, 78]. Regarding the levels of automation within
each stage, Wickens [237] argues that the particular number of levels
is in a way subjective, but what actually matters is the relative order
of levels, i.e. the movement up or down in automation.

Being based on function allocation, the main question LOA ap-
proaches are trying to answer is what should be done by the human
and what should be automated [178]. Earlier, there was a tendency
to perceive human operators as a major source of variation and un-
predictability in system performance, therefore, many designers be-
lieved that humans should be eliminated from the system [15]. Con-
sequently, the following principle of automation was prevalent: auto-
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mate as many functions as technology permits, let the human pick up
whichever functions are left over. In 1980s, the idea of "lights-out fac-
tories", i.e. unmanned factories with fully automated production [32],
was highly popular and propagated. New technology was introduced
simply as a substitution of machines for people allowing to preserve
the original system setup while improving its KPIs, e.g. achieving
lower workloads, better economy, fewer human errors, higher accu-
racy [107]. Such an approach led to automating standard processes
within clearly defined and understood conditions [75]. The resulting
automation, however, was prone to failing in an unexpected manner
in off-nominal conditions, putting operators in a trouble due to inap-
propriate feedback and poor interaction means [172].

Later on, multiple authors have expressed a critique of LOA-based
approaches and high levels of automation. First of all, it became clear
that introducing automation does not eliminate human weaknesses,
but rather leads to new human strengths and weaknesses, often unan-
ticipated [11]. Furthermore, the ultimate goal of LOA-based methods
is full automation [205] which dictates interaction means [122] and
suggests that increases in automation come at the cost of reducing hu-
man control, i.e. designers must decide between providing control to
the human or involving computer automation [205]. Finally, an in-
creased level of automation causes the human-out-of-the-loop prob-
lem meaning the inability of the human to take over control in the
case of a failure [73].

In response to the weaknesses of LOA-based approaches, several al-
ternatives have been proposed. In the early 90s, authors became more
open to the idea of human-centered automation [23], which promoted
keeping the human as the main authority while automation technol-
ogy continued its penetration to all spheres of life. Sheridan [201]
listed 10 alternative setups on how human-centered automation could
be arranged in practice. However, he considered them rather idealistic
and advocated that human-centered automation remains as "a kind of
romantic ideal" which is not fully achievable at this point [200]. End-
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sley and Kiris [73] advocated the usage of a lower LOA, which could
maintain the human operator in the loop and ensure they are able to
perform tasks manually when needed. Another popular idea is the so-
called adaptive automation which assumes dynamic function alloca-
tion that can change in real-time based on the context [162, 196]. While
most authors assumed that the automated solution should decide on
its own how to adapt its own behavior and which level of automa-
tion to choose, some authors advocated adaptable technology where
the human decides how much automation to use [196]. Shneiderman
[205] argues that it might be reasonable to fully automate some tasks,
while in the case of others there might be value in granting full con-
trol to the human. However, the new goal is to seek possibilities to
combine full human mastery and high levels of automation, i.e. cre-
ate highly automated systems that would also augment and empower
people. For this purpose, Shneiderman proposes a two-dimensional
model of automation and control that disconnects the level of hu-
man control from the extent of computer automation, emphasizing
that high levels of human control and high levels of automation can
co-exist by means of well-thought design. All in all, during the last
decades, more and more authors encourage focusing on how to sup-
port the teamwork between the human and the automation [79, 143,
123, 122]. The main difference of these approaches compared to LOA
is that the collaborative nature defines the necessary automation and
shapes the human-automation interaction [122].

2.2 Situation awareness
Situation awareness (SA) has been widely recognized as a crucial basis
for effective decision-making in modern industrial systems [72, 191].
Authors agree that a major portion of today’s operator job becomes
that of obtaining and maintaining good SA [8, 34, 241]. SA gener-
ally refers to the knowledge about the status of the system. In the
literature, several models of SA have been developed [3, 63, 216] shar-
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ing many similarities in terms of their focus on the key-terms, such
as mental models and attention. Arguably, one of the most extensive
and cited models of SA is the one introduced by Endsley, who defined
SA as "the perception of the elements in the environment within a vol-
ume of time and space, the comprehension of their meaning, and the
projection of their status in the near future" [72]. The model comprises
three ascending levels of SA, namely:

• Level 1: perceiving the status of the system, i.e. its attributes
and dynamics of its composites.

• Level 2: comprehending the meaning of the information
gained in the previous step, i.e. forming an understanding of
the holistic picture of the system.

• Level 3: predicting the future status of the system.

Endsley [72] emphasizes that SA is a state of knowledge which is sep-
arate from situation assessment, decision making, and performance.
She motivates this statement by the fact that even the best-trained de-
cision makers will make wrong decisions once they have insufficient
SA; similarly, a person with perfect SA might still make mistakes, e.g.
due to insufficient training.

An accurate mental model is one of the prerequisites for achieving
sufficient SA [68]. A mental model is a collection of "well-defined,
highly organized yet dynamic knowledge structures" about the sys-
tem in focus that develop over time based on the user’s experience
[89]. People generally tend to think in mental models when working
with systems or devices [236]. Mental models form based on humans’
prior experience, assumptions, and the direct experience with the item
in focus; mental models can change. People refer to mental models to
estimate the system’s state and predict its next action, or figure what
they should do with it.
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Too much data can overwhelm the user to attend, process, compre-
hend, and integrate the presented information in an efficient man-
ner, resulting in information overload and negative effects on their
SA [71]. There is a common agreement that an industrial system in-
terface should support and enhance the user’s sufficient SA [191, 99].
Endsley [72] formulated a set of requirements to interface design for
enhancing SA. They incorporate the demand for efficient data layouts
and presentation that would a) facilitate the 2nd and 3rd levels of SA,
b) allow information organization in correspondence with the opera-
tor’s personal goals, c) allow aggregating information from multiple
sources on one view to enable parallel rather than sequential informa-
tion processing. The system should also reduce the need to do manual
calculations, employ indicators and visual cues able to capture the hu-
man’s attention, and provide projections of future events and states to
support the 3rd level of SA. Training is another widely accepted ap-
proach to improving situation awareness of industrial personnel [192].
For example, Gaba et al. [84] advocate that many aspects of SA can be
improved by practicing, e.g. scanning displays to maximize percep-
tion, training pattern recognition, practicing multitasking, exercising
attention allocation, etc.

The notion of LOA is tightly connected to the notion of SA, see Figure
2.1. Some empirical research shows that, as the level of automation
grows, the performance of the human-automation system linearly im-
proves and the human’s workload proportionally reduces [176], how-
ever, the human’s ability to response to unexpected system failures,
as well as SA, decline. The decline in situation awareness is often
referenced as human-out-of-the-loop problem [73]. This is related to
the fact that the more automated and reliable the system is, the less
visual attention it will receive and hence degrade the operator’s sit-
uation awareness at Endsley’s Level 1, i.e. noticing [238]. Another
potential reason for worsening of SA is the so-called generation ef-
fect [213] when humans tend to allocate greater mental resources for
actions and their consequences that they undertake themselves com-
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Figure 2.1: Functions of the four key variables as the level of automa-
tion increases. The image is adapted from [237].

pared to when they are witnessing the actions being performed by
another agent, whether a human or automation. With respect to in-
dustrial control, this phenomenon degrades Level 2 situation aware-
ness and compromises the ability to take over the control in a timely
and efficient manner should automation fall or fail to act according to
the human’s expectations [199].

2.3 Human perception and
attention

Existing literature on human mental processing reports that, every
second, humans receive about 40 billion sensory inputs, but con-
sciously only aware of around 40 of them [236]. About 80% of the
stimuli arrives through the sight, hearing delivers about 10%, the re-
maining 10% of information is received through smell, haptic, and
taste senses sensors [159]. The human visual system has a binocu-
lar field of view exceeding 180 degrees horizontally and 150 degrees
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vertically [88]. The visual field comprises focal and peripheral areas;
the first one is accentuated and is the most critical for specific object
recognition, the second one is attenuated and is used for getting the
gist of a scene [145, 150]. The focal area allows the greatest visual acu-
ity as it senses detail, color, and textures. Peripheral vision is attuned
to sensing contrast and motion, it tends to guide the focal vision to
informative stimuli [4]. The human haptic system offers an indepen-
dent sensory channel which is processed by the brain to enhance the
human’s experience in a multimodal environment [95]. Hairless skin,
such as that on palms and fingertips, is highly sensitive to detailed
tactile information with the extent of sensitivity depending on a vari-
ety of the body physiology factors and stimulation types; hairy skin
is not capable to effectively perceive detailed texture or the specific
geometric structure of a surface or object, but is efficient in detecting
vibrations and static forces [95]. A body of literature [121, 168, 33]
investigated haptic tactile skin mechanoreceptor characteristics and
revealed particular numerical resolutions of their sensitivity.

Humans tend to selectively attend to some stimuli in preference to
others, furthermore, there is always an aspect of the amount and in-
tensity of attention paid to one or another stimulus [129]. According
to Berlyne [17], the intensity of attention is proportional to the level of
arousal which is largely defined by the properties of the stimuli; cer-
tain properties, such as novelty, complexity, and incongruity, are more
arousing than others. Such arousing object properties are especially
relevant to an involuntary selective process; in voluntary attention,
the human attends to stimuli because of their relevance to a task they
are performing rather than due to their arousing qualities [129].

Attention is essentially a limited resource, it can only operate on one
stimulus or one response at a time. When two stimuli are presented at
once, often, only one of them is perceived, while the other is dropped
or attended after the analysis of the first one has been completed [30];
if both are perceived, the responses that they trigger are often made
consequently rather than simultaneously [48]. Furthermore, it is rel-

33



2. THEORETICAL FRAMEWORK

atively easy to focus attention exclusively on a single object and dif-
ficult to spread attention among several target objects. On the other
hand, it is natural to detect several aspects of an object, but it is rather
difficult or even impossible to prevent noticing irrelevant attributes,
e.g. perceive the color of an object without seeing its shape [129].
Moreover, sustained attention can last about ten minutes at most, after
that time it starts to wane [236].

In addition to attention constraints, there are multiple cognitive effects
due to which humans may become effectively blind to notifications
from the environment. First of all, this situation might occur due to
the mental state called flow when the user is fully engaged in some
ongoing activity, often demanding a high degree of skill and commit-
ment, ignoring the surroundings [129, 45]. Another cognitive effect
is the so-called tunnel vision which occurs when peripheral stimuli are
not responded to because they are not seen. It can be the effect of stress
or it can be caused by the fundamental nature of the task, see cognitive
tunnelling [161], or because of too high demands for mental resources
of higher level mental tasks [185]. Mind wandering is another com-
mon phenomenon that influences concentration of attention. It refers
to occasionally fading into thinking about something secondary when
performing a task. The literature suggests that, during everyday activ-
ities, the human’s mind wanders up to 30% of the time, and in some
cases, such as driving on an uncrowded highway, it might reach up
to 70% [236]. When mind wandering occurs, attention shifts lead to
failures in the main task performance and superficial representations
of the external environment [215]. Another common effect is the so-
called change blindness which refers to the inability of a person to
detect changes in the environment after an interruption or a deviation
in attention occurred [189]. To name more, expectations of frequency
affect attention, i.e. when people expect something to happen with a
certain frequency, they would often miss the occurrence if it happens
more or less often compared to their expectations [16].
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With respect to industrial interfaces, the literature has widely identi-
fied the problems with attention as key reasons for poor SA in auto-
mated systems [125]. It was proposed to mitigate change blindness
by guiding the user’s attention to changes [36] and explaining them
[14]. Interactive visual representations of historical events were found
effective in mitigating change blindness after interruptions, for exam-
ple, when interactive event logs are presented in tabular format [214]
and as interactive graphical event timelines [193]. Deatherage [47] ad-
vocates that, for improved detection, some signals are better suited for
auditory than for visual presentation and vice versa, he provides im-
plications for design and particular recommendations for sound noti-
fication properties. Heun et al. [104] experimented with adaptation of
interfaces to the peripheral vision of the user with the goal to help the
user to monitor and operate real-time large data sets; in their interface,
highly detailed information is provided to the user in their focal field
of vision, the information in the periphery is abstracted and is only
highlighted in case of important data changes. Renner and Pfeiffer
[188] worked on AR-based assistance systems intended to guide the
visual attention of the user towards the next relevant item in manual
assembly scenarios. Their experiments showed that the conventional
arrow-based guidance technique was the most efficient and got the
best ratings from the study participants.

2.4 Human performance
The human capacity to perform mental work is generally limited.
Numerical estimates of the capacity of visual attention and working
memory show that only a limited amount of items can be noticed,
processed and kept in memory at the same time [42, 157, 198]. For
example, various experiments show that people can remember and
process only four pieces of information at a time [7, 44]. Memorized
facts tend to degrade rather quickly in humans’ memory following the
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so-called Forgetting Curve [165], which is a rather natural process to
free up mental resources for new information.

Different actions impose different demands, i.e. loads, on the lim-
ited capacity of mental resources. The theory says that there are three
kinds of loads that can be made on a person: cognitive, visual, and
motor, listed in the order from the most to the least "expensive" [236].
When there is not enough capacity of mental resources to meet the
demands of an activity, it will likely falter or fail [129]. On the other
hand, well-practiced skills might not require much mental resources
and might be performed automatically even allowing nearly multi-
tasking [236]. Essentially, people cannot multitask, but they can switch
fast between tasks [236]. One possible exception exists, namely when
someone is proficient at doing a physical task, then they can do it si-
multaneously with a mental task, e.g. walk and talk or read at the
same time. However, there is evidence of worsened performance in
the case of such multitasking, for example Hyman et al. report that
people talking on the phone while walking collided with other people
more often and did not notice what was around them [112].

According to the Yerkes-Dodson law [243], a little stress, i.e arousal,
can help perform a task, especially if it is simple; too much stress, on
the contrary, degrades performance especially in complex tasks and
leads to mistakes. People generally tend to make mistakes due to var-
ious reasons, e.g. lack of knowledge or lack of attention, poor situa-
tion awareness, wrong mental model, etc. The literature suggests that
"humans are generally prone to fallible heuristics and various deci-
sion biases that are heavily influenced by experience, framing of cues,
and presentation of information" [46]. For instance, confirmation bias
occurs when people explicitly look for information to confirm their
prior assumption and disregard facts that contradict this assumption.
Similarly, assimilation bias occurs when a person tries to assimilate
newly received information to fit into a pre-existing mental model
even though the information obviously contradicts the model. Mor-
rell [67] classifies errors into two types, i.e. performance errors, i.e.
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errors in the task procedure, and motor-control errors, i.e. incorrect
physical actions. He divides performance errors further into commis-
sion errors, i.e. unnecessary extra actions, omission errors, i.e. missing
actions, and wrong action errors, i.e. a timely action but of a wrong
choice. Human errors tend to have an accumulative effect, each er-
ror makes a hole in the system leading to lots of holes, eventually, yet
another human error results in a mishap [186]; the described situa-
tion is known as the so-called Swiss cheese model. People also tend
to use different strategies when dealing with errors, namely a) sys-
tematic exploration, i.e. proper planning what actions should be used
for correcting an error, b) trial and error, i.e. random actions, c) rigid
explorations, i.e. performing the same action over and over again re-
gardless of its inability to solve the error [130].

The presence of automated decision aids can now and then push the
user "into the general human tendency to travel the road of least cog-
nitive effort" [212, 128]. Individual humans, as well as groups, demon-
strate a tendency toward the so-called automation bias, i.e. "the use of
automation as a heuristic replacement for vigilant information seek-
ing and processing" [212], which happens when the human operator
or does not make an effort to find contradictory information to ques-
tion a computer-generated solution but instead accepts it as correct.
Errors caused by automation bias have been reported in many dif-
ferent sources, some of the examples are described in [46]. Humans
tend to follow automated recommendations even when they contra-
dict their training or other 100% correct and presented indicators; hu-
mans make errors of omission and commission on more than 50% of
the cases providing such an opportunity [212, 211]. Skitka et al. [211]
concluded that a) when the automated aid system is prone to mis-
takes, people tend to make more omission errors compared to when
automated aids are not available; this is valid even when people are
aware that the system is not trustworthy; and b) on the contrary, when
the automated aid system works properly, people make fewer errors
when using it than when not having it. The literature suggests that
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humans demonstrate better performance when a) autogenerated rec-
ommendations come together with a reliability rating, and b) when
people are trained with a focus on automation bias and associated er-
rors; the latter however reduces commission, but not omission errors
[212].

2.5 Information visualization
Bertin [19] placed visualization among the main "languages" related
to information processing as "graphic representation constitutes one
of the basic sign-systems conceived by the human mind for the pur-
pose of storing, understanding, and communicating essential infor-
mation". Information visualization is the process of representing data
visually in a meaningful way that facilitates the user’s understanding
[235]. Information Visualization has a variety of methods for the visu-
alization of data starting from conventional visualization techniques
such as x-y plots, maps, line-charts, histograms, and up to new visual-
ization approaches such as Parallel Coordinates [113], Treemaps [207],
and Pixel-based [135] data representations.

With respect to dealing with large amounts of data, one popular
browsing and searching strategy is Shneiderman’s Visual Information
Seeking Mantra [206], which promotes to show a high-level overview
of the data first, then support zoom and filtering activities, and finally
provide access to required details on demand. In addition, large vol-
umes of multidimensional data often require certain pre-processing
before the actual visualization, e.g. clustering or dimension reduction
[41].

Starren and Johnson [217] categorized data visualization approaches
into five large groups, i.e. generated text, lists, tables, graphs, and
icons. Bui and Hsu [31] elaborated the taxonomy arranging it accord-
ing to increasing levels of graphical abstraction and illustrated it with
real-world examples. According to the taxonomy, the lowest level of
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sophistication incorporates lists and tables that normally show textual
and numerical information in a rather straightforward manner. The
authors emphasize that, although precise, such information presenta-
tion fails to facilitate comprehension of subtle correlations and trends,
especially in the case of large and complex datasets. The next abstrac-
tion level involves different types of plots and charts, i.e. the visu-
alization means emphasizing relative values, facilitating comparisons
and understanding of data trends. Graphs and trees are examples of
a further degree of abstraction as they expound conceptual relations
between visual components. Finally, pictograms, i.e. icons, maps, di-
agrams, and images, are considered to be the top echelon of this hi-
erarchy as they target to be graphical representations of complex real-
world concepts, entities, and phenomena observed in the domain.

With respect to industrial data visualization, a body of literature dis-
cusses several approaches, namely, schematic interfaces, dashboards,
and functional visualizations. Multiple works, see for example [97,
183] evaluate existing schematic interfaces, and outline multiple us-
ability issues such as cluttered views, presence of non-relevant infor-
mation, inconsistency of design, etc. Reising and Bullemer [187] out-
line two drawbacks of schematic layouts, namely 1) the loss of valu-
able display space to static information, e.g. equipment icons, and 2)
absence of contextual information about the process variables, such
as thresholds, optimal values, or deviations, that would support the
operator’s understanding of the visualized value.

During the last decades, dashboards became an extremely popular
means for consolidating and arranging the most important informa-
tion from different sources on a single screen, so that it can be moni-
tored at a glance [76]. Information in the dashboards can be arranged
into different layouts. A common approach is to group visual indica-
tors into dedicated thematic areas which are often visually outlined.
The information on a dashboard can be depicted by different visual
means, e.g. graphical objects, numeric indicators, maps, tables, time-
lines, charts, etc. A tabular layout of numerical indicators is probably
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the most pragmatic and the fastest approach to create an overview
dashboard. However, such solutions often become very cluttered and
visually monotonous making it hard for the operator to read and com-
prehend the presented information at-a-glance [187].

Figure 2.2: A variation of a gauge. Perhaps, gauges are the most
widely used examples of functional visualizations.

Functional visualizations, see Figure 2.2, employ qualitative graphi-
cal indicators promoting direct perception. Perceptual organization
principles, see for example [182, 177], are used to present the infor-
mation in a form that is easy for humans to pick up. In the litera-
ture, there is growing empirical evidence indicating that operators’
SA improves significantly when they monitor the production process
presented using functional visualizations compared to schematic data
presentation. For example, in [223] Tharanathan et al. evaluated op-
erator performance using two overview displays presenting the same
information in two different formats, namely, in a functional design
and a schematic design. Their results showed that the operators’ SA
improved significantly when they followed the production process us-
ing the functional display compared to the schematic display. In [170],
Noah et al. present and evaluate three alternate functional visualiza-
tions, i.e. surface chart, heat map, and visual thesaurus, with respect
to their effectiveness in supporting an industrial operator’s perfor-
mance and SA. The obtained results show that the surface chart dis-
play, i.e. a monolith functional visualization, was superior to the other
two options. A potential reason for the detected higher performance
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could be that the visualization uses a single integrated graphical object
which, according to the literature, facilitates the user’s understanding.

Figure 2.3: Visual Analytics pipeline proposed by Keim et al. [134]

Visual Analytics (VA) is "the science of analytical reasoning facilitated
by interactive visual interfaces" [224]; it combines automated data
mining techniques with information visualization to facilitate under-
standing, reasoning and decision making when dealing with large and
complex data sets [133]. VA combines human and artificial intelli-
gence enabling the collaboration between the natural human abilities
of sense-making and reasoning and the computational power of data
mining tools [20]. VA combines techniques from the fields of data pro-
cessing, information visualization, human-computer interaction, and
human reasoning [149]. Perhaps the most cited VA pipeline is the one
presented by Keim et. [134], see Figure 2.3. It presents the VA process
as an abstract outline with four major stages:

• Data: incorporates data pre-processing, e.g. transforming it
to a suitable form, removing redundancy, errors and invalid
items, merging several sources of data, etc.

• Visualization: incorporates visual exploration of the data pre-
sented e.g. in an interactive visual interface.

• Models: incorporates automatic analysis that results in gener-
ated data models and detected patterns.
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• Knowledge: incorporates reasoning, i.e. knowledge genera-
tion based on the patterns and models discovered in the previ-
ous step.

With respect to industrial data analytics, many authors agree that one
of the main challenges is efficient visualization [240, 163, 39]. Wang
et al. in [233] acknowledge that a value of an efficient industrial data
visualization could inspire new ideas for solving problems, help in de-
cision making, and indicate the correlation or causality between dif-
ferent events.

2.6 Interactive spaces
Drawing on the principles of Phenomenology, Dourish [62] argues
that, with relation to both physical and social aspects, our experi-
ences cannot be separated from the reality of our bodily presence in
the world because our nature as social beings assumes constant acting
and interacting. Against this background, it is only natural to assume
that the environment where one is performing their work plays a cru-
cial role and influences heavily their actions and workflows. Similarly,
interaction with computer systems is intimately connected with the
settings in which it occurs. Conventional human-computer interac-
tion means, i.e. based on keyboards, mice, screens, windows, menus,
icons, and pointing, are often said to not reflect the connection with the
environment as they are based on metaphors originating from tech-
nology [227, 62]. Alternatively, the so-called embodied interaction,
according to Dourish [62], allows "possessing and acting through a
physical manifestation in the world". Designing embodied interac-
tion assumes incorporating the knowledge about the environment in
the interaction design which requires understanding how such knowl-
edge can be shaped through physical manifestations to support con-
struction of meaning within the interaction [100].
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According to phenomenologists, the world is filled with meaning,
which it reveals to us by means of being available for our actions [62].
With respect to human-computer interaction, the designer should ex-
plicitly communicate to the user how the design is intended to be used
[62]. In relation to this, Gibson [87] introduced the concept of affor-
dance describing it as action possibilities in the environment. Norman
[171] elaborated this idea further into the notion of perceived affor-
dances meaning that if one wants people to take action on an object,
either real or digital, it is essential that the users can easily understand
the object and figure out what they can and should do with it. When
designing the environment for a task, one should make sure that the
objects in the environment are easy to see, easy to find, and that they
have clear affordances [236].

With respect to embodied interaction, several research directions can
be outlined in the literature. A body of work, e.g. [148, 12], exists
on the topic of proxemic interaction, which explores the interaction
between users and computers grounding on Hall’s foundational re-
search on proxemics [96]. The latter describes people’s proxemic be-
havior with regard to their interpersonal communication, i.e. how
they use space to mediate their intentions and communicate with
other people. Natural interaction is another popular topic of research
in this direction. The concept of natural interaction grounds a) on
people’s natural ability to communicate with others through gestures,
speech, gaze, and body movements, and b) on people’s tendency to
explore the surroundings by manipulating physical objects. The main
assumption of natural interaction is that people should be enabled to
interact with technology in the same way how they interact with the
surroundings in their everyday life, i.e. in a spontaneous and free
manner [227].

Haptic interaction is another integral part of interactive spaces which
draws on the concepts of embodiment. It covers sensation- and
perception-related aspects of touch, as well as motor and cognitive
aspects of body movement [95]. With respect to human-computer in-
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teraction, haptic interaction is believed to improve reaction time and
decrease the probability of hand–eye coordination issues in computer-
related tasks [95]. The existing literature in psychophysical research
[121, 168, 203, 33, 22], elicited a set of design guidelines for tactile in-
teraction including numerical values of intensity of stimuli, their peri-
odicity, and optimal stimulation locations for various stimuli.

Tangible interaction is another popular topic of research exploring
interactions between humans and physical objects augmented with
some kind of computation. Research in this field typically leads to
novel tangible artifacts with an emphasis on physical form and tac-
tile interaction [13], e.g. sliders with haptic feedback [154], pressure-
sensing flexible tubes [222]. Dourish [62] argues that tangible com-
puting resides on the principles of embodiment; it allows the user to
a) better communicate the meaning of their action and b) incorporate
the technology into their world and everyday practice as compared
to the conventional keyboard- monitor- and mouse-based interactions
that are rather rigid and restrictive.

In the general interaction design literature, there is a body of work re-
lated to haptic and tangible interaction. With respect to office environ-
ments, a body of research tried to augment standard keyboard-mouse-
screen interaction and introduce novel interaction means. Some
mouse prototypes introduce novel input modalities, e.g. provide more
freedom of movements [158, 180], others provide visual [242] or hap-
tic feedback [179, 147]. Various extensions to keyboards were pro-
posed to a) recognize gestures [221, 245], b) sense pressure inputs [49],
c) provide visual [24] or d) haptic feedback [9, 195]. Shape-changing
versions of mice [141], displays [167], buttons [225, 138, 219], and key-
boards [9] were proposed. Many authors investigated potential ben-
efits of actuated desktop interfaces; in such interfaces, some compos-
ites can move in a manner that can be noticed by the user and benefit
them in some way, e.g. actuated mice and keyboards [10, 142], ac-
tuated monitors [204], actuated desktops [152], actuated desktop de-
vices, such as swarm robots [139, 140] and interactive lamps [175].
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Within the industrial domain, there is a limited body of work focusing
on alternative interaction means in industrial control rooms. Choi et
al. in [40] investigated opportunities of using speech and gestures to
support traffic control operators. Heimonen et al. [102] present a mul-
timodal system that enables the operators to interact freely through
gestures and voice; they emphasize that alternative interaction means
should a) provide the feeling of control and safety and b) enable the
operators to access information from any location in the control room.
Fuhrmann and Kaiser [83] present an interaction concept for future
control rooms that comprises a large overview display, a portable mo-
bile interface, a gesture recognition system, and an audio system for
emitting directed sounds. Sirkka et. al [209, 208] and Frimalm et al.
[81] conducted research on providing audio cues that could help the
operators to differentiate between the type and severity of alarms and
system status changes. In [74], Fagerlönn et al. developed a multi-
modal alarm display combining visual representations with spatially
presented auditory icons.

With respect to tangible interaction and tactile data presentation in the
industrial domain, only a limited body of work is available. Ressler et
al. [190] developed a virtual environment and a set of active haptic
devices that can be used to control it, as well as for getting feedback;
the actions in the virtual environment are mimicked in the real world
and vice versa. In the design experiment by Jensen et al. [119], a group
of design students remodeled the interface of an industrial motor con-
troller to incorporate new movement-based interactions with the fo-
cus on physicality. In [210], Sitorus et al. developed a set of tangible
prototypes to assist technicians in configuring complex industrial sys-
tems; in the design process, they focused on physical aspects of the
systems and the skills and experiences of the technicians. Müller et
al. in [164] present a direct-touch device and a tangible device as al-
ternatives to two conventional UI control elements aiming to facilitate
manipulation of process variables. The conducted evaluation showed
that even though traditional mouse- and keyboard-based UI controls
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outperformed by speed, the tangible concept was reported to enable a
better understanding of the performed control actions.
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Method

Multiple design paradigms exist that can be chosen for driving a de-
sign research process depending on the final goals and circumstances.
For example, the activity-centered design focuses on the tasks and
activities that need to be accomplished. The creator-centered design
relies on the skills and wisdom of designers. The systems-centered
design focuses on the components of a system. User-centered design
(UCD) paradigm focuses on user needs and goals.

Being an industrial PhD researcher at ABB Corporate Research, I had
to comply with the company’s guidelines in questions related to re-
search methodology. In the UX group, where I belonged to during my
PhD, the setup of the research projects is arranged according to the
UCD paradigm. In relation to my research, this setup meant study-
ing the users and the context before creating artifacts, also employ-
ing appropriate methods and tools, e.g. field studies and evaluation
tests. The nature of my research is constructive, i.e. in my research, I
imagine and build design artifacts and explain them. The ultimate ori-
entation towards creating design artifacts makes my research connect
to the root of the Research through Design paradigm (RtD), namely
to the field research genre [146] due to the collaborative and applied
nature of my projects.
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In this chapter, I will provide an introduction into the UCD paradigm,
as well as describe the theoretical basics of RtD. I will also describe
how UCD is practiced in the UX group of ABB Corporate Research.
Finally, I will describe my research approach in detail and the nature
and purpose of the developed design artifacts.

3.1 User-Centered Design
The concept of User-Centered Design (UCD) was introduced by Nor-
man and Draper [174] who aimed to emphasize that a product should
meet the needs of its users. The goal of UCD is to design solutions
of high usability and of good user experience. According to Nielsen
[169], to be usable, the product must consider five basic user-oriented
dimensions:

1. Learnability: it should be easy to learn.

2. Efficiency: it should be efficient for the user’s needs.

3. Memorability: it should be easy to recall how to use its func-
tionality.

4. Errors: it should have a low error rate, the few occurring errors
should be easy to recover from.

5. Satisfaction: it should be appealing to use.

Importantly, depending on the context and target users, the impor-
tance of these dimensions will differ [169]. The extent to which a
product follows these dimensions will to a large extent define the user
experience. The term user experience (UX) describes a person’s emo-
tions and attitudes about using a product. It was popularized by Nor-
man, who generally advocated that no product is an island, but a co-
hesive, integrated set of experiences [173].
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The core principles of UCD were formulated by Gould et al. [91, 90],
who advocated that, in order to design usable systems, one should
a) have an early focus on users, i.e. have direct contact with them,
b) conduct empirical "hands-on" measurements, i.e. continuously test
the users and evaluate the artifact, c) practice iterative design, i.e. the
artifact must be iteratively modified based on the results of usability
and performance evaluation results, d) practice integrated design, i.e.
all relevant aspects of the design should be developed in parallel and
under one management. Later, these principles became the founda-
tion for the formulation of the ISO 13407 standard [116] that provides
guidance for user-centered design processes for interactive systems.
In addition to the aforementioned principles, the standard emphasizes
the need to ensure appropriate function allocation between users and
technology and the need for multidisciplinary design teams.

The first step towards the UCD process is to identify who is the actual
user and decide how to involve them in the design process [2]. Eason
[64] identified three types of users: primary, i.e. those who actually
use the design artifact, secondary, i.e. those who occasionally use the
artifact, and tertiary, i.e. those who might get affected by the usage of
the artifact or who make decisions about purchasing it. A successful
design of a product takes into account the wide range of stakeholders
of the artifact [2].

In the literature, there is no common agreement on the particular flow
of the UCD process, it is applied in a great variety of ways. However,
based on the literature discovered, four major phases can be outlined,
namely 1) understanding the user context, 2) specifying the user re-
quirements, 3) designing solutions, 4) evaluating the solution against
the original requirements and user needs. In each phase, there are a
plethora of ways how to engage the user in the design process. Bevan
provides a comprehensive overview of different methods suitable for
different stages of the UCD process [21]; Vredenburg et al. [232] iden-
tified a set of 16 commonly used UCD methods together with their
perceived key benefits and weaknesses. In general, with respect to
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the degree of the user involvement, UCD methods can be divided
into three categories [131], namely a) design for users, i.e. the user
is treated as an information source by means of questionnaires, inter-
views, and observations [94], b) design with users, i.e. where a formal
dialog with users is maintained by means of conducting user evalu-
ations and gather feedback, and c) design by users, where users are
active participants, see, for example, the Scandinavian tradition of ac-
tive user involvement often referred to as participatory design [197].

With respect to efficiency of UCD, in the literature, there is evidence
that UCD methods make a significant impact on product development
by improving the usefulness and usability of products [232]. On the
other hand, many practitioners have considerations about increased
expenses of UCD methods, e.g. usability testing is often considered as
costly [232]. Another typical complaint about UCD is that it leads to
unimaginative design due to the conservative bias of users engaged
in the design process [229, 103].

3.2 Research through Design
Research through Design (RtD) paradigm centers around making. It
was first introduced by Frayling [80], who argued that creating some-
thing ultimately new and communicating the process together with
the result incorporates research as long as a) the report clearly states
what is being achieved and b) communicates it through the activities
of art and design. RtD suggests that knowledge is generated through
the process of making, i.e. through describing and explaining the de-
signed artifacts and documenting their creation process [146]. In [246],
Zimmerman maps the stages of a traditional user-centered interaction
design process with the opportunities to capture the knowledge they
produce. Such produced knowledge is generative in its nature, i.e.
it can inspire future design work [85]. One way of assessing genera-
tive knowledge is to analyze if it is evocative enough to originate new
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concepts and if it is open and inviting for others to join the discussion,
also if it is framed in a way that is "open to multiple interpretations
and reinterpretations" [106].

In the practice of RtD, designers explore new problem spaces commu-
nicating their understandings and visions through the construction
of artifacts [248]. In the original work by Frayling, RtD denotes “re-
search where the end product is an artefact – where the thinking is,
so to speak, embodied in the artefact, where the goal is not primarily
communicable knowledge in the sense of verbal communication, but
in the sense of visual or iconic or imagistic communication” [80]. The
artifacts provide concrete embodiments of a) the problem of the cur-
rent state, b) the theory, c) the preferred future state, and d) technical
opportunities which makes them an appropriate conduit for the trans-
fer of research knowledge to the practice community [249, 248]. In the
literature, artifacts are often considered knowledge per se as they an-
swer the research question "How an object of interest can be designed?"
[155].

RtD is essentially future-oriented, i.e. it does not aim to explain the
current state of the world, but it attempts to understand it and imagine
an improved future state [247, 146]. RtD stresses design artifacts as
design exemplars that can transform the world from its today’s state
to the desired future [249].

Because the artifacts are the embodiments of possible futures, design-
ers create them "through a process of disciplined imagination" rather
than derive their ideas from the analysis of the current and the past
situations [248]. Zimmerman and Forlizzi [248] categorized possible
motivation of RtD work into two approaches, namely a) philosoph-
ical when researchers take a specific philosophical stance as a start-
ing point and investigate and embody it through a process of making,
and b) grounded when researchers focus on real-world problems by
making artifacts that combine both a concrete framing of the problem
and an expression of the desired future state. In both cases, designers
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make propositions of a preferred future, i.e. "what could/should be",
through the creation of artifacts. Koskinen et al. [146] highlights three
approaches to RtD, namely Lab, Field, and Showroom. The lab ap-
proach assumes conducting research in the laboratory environment,
i.e. taking the subject of the study from its natural environment and
bringing it into a controlled environment where it can be subjected to
experimentation. The field research genre of RtD assumes studying
the users and the context before creating artifacts and employs meth-
ods and tools from design practice, participatory design and action
research, e.g. field studies, user-centered design and evaluation tests.
The showroom approach builds on exhibiting artifacts in the middle of
theoretical frameworks which assumes the dominance of high-quality
finishing of designs over theory and explanation.

RtD is argued to be a way to work with complicated design problems
[248]. Even though the practice of RtD does not aim to produce prod-
ucts nor to have the intended effects in the domain/context in focus
[248, 146], the artifacts and the knowledge generated through the pro-
cess of their creation can be useful for the industry as inspiration for
product development as the designs "can open up possibilities and
prepare actions" [146].

On the other hand, RtD has been criticized due to its fuzzy defini-
tions and lack of theory to guide practice [124]. With respect to de-
veloping theories, authors also point out the mismatch between the
goal of theory, i.e. creating a unifying common ground, and the goal
of design practice, i.e. creating particular examples [218]. Zimmer-
man and Forlizzi [248] argue that RtD outcomes can form the basis
of design theories because a) they are specific exemplars of a theory,
and b) they have extensible constructs and can describe relationships
among groups of outcomes and phenomena. In the literature, artifacts
and theory are often considered to be the endpoints of the same con-
tinuum of knowledge abstraction [155, 110], where artifacts are not
abstracted constructs that are tightly connected to their intended con-
text and might not even be meaningful outside it, while a theory is
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fully generalizable and holds under all circumstances. Artifacts can be
complemented with the designer’s comments, i.e. textual assessments
and theoretical proclamations, which in the literature are referred to as
annotations [86, 85]. Gaver and Bower argue that designs should be
annotated if they are intended to bear clear and accountable knowl-
edge contributions to research [85]. In the literature, annotations are
considered as examples of theoretical statements residing in the in-
between space of the knowledge abstraction continuum as they add
extra knowledge by pointing at qualities of artifacts, as well as issues
of concern, that are important for research [155, 85]. When applied
to a collection of artifacts, annotations make them into a portfolio by
capturing family resemblances between them in terms of similarities
and differences [85, 27]. Annotated portfolios are potential alterna-
tives to formalized theory in conceptual development and practical
guidance for design; grounded in the ability to elicit particular design
spaces, reveal their dimensions, and uncover designers’ visions, they
have explanatory and predictive power [85, 27]. Importantly, annota-
tions to a portfolio can be formulated in a variety of ways reflecting
different intentions and targeting diverse audiences [85, 27].

3.3 Research process at ABB
Corporate Research

In the UX group at ABB Corporate Research (CRC), the work is
project-based. Projects can be either initiated by ABB or can be collab-
orative with third parties, such as industrial partners or universities.
ABB-initiated projects are arranged according to the gate model. The
model assumes that projects are divided into distinct phases separated
by decision points, i.e. gates. Reaching a certain gate means having a
meeting with project stakeholders where the results of the projects are
being presented and high-level plans for the next project stage are be-
ing defined. Also, at each gate, the stakeholders are deciding whether
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Figure 3.1: The user-centered design process practiced at ABB CRC,
UX group. Source: ABB.

the project will be continued, suspended or canceled. The latter can
happen, for example, if the stakeholders find the results insufficient
or the project is losing its relevance for the company, also if there are
no sufficient resources in the project or there is no agreement on how
to proceed, etc. The stakeholders are usually representatives of a busi-
ness unit at ABB who have initiated the project and who will take over
the project results. Generally, they represent ABB’s business interests
in the project; for example, they are interested that project results are
relevant to ABB’s products and customers and can be potentially pro-
ductized.

Collaborative projects with third parties usually do not run accord-
ing to the gate model. Instead, there is a steering committee where
the representatives of each party speak for the interests of their com-
pany. The frequency of meetings and reporting is defined based on
a common agreement of the parties, as well as taking into account
the requirements of the co-funding organizations. ABB representa-
tives are usually managers from business units that find the potential
results from the collaboration relevant to their current or future prod-
ucts. Stakeholders have all the power to influence the orientation of
the project and its outcomes.

During a calendar year, multiple projects are ongoing in parallel. Usu-
ally, several researchers are involved into a project, one researcher can
be involved in several projects simultaneously. In the UX group, the
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researchers are practicing a custom version of the UCD paradigm. On
various stages of the UCD process, based on personal preferences or
project demands, some of the participants could be involved in the
project activities more or less actively. For example, some researchers
might be more keen to participate in field studies whereas others are
more excited about analysis and brainstorming around the collected
materials. It is not exceptional that, while the project is ongoing, new
participants are being assigned to the project or leave the project in
response to changing demands or workloads.

The high-level direction of research and the context of the project,
i.e. the particular industrial domain, are usually defined by business
stakeholders or upper management who initiated the project. In rare
cases, smaller scale projects, the so-called pre-studies, could also be
proposed by the researchers themselves. A typical ultimate goal of a
project is to increase the efficiency of industrial workflows in the do-
main in focus, improving the user experience per se is rarely the goal
of a project.

The research projects consist of multiple stages inline with the cus-
tomized process of the UCD paradigm, see Figure 3.1. A project usu-
ally starts with a vague idea of what should be achieved in its scope.
The project continues with field studies. The field studies incorporate
visiting industrial settings, interviewing, and observing relevant per-
sonnel. The goal of conducting field studies is to build background
knowledge about the industrial domain and get familiar with the rou-
tines, problems, and needs of the industrial personnel of interest. The
broad network of ABB customers opens up the potential to get access
to various kinds of industrial domains and workers of different roles.
However, in reality, it is effortful to actually engage with industrial
workers due to their busy schedules. Having a short visit to an indus-
trial field including a couple of hours of quality time with industrial
workers is the reality of such field studies.
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The materials collected during field studies are ordinarily analyzed
using methods of Contextual Design [109], e.g. the affinity diagram.
The goal of the analysis is to structure a large quantity of collected in-
formation and outline major problems and challenges related to the
work practices which could be potentially improved using new ap-
proaches and modern technologies.

Once the problems are outlined, the project proceeds to the back-
ground search and technology scouting. In these stages, the intention
is to judge what was done in the field before and what can be achieved
today using the available technology. Usually, the researchers utilize
available on the market state-of-the-art technology, i.e. technological
devices and techniques that employ the most current and high-level
IT developments. What is usually looked for is the technology that is
robust enough to be used in high-fidelity prototyping but at the same
time represents the frontiers of knowledge. For example, in various
projects, me and my ABB colleagues used such novel off-the-shelf de-
vices as Kinect, Tobii, Leap Motion, Oculus Rift, etc.

The project proceeds to the ideation phase. Its goal is to look for in-
spiration and ideas. The researchers use mostly sketching on paper to
express and discuss ideas. In addition, the process can be facilitated by
arranging interactive workshops with industrial personnel and stake-
holders. During these participatory design sessions, the goal is to ac-
tively engage the users in creating new and exploring existing design
ideas. Often, the ideas are discussed with the business stakeholders
before getting implemented. Indeed, pragmatic and product-oriented
ideas get the most support; an extra effort is usually needed to get the
green light for working on non-conventional ideas.

The next phase of the project is iterative and incorporates low and high
fidelity prototyping. The involved activities on this project stage con-
sist of paper prototyping, sketching in graphical editors and sketch-
ing in code. During the prototyping stage, preliminary user evalu-
ation sessions might be arranged. During these sessions, the devel-
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oped prototypes are demonstrated and explained to the users to get
their feedback and opinions. Furthermore, workshops might be ar-
ranged with university representatives where developed concepts are
demonstrated and discussed from the novelty perspective. The re-
ceived comments might be considered in the next development itera-
tions. Preliminary demonstrations to stakeholders are also likely to be
included in the project flow.

The project then proceeds to a validation phase. In this phase, the re-
searchers take the developed solutions and go back to the field where
they can demonstrate the solutions to the real user and collect their
feedback. In the UX group, mostly qualitative evaluation is practiced.
This means that technologies are demonstrated to the potential uses
and their feedback is collected. Depending on the fidelity of the pro-
totype, the users might try to use the solution in a short- or long-term
user test. Observations and feedback are then processed and ana-
lyzed. However, due to the problems described earlier in this chapter
related to the access to industrial workers, validation in real settings
might be complicated. Furthermore, if the project has only low fidelity
prototypes, such as sketches, the feedback can be only verbal, a sort of
a discussion.

The final stage of the project is the handover of the results to the busi-
ness unit. All the product-related knowledge and solutions are col-
lected, documented and handed over to the receiving business unit
at ABB. The future of the project results is usually obscure to the re-
searchers. Stakeholders not necessarily give feedback whether the re-
sults of the project will be productized or abandoned.

3.4 My research practices
In my PhD research, I was relying on the UCD process practiced in
the UX group at ABB CRC. However, because it did not strictly de-
fine concrete methods on each stage, nor the order of the stages or

57



3. METHOD

the required information flow between the stages, I had some free-
dom to adjust the process for the benefits of my research. In my case,
relying on the UCD paradigm implied that the starting point of my re-
search was always industrial context, industrial users and their prob-
lems. In the scope of my research, I have visited many industrial set-
tings, mostly factories and their control rooms. During the visits, I
was observing and interviewing industrial workers, focusing on their
tools and routines. However, unlike my colleagues in the UX group, I
treated the knowledge gained from the field and industrial users more
as a source of inspiration rather than as a detailed prescription of what
to do. During my visits, I tried not to pay too much attention to con-
crete complaints of particular industrial workers because, most likely,
they would reflect their personal discomfort in daily workflows. Solv-
ing such problems would mean doing consultancy, i.e. improving the
tools of one particular industrial company active in a certain indus-
trial domain. Instead, I tried to think critically about the knowledge
gained during the field studies. I aimed to see the overall picture, i.e.
bottlenecks, typical routines, trends in the development of industrial
control rooms across different industrial domains.

With respect to field study data processing, I preferred to go through
the collected data informally, individually and at my own pace treat-
ing it as a source of spontaneous inspiration rather than a handbook
for thorough reading. I was not a big adherent of conducting formal
activities of field studies analysis practiced in the UX group i.e. per-
sonas and affinity diagram. First of all, to be done thoroughly, these
activities require a lot of time which is usually a limited resource in
the project. Second, due to too much emphasis on the comments of
field workers, they provide a very pragmatic view on the problems in
the field as they are mainly a reflection of the problems experienced
by the interviewed workers. Finally, I am not fully convinced that the
affinity diagram or similar data structuring methods are the silver bul-
let in handling unstructured field material. The resulting clusters are
only one possible way of organizing the data out of a myriad of other
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possibilities. Every quote or observation can be interpreted in a num-
ber of different ways creating a multitude of possible versions of the
affinity diagram. On the other hand, I could understand the impor-
tance of these standard analysis approaches for ABB. Relying on the
materials from the interviews can motivate concepts to the business
stakeholders and thus ensure the continuation of projects. Therefore,
I could clearly see why my colleagues were practicing the standard
analysis means. Furthermore, I have often considered the assump-
tions and discoveries originated from their analysis in my work, but
again more as a source of inspiration rather than guidance to action.

Figure 3.2: Sketching on paper: exploring the idea of a hand-held fid-
geting device that could be used for controlling the surrounding envi-
ronment.

The ideation phase of the UCD paradigm is one of my favorite project
stages. I enjoy generating and developing ideas. In particular, I like
looking for unexpected and unanticipated solutions. I find inspiration
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in art, history, cognitive sciences, and technology. To express and de-
velop my ideas, I primarily use sketching on paper, see Figure 3.2. I
find this approach easy, cheap and, most importantly, fast and flexible.
When an idea forms to a decent level, I perform sketching in graph-
ical editors, such as InkScape1 - a free tool allowing to create images
in vector graphics, to fine-grain the idea and prepare it for a presen-
tation. My sketches are static even though the ideas often contained
some kind of motion. I believe that my sketches could benefit from us-
ing animation, especially when there was a need to demonstrate them
to outsiders, but I did not have enough skills to create animated solu-
tions in a fast manner nor time to develop such skills. To compensate
this omission, I was keen on moving to prototyping and sketching in
code.

Prototyping is my next favorite stage of the research process. I like
creating high-fidelity dynamic solutions that can be tested and evalu-
ated by a test user and demonstrated in action to a public. In line with
some design practitioners, I believe that design research aiming to pro-
duce knowledge concerning design cannot address research questions
without doing some kind of design practice. In my case, designing
and developing prototypes is my design practice. The value of proto-
types in my research has a dual nature. First, a prototype serves as a
potential product example for the business stakeholders. Second, in
line with the vision of Zimmerman et al. [249], I treat my prototypes
as embodiment of design theory and knowledge that can be argued
to constitute contributions to the HCI discipline; they externalize con-
ceptual ideas that I come up with in the scope of my research projects.

In my research practice, I have developed low- and high- fidelity pro-
totypes. With respect to low-fidelity prototyping, when working on
tangible devices, I used paper and foam board, see Figure 3.3. How-
ever, when working on digital solutions, I rarely used low-fidelity
prototyping, instead I was widely relying on sketching in code. In
my eyes, sketching in code is the easiest way to experiment with the

1https://inkscape.org/
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Figure 3.3: Low-fidelity prototypes from foam board: experimenting
with different shapes of a hand-held fidgeting device.

functionality and look-and-feel of the solution. Furthermore, as prac-
tice showed, stakeholders and field workers receive sketches in code
much better than paper concepts. This is arguably due to the fact that
for representatives outside of the design community it may be hard
to comprehend the implied dynamic experiences and temporal prop-
erties of the concepts that are depicted as static sketches [156]. The
prototypes that I developed comply with the so-called fundamental
prototyping principle [153]. Namely, they are developed to a manifes-
tation that filters the qualities which are interesting from the research
perspective without distorting the overall understanding of the con-
cept. Due to this reason, my prototypes usually lacked functionality
that would be essential for a finalized product but was not important
for the scope of the research project. Moreover, I rarely added ABB’s
branding or applied their style guidelines in my designs.

For the prototyping of data visualizations, I was relying on existing
Web technologies such as JavaScript, Node.js2, HTML, CSS and SVG.
Occasionally, I was relying on third-party libraries to speed up the

2https://nodejs.org/
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coding process, e.g. D3.js3 which is a free library that simplifies work-
ing with SVG graphics and data visualization, as well as with ani-
mation. For desktop solutions, I usually relied on .NET technologies,
namely CSharp and WPF. This is mostly because ABB is widely rely-
ing on Microsoft products and technologies. For physical prototypes,
I used CAD-software for 3D modeling and a 3D-printer at ABB CRC
for printing the casing for the high-fidelity solutions. With regard to
electronics, I relied on Arduino4-like micro-controllers that allow easy
and rapid programming.

The user evaluation stage was very important for the flow of my re-
search. I tended to evaluate my solutions with real users whenever
possible. However, due to the reasons explained in the previous chap-
ter, it was an arduous task to involve industrial workers in the eval-
uation of the prototypes. In the best case, I could engage one or two
industrial workers as test users in a short session of evaluation. I pri-
marily used qualitative evaluation, i.e. I was demonstrating the solu-
tion in action to the users and asking for their feedback. Alternatively,
if the solution was stable and well-elaborated, the users could try the
solution themselves and report their thoughts and impressions. In
one of my last projects, I have conducted lab tests with several dozens
of non-industrial users as participants; I collected both the numerical
data of their performance and qualitative data of their personal im-
pressions. The drawback of involving non-industrial users is that it
is hard to generalize whether the performance and preferences of ac-
tual industrial workers will be similar to the test participants. There
is no doubt that the behavior of actual industrial workers is likely to
differ from the test users due to their knowledge, professional experi-
ence, and training. However, in order to test the performance of actual
industrial workers, one needs to implement test cases on their inter-
faces which assumes a) access to the interfaces and b) integrating the
test solution into the actual interfaces, which will require professional

3https://d3js.org/
4https://www.arduino.cc/

62



3.4. My research practices

knowledge about the control system. Taking into account the amount
of needed effort, it is not practical to directly approach industrial users
to test a very fresh idea. This is when experiments with test users come
in handy. They will show whether the initial project assumptions are
valid. If the answer is yes, the test user results can be used to motivate
the continuation of the research project and request access to the real
workers and their interfaces.
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Chapter 4

Conducted work

In the scope of my PhD research, I have participated in a variety of
diverse projects. Most of them were initiated and run at ABB, several
were university projects. In my research practice, I often could choose
the projects to participate in. I normally preferred those that were
closer to the research questions of my PhD, i.e. had some relation
to industrial control rooms or data visualization. Below, I list all the
projects, briefly describe their goals, my research activities, and main
research outcomes with regard to my PhD.

1. Tangible interaction (2015): This short-term pre-study project
was initiated and run solely by ABB CRC UX group. Its goal
was to explore the design space of potential tangible inter-
faces for industrial control rooms. The topic of the project was
perfectly in line with the research interests of my PhD. In the
project, I was working on one commonly defined idea, namely
the shift report button, and one concept of my own, i.e. the
tactile mouse. The work resulted in one academic publica-
tion “Re-Introducing Physical User Interfaces into Industrial Con-
trol Rooms” [56], see Paper 8 in the appendix.

2. Future Operator Interaction(2015-2016): This long-term
project was initiated and run solely by ABB CRC UX group in
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tight collaboration with one ABB Business Unit working with
process control. The goal of this project was to explore the pos-
sibilities of operator interaction in the industrial control rooms
of the next generation. The main focus was dedicated to tar-
geted alarm delivery and to alternative interaction means with
the control station. In the scope of the project, me and several
colleagues from the UX group were working on novel ideas,
whereas I was implementing them in practice using a simpli-
fied replica of a control system. The main outcome of this work
became the interactive zones concept. The work resulted in
one academic publication “Untethered Workspaces: A Zones Con-
cept Towards Supporting Operator Movements in Control Rooms”
[52], see Paper 11 in the appendix.

3. Intelligent Alarm Management(2016): This long-term project
was initiated and run collaboratively between several ABB
CRC groups. The goal of this project was to improve the ef-
ficiency of industrial alarm systems by managing alarms in
an intelligent way. The idea was to extract alarm sequences
from the alarm log of a factory and visualize the results so
that they could be analyzed. The gained knowledge could be
used to create a more efficient configuration of the industrial
alarm system so that only important alarms will be delivered
to the industrial control room and non-informative alarms will
be suppressed. My role in this project was to design the visu-
alizations of alarm sequences and develop an interface for the
visual analytics. The main outcome of this work became the
intelligent alarm management web portal. The work was de-
scribed in one academic publication “Towards intelligent alarm
management in the Age of IIoT” [53], see Paper 9 in the appendix.
The gained knowledge related to sequential data visualiza-
tion contributed to another academic publication “A Model for
Types and Levels of Automation in Visual Analytics: Examples from
Event-Sequence Analytics” [60], see Paper 3 in the appendix.
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4. Remote Expert 4.0 (2016-2017): This long-term project was ini-
tiated and run collaboratively by two ABB CRC groups also in
tight collaboration with one ABB Business Unit working with
marine services. The goal of this project was to design and
develop novel tools for supporting remote service engineers
working mainly in the marine domain. The project was very
applied leaving not much space for the ideation. The goal was
to aggregate the variety of tools used by remote experts into
a common system with a single entry-point and an overview
of the current work situation. The main result in this work
became the marine web portal. The work resulted in one aca-
demic publication “Supporting maritime remote experts working
over distance” [250], see Paper 10 in the appendix. As a short-
term side activity of this project, I became engaged in develop-
ment of a data visualization for remote service engineers work-
ing in the industrial robotics domain. The goal was to design
and develop a novel information visualization that would let
the operators obtain better situational awareness over the sta-
tus of a large fleet of distributed robots. The main result of
this work became the overheated robots visualization. The
work resulted in one academic publication “Towards Effective
Industrial Robot Fleet Visualization for Remote Service Applica-
tions” [61], see Paper 7 in the appendix.

5. Visualization for Sustainable City (2018-2019): This long-
term project was initiated and run collaboratively between
multiple stakeholders, including ABB, several industrial fac-
tories, and RISE. The goal of this project was to look into in-
novative information visualizations for the district heating do-
main that would improve industrial operators’ understanding
of the status of the district heating system of a city. The original
expectation from the project was to design conventional solu-
tions that could be directly employed by the industrial stake-
holders. However, in the flow of the project, it was decided
to look for alternative visualization means. This initiative led
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to working on conveying the physicality of district heating
processes and conveying the feeling of water by pure visual
means. In this project, I designed and developed two visual-
ization concepts, namely Medusas and Animated Pipelines.
The work resulted in one academic publication “Feel the Water:
Expressing Physicality of District Heating Processes in Functional
Overview Displays” [55], see Paper 6 in the appendix.

6. AutoMed (2018-2019): This long-term project was initiated
and run collaboratively between multiple stakeholders, in-
cluding ABB, several municipal hospitals, and RISE. The goal
of this project was to increase the efficiency of Swedish munic-
ipal hospitals using the data-driven approach. However, the
quality of the data turned out to be too poor to achieve the
original goals. Instead, the focus of the project shifted towards
implementing a Visual Analytics system that could help un-
derstand and pre-process the data and manually identify bot-
tlenecks in patient flows and resource allocation. Even though
the medical domain is far from my competence or interest, the
generic nature of the topic, i.e. effective visualization of large
amounts of data, was a good match with the research goals of
my PhD. In this project, I was fully engaged in working on
the data visualization solution, i.e. the AutoMed web por-
tal, which became the main outcome of the project. The work
resulted in one academic publication “Visualization for quality
health-care: patient flow exploration” [57], see Paper 5 in the ap-
pendix.

7. Sustainable Underground Mining (2019): This long-term
project was initiated and run collaboratively between multiple
stakeholders, including ABB, several industrial mining compa-
nies, and Combitech. The ambitious goal of this project was to
create a vision of the Swedish underground mine of 2025 and
develop prototypes of future tools and solutions that would
support the vision. Misunderstandings between the stakehold-
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ers and the ambiguity of the original goals did not add produc-
tivity to the research processes. Often the project was put on
hold due to the absence of concrete ideas. I primarily used
my time in the project for working on my ideas on guiding the
operator’s attention and improving their situation awareness.
The main outcome of this work became two high-fidelity pro-
totypes of visual aid systems capable to guide the operator’s
attention to the most urgent information. The work resulted
in one academic publication “Guiding the Operator’s Attention
Among a Plurality of Operator Workstation Screens” [51], see Pa-
per 2 in the appendix.

Two projects were part of university courses. In this case, I had more
freedom and could shape the topic of the project and its scope myself.
However, I had to take into account requirements of the course and
interests of other participants if any.

1. Human-Automation Collaboration course (2017): The pur-
pose of the course was to enhance understanding of how
to shape human-automation collaboration through theoretical
foundations and concepts from cognitive science, automation
taxonomies, interaction design, and other related fields. The
course incorporated an independent project where one was
supposed to contextualize the theoretical foundations by con-
ducting small-scale research on a relevant topic. In this project,
I was working on the topic of interacting with office automa-
tion. The main outcome of my work became the fidgeting de-
vice. The work resulted in one academic publication “Fidget-
ing with the Environment: a Tangible Control for Interacting with a
Smart Light” [50], see Paper 1 in the appendix.

2. WASP Research Arena Public Safety project (2019): This
project was initiated by WASP research arena for public safety,

69



4. CONDUCTED WORK

i.e. WARA-PS1. WARA-PS provides a realistic demonstration
environment for scenarios that focus on rescuing on water. The
idea of the project was to elaborate an existing control system,
i.e. the WARA-PS demonstrator, that allows monitoring the
situation on the water in a geographic area and controlling the
rescue fleet of autonomous and manned agents. My role in the
project was to improve the look-and-feel of its interface. The
main outcome of this work became the customizable dash-
board of WARA-PS demonstrator. The work resulted in one
academic publication “Improving Usability of Decision Support
Systems for SAR Operations: WARA-PS case study” [54], see Pa-
per 4 in the appendix.

The collection of diverse artifacts, that are results of participation in
the described projects, can be roughly divided into two major groups,
namely data visualizations and alternative interaction means. Further
in this chapter, I describe each of the developed prototypes in detail.

4.1 Data visualization
In the course of my research, I have worked with industrial visual-
izations of various types and purposes. Two major groups can be
outlined: overview screens for real-time process monitoring and in-
terfaces for Visual Analytics. In both cases, I was investigating po-
tential ways of how cognitive and visual loads of the interfaces could
be reduced while keeping the information presentation compact, in-
formative, visually appealing and straightforward for interaction. In
addition, I was trying to move away from the standard industrial data
visualization approaches towards non-trivial but still valid, i.e. infor-
mative and functional, alternatives.

1https://wasp-sweden.org/demonstrators/wara-ps-public-
safety/
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Overview screens
When designing overview screens, I was either following the standard
approach of creating a conventional dashboard or going for an alter-
native visualization. I preferred dashboards when working in applied
projects that were restricted in time and did not provide much space
for ideation. I went for an alternative visualization when project setup
encouraged creative thinking. In this section, I will discuss the exam-
ples of both conventional and alternative overview screens developed
in the scope of my PhD.

Dashboards

In the course of my research, I have designed and developed two con-
ventional dashboards, namely the marine web-portal [250], see Figure
4.1, and the interactive dashboard of the WARA-PS demonstrator [54],
see Figure 4.3.

The goal of the project in the marine domain was to aggregate a col-
lection of stand-alone tools used by marine operators in their daily
routines into one common system that would provide a single start
point for all the operator’s workflows. The work resulted in a web
portal with a dashboard as a starting page and a set of integrated tools
available on-demand as separate system views.

The goal of the WARA-PS project was to improve the look-and-feel of
the existing WARA-PS control system. The original interface, see 4.2,
had multiple problems. First of all, the interface did not provide the
user with an instant overview of the system status. To get a decent SA,
the user would need to click through the tabs in the menu in the right
corner of the interface. Second, the map taking the central place in
the interface was impractical mostly because it is hard to compare and
prioritize one mission over another using a map whereas prioritizing
is one of the critical tasks in SAR operators’ work [101, 184]. There-
fore, it was decided to improve the interface so that it would: 1) give
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Figure 4.1: The main page of the marine portal. The look-and-feel of
the solution is a conventional dashboard with self-service functional-
ity.

a comprehensive overview of the system status while providing de-
tails on demand, 2) allow comparing reported disasters and ongoing
missions, and 3) allow prioritizing agents. The final solution became
a dashboard which aggregated and presented all the information that
was initially available in the original interface, but in a compact way
allowing to observe it all at once.

Even though the projects were taking place in different industrial do-
mains, i.e. the marine domain and the public safety domain, the re-
quirements had some similarities. For example, one of the main prob-
lems in both domains was too many diverse tools that the operators
were using on a daily basis. For this reason, the developed solutions
also became to some extent similar. Both resulting interfaces were im-
plemented as a conventional dashboard with self-service features so
that the presented content could be customized. The customization
allowed the user to personalize the dashboard by deciding what infor-
mation should be shown on the interface, also the size of the contain-
ers and their order. For the marine domain, the customization features
were intended to satisfy the needs of operators of different roles who
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Figure 4.2: The original interface of the WARA-PS control system.

Figure 4.3: The customizable dashboard of the WARA-PS demonstra-
tor.
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needed to access different information depending on their role. For
the public safety domain, the customization was intended to help the
operators to adjust the dashboard to the different stages and different
types of the missions. Furthermore, enabling the user to configure the
interface themselves partially took the burden off my shoulders to de-
fine the information to be shown on the interfaces. Moreover, the de-
veloped dashboards not only serve as the overview displays but also
function as an interactive filter and a search engine. For example, in
the WARA-PS dashboard, when the user hovers a mission in Ongoing
missions tile, other tiles adjust and show only relevant information
related to the selected mission.

From the design perspective, both interfaces were not particularly
novel. They employ rather conventional information visualization
means of low graphical abstraction levels [31], i.e. tables that are con-
venient for comparing and sorting information, charts that are effec-
tive to present numerical data visually, and maps that were the key
element of many of the original tools. The clear practical advantage of
the developed dashboards is in the ability to consolidate various sys-
tem views on one display, which helps to a) ensure a decent SA with
minimal manual effort and b) customize the presented information
according to the needs at hand. The main challenge in both projects
was more in the technical implementation rather than in the design.
Designing the dashboard layout in both cases was rather straightfor-
ward, but implementing the flexibility was not a trivial task.

Alternative visualizations

In the scope of my PhD research, I have developed three alternative
information visualization interfaces, namely Overheated Robots [61],
see Figure 4.4, and two interfaces for the district heating domain [55],
i.e. Medusas, see Figure 4.6, and Animated Pipelines, see Figure 4.5.
When working on their designs, I was 1) trying to avoid the conven-
tional dashboard-like view, i.e. I was preferring a holistic picture to
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dividing the screen into discrete areas, and 2) aiming to design visual
representations and layouts new to the industrial domain.

Figure 4.4: The Overheated Robots visualization demonstrates a com-
bination of several alternative strategies for visualizing and laying out
the fleet data.

The Overheated Robots interface, see Figure 4.4, visualizes a large fleet
of robots using a collection of circles of different sizes, colors, and lo-
cations. The properties of circles are mapped to the properties of the
particular fleet assets they represent. The interface demonstrates how
a custom-made, visually pleasant, and ergonomically adequate visu-
alization can compete in informativeness with conventional data vi-
sualizations such as tables or dashboards. The developed interface is
interesting from at least two perspectives. First of all, due to hierarchi-
cal data grouping, i.e. arranging fleet items by their physical location
and the customer, the interface is capable of visualizing thousands of
fleet assets on a single view. Second, in this interface, I differentiate
between the important and less relevant information and visually sep-
arate them. Visual encodings of urgent information, i.e. alarming as-
sets, are depicted in much detail and of a larger size and are located in
the central area of the interface. Visual encodings of secondary infor-
mation, i.e. normally functioning fleet items, are depicted in a smaller
size and in less detail, residing in the periphery of the view.
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Figure 4.5: A screenshot of the Animated Pipelines visualization.

The two other visualizations, namely Medusas and Animated
Pipelines, aim to visualize a district heating system of a city. Interest-
ingly, they both depict the same data, but their approach to visualiza-
tion is rather different. The Animated Pipelines interface, see Figure
4.5, aims to depict the entire district system in a rather simplified way.
It reflects the basic components of the district heating system, i.e. pro-
duction, delivery and consumption, and conveys the most important
technical characteristics of the district heating network, i.e. pressure
and temperature. The numerical KPIs are presented in a purely visual
form allowing the interface to be free from numbers. For example, the
delivery process is represented by red and blue pipes symbolizing hot
and cold water flows respectively. The delivery end-points, i.e. resi-
dential areas, are presented as curves. The shape of a curve represents
the consumption level, i.e. the height of a curve shows the amount
of delivered energy and the color ratio depicts the balance between
the delivered and the consumed energy. The animation of the curves
reinforces the effect of the water being pumped. The animated back-
ground, behind the curves, depicts the weather conditions: the colder
the area, the bluer is the background.
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Figure 4.6: A screenshot of the Medusas interface.

The Medusas interface, see Figure 4.6, is more abstract in the sense that
it does not attempt to depict the realistic setup of the district heating
system. Furthermore, it uses a very non-industrial metaphor for de-
picting the status of the system, namely a jellyfish, i.e. a medusa. This
metaphor was selected based on the fact that the pumping action a jel-
lyfish uses to propel itself through the water is in a way similar to the
workflow of a pump station supplying an area of a city with hot water.
The designed visual shape of the medusa consists of a roundish head
and a set of tentacles. The pulsating animation of the medusa’s head
aims to imitate the pumping action of a jellyfish and is a reference to
how water is being pumped by the pump. The tentacles are also an-
imated to create a feeling that the medusas are floating in the water.
The vertical position of the jellyfish corresponds to the hot water con-
sumption level in the area, i.e. the higher it is located in the interface
the higher is the consumption level. The size of the medusa’s head
corresponds to the incoming hot water flow. The balance between the
hot water consumption and delivery in an area can be derived by vi-
sually comparing the position of the medusa with the size of its head,
i.e. the higher the position the larger the head should be. The gauge
inside the head shows the current performance of the pump versus
its overall capacity. The blue background of the interface symbolizes
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Figure 4.7: A screenshot of one of the views of the intelligent alarm
management web portal.

water, small animated bubbles slowly raising upwards reinforce the
feeling.

All the three interfaces, even though visually rather different, have
many commonalities. To start with, they all try to give a comprehen-
sive but compact overview of the industrial system that can fit on one
screen. Next, all of them tend to avoid numerical and textual data pre-
sentations. Furthermore, they employ custom layouts that are holistic
and do not divide the screen into areas like conventional dashboards
would do. Moreover, they all use non-conventional visual data pre-
sentations of high levels of graphical abstraction [31] that are visually
compact but still informative. Finally, in the last two interfaces, the
visual markers not only show the status of the production but also
reflect the physicality and technical specifics of the underlying indus-
trial processes, e.g. they convey the feeling of water.
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Visual Analytics
I worked on Visual Analytics (VA) solutions in two projects, which
resulted in two tools, namely the Intelligent Alarm Management web
portal [53], see Figure 4.7, and the AutoMed web portal [57], see Fig-
ures 4.8 and 4.9. The two systems were developed for different target
domains, i.e. medical and industrial, therefore, they look different
and target diverse use cases, furthermore, they aim to facilitate an-
alyst’s workflows on different stages of the VA process. Regarding
commonalities, both of them touch upon the topic of the sequential
data presentation.

Figure 4.8: The AutoMed web portal: the patient flow overview.

The intelligent alarm management tool is intended to visualize the
data, i.e. alarm sequences, generated by mining algorithms. The
aim of the tool is to facilitate reviewing and analyzing the detected
sequences, i.e. knowledge phase of the VA process as according to
Keim’s model [134]. For this purpose, a set of visualizations were de-
veloped to visualize various types of alarm sequences, i.e. sequen-
tial alarms, see Figure 4.7, chattering alarms, etc. These visualizations
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are examples of how initially not user-readable data can be presented
in a compact and comprehensive way allowing the user to perform
advanced data exploration. The main challenge of this work was
to find appropriate visualizations to depict complex sequential data
accompanied by multiple time-related attributes. The most notable
achievements of the visualizations are a) visual data aggregation of
large alarm bursts and b) visualization of time uncertainties. Further-
more, the interface allows annotating the data, e.g. marking alarms
that should not be delivered to the operator. Potentially, such annota-
tion can be used for training machine learning algorithms and better
configuring industrial alarm systems.

Figure 4.9: The patient cases view and the transition view.

The AutoMed web portal consists of several visualizations allow-
ing interactive medical data exploration, namely the patient flow
overview and the patient cases view. It intends to facilitate visual-
ization stage of the VA process as according to Keim’s model [134].
The patient flow overview, see Figure 4.8, is a hierarchical data vi-
sualization showing the structure of the hospital and the number of
acute/scheduled patients that visited each department over a selected
period of time. Each department can be expanded or compressed
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through mouse interaction to show/hide the underlying structure of
the hospital. The spectrum of waiting times is displayed as histograms
around each department. The visualization of patient cases, see Fig-
ure 4.9, depicts in detail the disease history of particular patients. The
timeline visualization of a disease shows its flow in time, including
diagnoses, visited departments, received services and waiting times.
Finally, the visualization of patient transitions between departments
shows patient transitions in the hospital. The departments and transi-
tions through which many people have passed are visually enlarged.
By hovering over the visual elements with the mouse, the user receives
precise numerical information. All three views allow applying vary-
ing filters so that the user can identify departments and transitions
that are related to a specific disease. The overview of patient cases
allows advanced interaction, such as merging several cases into one
and marking the visits as relevant or irrelevant to a particular decease
flow. The interactivity is a step towards annotating the data to be used
later on for training machine learning algorithms.

4.2 Interactive spaces
Four concepts developed in the course of my PhD contributed to my
research on interactive spaces in industrial control rooms, namely 1)
the concept of interactive zones [52] developed in the scope of the fu-
ture operator interaction project, 2) two tangible devices [56] devel-
oped in the scope of the tangible interaction project, 3) the fidgeting
device [50] developed in the scope of the human-automation interac-
tion course, and 4) two visual aid systems [51] developed in the scope
of the SUM project.

In the future operator interaction project, I worked on alternative in-
teraction modalities that could become additional interaction means
to the standard interaction through a keyboard and a mouse. My pri-
mary goal was to make the operator less tied to the control station
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Figure 4.10: The interactive zones concept. The figure illustrates the
three interactive zones and the interaction means available to the op-
erator in each of them.

and less dependent on the standard keyboard-mouse-screen interac-
tion. The main outcome of this work is the concept of dividing a
control room into a set of interactive zones, see Figure 4.10. The in-
troduced zones roughly correspond to Hall’s interpersonal distances
[96], i.e. the closest to the station zone corresponds to the human per-
sonal space; the second zone, i.e. several meters away from the sta-
tion, corresponds to the social space in Hall’s model; the farthest zone
corresponds to Hall’s public space. In each zone, a set of interaction
possibilities is available to the user based on their proximity to the sta-
tion. Voice, gaze, palm gestures, keyboards and mice are the options
when the user is rather close to the station, i.e. in Zone 1; body ges-
tures are available when in Zone 2. In Zone 3, the user is only allowed
to observe the information but not to interact with it. The bottom-line
principle is that, in line with the principles of interpersonal communi-
cation, the user should approach the station to have more interaction
possibilities. Furthermore, the system delivers alarm notifications in
a form of audio and light signals to the corresponding zone of the
user’s presence. Finally, the system adjusts the process graphics ac-
cording to the location of the user; the farther away from the station
the user is, the more enlarged and more generic the graphics becomes.
The zones concept promotes untethering the operators from their ded-
icated workstations allowing them to maintain sufficient SA and be
able to interact with the workstation regardless of the distance to it.
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The project on tangible interaction resulted in two tangible concepts,
namely the tactile mouse, see Figure 4.11, and the shift report button,
see Figure 4.12. The tactile mouse was intended for conveying tactile
sensations related to physical attributes of industrial machinery and
processes, e.g. temperature, vibrations, etc. My original assumption
was that, perhaps, feeling such a reproduction of the original indus-
trial physical effects could help operators to develop a deeper con-
nection with the machinery and processes they are operating. The
tactile mouse concept is based on a conventional PC mouse that was
extended with several actuators, namely 1) a heating element for con-
veying temperature sensations, 2) a vibromotor recreating the sense
of speed or vibrations, 3) a fan producing air flows to simulate liquid
or gas flows, and 4) a LED lamp changing its color in correspondence
with the status of the hovered object or the current view of the control
system, i.e. normal or alarming.

Figure 4.11: The tactile mouse
prototype.

Figure 4.12: The shift report
button prototype.

The shift report button was intended to assist operators in the shift
reporting process, which at the moment is primarily manual. The de-
veloped tool, see Figure 4.12, is a stand-alone device that enables the
user to take instant screenshots of all the screens of the operator work-
station. The design of the artifact was inspired by emergency push-
buttons that can be encountered in various production environments;
whenever an abnormal situation occurs in the production process, a
field worker can push such a button to immediately stop or slow down
the involved equipment, e.g. a conveyor. By pressing the shift report
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Figure 4.13: The fidgeting device.

button, the operator triggers the system to take screenshots from each
screen of the operator’s workstation. The screenshots together with
their timestamps are saved locally, whenever the user wants to bring
them back, they should push and hold the button forcing the screen-
shots to appear on the same screen where they were taken.

My work in the human-automation interaction course project resulted
in a tangible remote control with fidgeting features, which is intended
to control an interactive lamp, see Figure 4.13. Even though the de-
vice is not designed exclusively for industrial control rooms, it targets
knowledge workers in general. The idea is motivated by the tendency
of people to fidget when performing knowledge work. The device
allows fidgeting with itself, as well as controlling the light, and "play-
ing" with the light. The device has several control elements: an on/off
button to switch the light on and off, a mode switch for switching be-
tween the control and fidgeting modes, a labyrinth with a movable
pin for changing the color of the light, and a bearing for dimming the
light. By fidgeting with the device when it is in the control mode, the
user will actually play with the light, e.g. when repeatedly switching
the on/off button, the user will make the light blink; when spinning
the device, the user will make the light fade or brighten; when nav-
igating through the labyrinth, the user will make the light smoothly
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Figure 4.14: Guiding the operator’s attention by making the opera-
tor’s focal screen visually unreadable and showing a visual hint to-
wards more urgent information.

change the color. The device is an example of technology that is de-
signed taking into account the context where it is intended to be used.
When working on the physical form of the fidgeting device, I relied on
the Norman’s idea of perceived affordances [171]. By trial and error,
I created the shape that invites the user to perform intended actions.
For example, I made the shape visually unbalanced, i.e. with a wide
upper part and a narrow bottom part, to show the user that the device
can be rotated and encourage the user to do so. Furthermore, I made
the shape curvy to motivate the user hold it in certain ways.

Finally, the work on guiding the operator’s attention resulted in two
concepts and implementations of visual aid systems intended to help
the user to attend to the most important information of the moment.
Both of them take into account the strengths and limitations of hu-
man visual perception. The first system, see Figure 4.14, is intended
to encourage the user to stop their current activity and shift their at-
tention to a more important issue. The system disengages the oper-
ator’s attention from the focal screen by making the screen unread-
able and guides their attention to more urgent information by a visual
cue. This approach is intended for rather severe cases when the user
must stop whatever they were doing and attend to a more important
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Figure 4.15: Helping the user to attend alarms on peripheral screens
by adjusting the process graphics for the peripheral vision of the user.

issue, e.g. an extremely urgent alarm which must be attended to as
quickly as possible. The second system, see Figure 4.15, is less intru-
sive, it is intended to help the operators to notice alarming objects on
peripheral screens, however, it does not require them to immediately
stop their current activity. The system approach relies on human’s fo-
cal/peripheral vision specifics. The user evaluation tests proved both
approaches effective, however, the users were more positive to the
mild approach as they did not like being interrupted in the middle of
their ongoing task.
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Chapter 5

Results

The prototypes developed in the scope of my PhD are of different
types, target various industrial domains and solve diverse problems.
Nevertheless, all of them contribute to one or several research ques-
tions defined in this PhD, see Table 5.1. Further in this chapter, I dedi-
cate a separate section to each of the research questions where I outline
how far I have come in my research.

5.1 RQ1: How to support the
operator’s situation awareness
under information overload.

The abundance of screens and wealth of system views, also a constant
flow of information and alarm notifications, challenge the operator’s
ability to maintain sufficient SA. Furthermore, having the control sta-
tion as the main source of information, operators are tethered to it
and lose SA the moment they leave their workplace. In my research, I
approached these problems by means of creating a) compact but com-
prehensive overview screens, b) adaptive systems that adjust data pre-
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PPPPPPPPPPPArtifact

Research
question

RQ1:
suppor-
ting SA

RQ2:
facili-
tating
inter-
action

RQ3:
reducing

infor-
mation

load

RQ4:
reintro-
ducing
physi-
cality

Marine Portal x - - -

control system
WARA-PS

x - x -
Overheated Robots x - x -

Management
Intelligent Alarm

- - x -
Animated Pipelines x - x x
Medusas x - x x
AutoMed - - x -

Concept
Interactive Zones

x x x -

Systems
Visual Aid

x - x -
Tactile Mouse - x x x
Shift Report Button - x x -
Fidgeting Device - x x -

Table 5.1: The mapping between the developed artifacts and the re-
search questions they address.

sentation and interaction means according to the operator’s situation,
and c) attention guiding techniques.

In my work, I have developed several overview screens for runtime
monitoring, namely the Overheated Robots overview screen [61], the
Marine web portal [250], the WARA-PS dashboard [54], the Medusas
and the Animated Pipelines interfaces. In my eyes, the power of
overview screens as compared to process graphics is that they consol-
idate all the necessary high-order information on one view relieving
the operator from the necessity of switching between different sys-
tem views to get a holistic understanding of what is going on in the
production. Taking into account the limited human perception, the
challenge is to deliver the amount of information that the human is
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awareness under information overload.

capable to process at once. To address this requirement, in my prac-
tice, I followed Shneiderman’s Visual Information Seeking Mantra, i.e.
provide an overview first, enable zoom and filtering, then provide de-
tails on demand [206], as the main underlying principle in the design
of my overview screens. On one hand, this approach is especially
useful when dealing with large amounts of data as it promotes di-
viding the information perception process into a series of sequential
steps and thus reduces the amount of initial information for the user.
However, the approach does not help to answer the questions of what
information should be visualized on the screen and in which man-
ner. As the amounts of data grow, designing a meaningful overview
while keeping the display complexity low becomes an arduous task.
To answer the first question, I was relying on the domain knowledge
that I gained from conducting field studies, interviewing operators,
as well as studying their existing tools. With respect to the second
question, I have practiced custom visualizations, as well as conven-
tional dashboards. My practice shows, that both approaches are valid
and cope well with providing essential information in a compact way.
From the implementation perspective, dashboards are more straight-
forward and easy to implement. On the other hand, the tendency of
dashboards to divide the content into areas makes them rather lim-
ited in depicting very large amounts of information. On the contrary,
custom-tailored visualizations bear much more potential in this sense
and can present large amounts of data by means of visual aggregation
and metaphors. Their drawback is that the implementation is time-
consuming and effortful with respect to finding the right visualization
encodings.

Adapting the control station to the particular situation of the operator
is another approach to helping the operator maintain good SA in all
circumstances. My concept of interactive zones [52] allows the oper-
ator to freely move in the control room, as well as leave it, while still
getting informed about critical changes in the system via the means of
target alarm notifications and adjusted screen views and being able to
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retrieve more information on demand through more flexible interac-
tion. Changing the look of process graphics depending on the opera-
tor’s location with respect to the control station allows the user to be
able to see the information while being on a distance. Delivering tar-
geted notifications makes the operator more confident in being aware
of what is going on in the system. Ability to interact with the station
even when on a distance gives the operator the necessary freedom to
perform other tasks while staying aware and keeping an eye on the
station. The concept is an example of a highly automated system that
makes decisions based on the knowledge of the user’s context. The
implemented high-fidelity prototype of the concept demonstrated its
feasibility and practicality in a lab environment. Nevertheless, in the
real context, the system would inevitably face a multitude of typical
pitfalls of automation, i.e. sensor failures, lack of understanding of the
user’s context and intentions, disturbances in the environment, etc. To
deal with these limitations, the system should empower the user with
full control over deactivating the automation at any point in time.

Techniques for guiding the operator’s attention to particular informa-
tion are another powerful means in helping the operator to maintain
situation awareness and pay attention to the information most urgent
at the moment. Such techniques help overcome the issues of the se-
lective nature of the human’s attention. They aim to ensure that the
operator actually pays attention to a notification, finds the original
problem on a control station screen and starts working on it. In my re-
search, I have outlined two major types of guiding attention, namely
guiding the operator’s attention to particular information within one
screen and guiding the operator’s attention to a particular screen. In
my research practice, I have implemented both approaches. In the
overheated robots visualization, I attract the user’s attention to the
most important information on the screen, i.e. overheated robots, by
visually enlarging alarming fleet items and showing them in more de-
tails, also placing them in the very center of the interface creating the
fisheye effect; I depict not alarming fleet items in the periphery of the
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screen using less arousing visual encodings of a significantly smaller
size. This simple but powerful approach to information visualization
allows the user to instinctively separate between more and less urgent
information and naturally attend to the former. With respect to guid-
ing attention to a particular screen, I have explored two approaches.
Both of them are examples of adaptive systems that adjust the control
station interfaces to ensure that the user is noticing the most urgent
information at the moment. The first approach, more radical, implies
1) making the current focal screen unreadable and 2) showing a vi-
sual cue pointing at the screen with more important information. The
second, more mild approach is based on the specifics of the human’s
visual perception; it adapts the interfaces of the peripheral screens to
the peripheral vision of the human counting on the natural human’s
ability to attend to motion and flickers in the periphery. The fact that
users preferred the second, mild approach of guiding their attention
to the first, more imperative is a sign that people tend to prefer to have
control over automation. The second system can be seen as an exam-
ple of Shneiderman’s human-centered automation [205] were the au-
tomation creates the circumstances for the user to make less mistakes
but leaves the control in the hands of the human.

All in all, my concepts mainly focus on level 1 of Endsley’s SA model,
i.e. they help the operator obtain the necessary information to main-
tain sufficient SA. In many respects my solutions comply with some of
the interface design criteria for enhancing situational awareness pro-
posed by Endsley [72], namely: criterion 1) allow information orga-
nization in correspondence with the operator’s personal needs: this
criterion matches with my customizable dashboards, criterion 2) al-
low aggregating information from multiple sources on one view: this
criterion matches with my work on overview displays, criterion 3) re-
duce the need to do manual calculations: this criterion resonates with
my work on functional visualizations that eliminate the need to deal
with numbers, criterion 4) employ indicators and visual cues to cap-

91



5. RESULTS

ture the human’s attention: this criterion correlates with my work on
guiding the operator’s attention.

5.2 RQ2: How to facilitate the
operator’s interaction with the
operator workstation.

The modern operator workstation setup is restricting the operator in
a variety of ways. From my standpoint, the two major limiting fac-
tors that make the life of the operator complicated are 1) the control
station lets the operator interact with it only when they are in its close
proximity, 2) the existing legacy interaction means, i.e. keyboards and
mice, are in many ways limiting and prevent the user from freely and
spontaneously interacting with the control station.

I see one way to address the restrictive nature of the control station
in expanding the interactive area around the station by means of ad-
vanced sensors. In my work, I have implemented this idea in the con-
cept of interactive zones [52]. My approach adds more flexibility to
the operator who now can interact with the control station using a va-
riety of natural interaction means also when being on a distance from
the station. Relying on the basics of interpersonal communication [96]
allowed making the underlying principles of the system straightfor-
ward to the user as they go inline with their habits of natural inter-
action. My experiments with the sensor-based technologies revealed
one significant problem, namely that they are not fully reliable to be
applied in real industrial settings. The problem is more complicated
than error-prone sensors. For example, it is not clear how to distin-
guish between a person making a control gesture and a person ac-
tively gesturing when talking to a colleague. Potentially, advanced
machine learning algorithms could be of help, however, even they are
prone to mistakes. After all, it is only the human who can be com-
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interaction with the operator workstation.

pletely sure when s/he is making an intentional gesture to control the
station.

In addition to sensor-based technologies, I see tangibles as another
promising alternative to keyboard and mice interaction. I believe that
tangibles could play the role of shortcuts for interacting with overly
complicated control stations and their interfaces. Such devices could
help to achieve outcomes that would normally require a long sequence
of actions using conventional interfaces. For example, my work on
the shift report button [56] has demonstrated the potential of using a
physical interface for taking screenshots for shift reporting. Normally,
such an action would require the user to 1) find the right keyboard,
2) press the necessary combination of buttons to capture a screen-
shot, 3) save the screenshot to some local folder on this or another PC.
The shift report button allows achieving the same result in one button
push. Another valuable property of tangibles is their ability to engage
the user in physical activity; it is rather natural for humans to inter-
act with the environment with their hands. My work on the fidgeting
device [50] demonstrates how a system control can be designed tak-
ing into account the human’s habits to fidget while doing knowledge
work.

Regardless of the seeming benefits, there are also several drawbacks
that I could outline with respect to tangible interfaces. First of all, as
they require physical contact similarly to a keyboard or a mouse, they
will inevitably get dirty in an industrial environment and repel the
users. There is another challenge in the temptation to create different
physical interfaces for different shortcuts. The risk is to end up with
a collection of diverse artifacts that will cause confusion and misun-
derstanding leading to being abandoned in the corner of the desk. A
potential solution to this problem could be to locate multiple physical
controls on a centralized physical control panel.

All in all, in my attempt to expand interaction means in the con-
text of industrial control rooms, I tried to go beyond the conven-
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tional confines of the keyboard-computer-mouse-desktop interaction
and looked for interaction means that would incorporate themselves
into the physical and social world of the industrial context. In my re-
search practice, I tried to follow the principles of embodied interaction
[62]. First of all, I aimed to leverage natural human abilities of manual
manipulation and gaze, gesture and voice interaction. Furthermore,
I tried to incorporate knowledge about the industrial context into the
interaction. For example, in the case of the shift report button, push-
ing the button will reveal to others in the control room that some-
thing extraordinary has just happened in the control system. With re-
gard to the interactive zones concept, when experimenting with vari-
ous modalities of interaction means, I tried to avoid blindly adding
them in the context of the industrial control room merely because
they are trendier than the conventional keyboard and mouse. In my
eyes, thoughtlessly adding alternative interaction means will result in
more complex control rather than efficient interaction with the con-
trol station. Instead, I tried to find a reason behind each newly intro-
duced modality and how it will fit into the context of industrial control
rooms. For example, voice, gaze, and palm gestures are of use when
the operator is wearing safety gear or has dirty hands and therefore
they cannot use a mouse or a keyboard. Perhaps, the fidgeting device
is the most obvious example of thoughtful incorporation of new tech-
nology in the target context. The shape, as well as the functionality of
the device, target the context of knowledge work and orient towards
a typical behavior of the user in the given context.
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5.3 RQ3: How to reduce the
information overload of the
operator.

Industrial control stations are overloaded with screens showing in-
terfaces full of numerical and textual information. Such a setup in-
evitably overloads the user with information. The operator gets extra
cognitive load due to demanding interaction with the interfaces, i.e.
navigating complex hierarchical menus, remembering how to bring
one or another view on a screen, looking for a keyboard that allows
controlling a particular screen. In my research, I investigated several
methods to reduce the cognitive and visual loads in industrial con-
trol rooms, namely a) showing only relevant information and hiding
unrelated information, b) expressing some information using tactile
sensations rather than visualizations, and c) introducing more natural
physical interaction with the control station.

The main approach I practiced to reduce the amount of visualized data
presented to the operator is by showing only important information
and hiding data that is irrelevant at the moment. One way to achieve
this goal is to design overview screens that aggregate and present only
important high-order information providing the remaining secondary
data on demand, as according to Shneiderman’s Visual Information
Seeking Mantra [206]. In my eyes, an effective overview screen could
potentially replace the need of having multiple displays showing too
detailed information. My practice shows that this approach is applica-
ble for interfaces intended for both real-time status monitoring and Vi-
sual Analytics purposes. Importantly, as the ultimate goal is to reduce
the cognitive and visual loads of the interface, the approach always
implies a number of trade-offs, i.e. what to show directly and what
to show on demand. To come up with the visualization approaches, I
experimented a lot with combining different data layouts and coming
up with ideas of visual markers that would aggregate several dimen-
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sions of data. Furthermore, I relied on the specifics of human percep-
tion. For example, I often visually grouped the data which is in line
with people’s natural habit to create categories as a way to make sense
of the world around them, especially when they feel overwhelmed
with information [236]. Another way of hiding irrelevant information
is to make it imperceptible. I implemented this approach in one of
my visual aid systems where I adjusted the view on the peripheral
screens to the peripheral vision of the human [51]. In the concept, I
turned the interfaces of the peripheral screens into grayscale, simpli-
fied their process graphics to basic rectangular shapes, and made them
nearly indistinguishable from the background unless they are alarm-
ing. Such design allows the user to focus on their current task not
being disturbed by other visual information unless it is urgent.

Another method of reducing the amount of visual data is presenting
runtime data in some alternative form rather than in textual and nu-
meric as it is now. For this purpose, I experimented with two ap-
proaches, namely a) conveying the runtime data as tactile sensations
and b) showing them as functional visualizations. The first approach
was implemented in the tactile mouse prototype [56] where a set of
embedded actuators were intended to replicate some of the industrial
sensations in a smaller and milder scale. The idea looked very promis-
ing in the beginning, but later raised more questions than answers.
First of all, production parameters in the industry have extreme val-
ues, e.g. high voltage, very high or low temperatures, high-frequency
vibrations, etc., that one cannot directly convey through tactile inter-
faces. Obviously, a mapping is needed to map such extreme values
to the ones that could be tolerated by a human body. Such map-
ping, however, implies that a spectrum of the original values will be
mapped to one value in the tactile interface leading to lower preci-
sion. Furthermore, the visual perception of numeric values is faster
and more precise than tactile. For example, to see and comprehend a
visual value takes seconds, while to 1) feel a tactile sensation, 2) esti-
mate its numerical value, 3) mentally convert it to the process value,
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and finally 4) make a conclusion whether the value is below or above
a certain threshold would take much longer time. Also, the user is
likely to estimate only an approximation of the original value as it is
impossible for a layperson to differentiate between say 30 and 30.5
degrees through tactile sensations. In the industry, where speed and
precision of making decisions are essential, tactile interfaces may be at
disadvantage. The case is getting complicated further with personal
perception specifics and body shapes. For example, some people are
more sensitive to some stimuli than others. Moreover, human percep-
tion is prone to various biases. Imagine, for example, coming from a
cold environment, your hands are freezing, touching any warm object
would feel much warmer than it is in reality. Finally, there are purely
technical issues. For example, it is technically challenging to make a
tangible device get instantly very warm or very cold while remain-
ing safe for usage. Such a device would need access to a relatively
high voltage which would make it potentially dangerous. Based on
these considerations, I have decided to abandon working with tactile
interfaces for the purpose of replacing visual KPIs. A more fruitful ap-
proach in my eyes is to employ functional visualizations that tend to
depict numerical values by purely visual means. I used this method in
my work on overview screens for the district heating domain [55]. Ef-
fective multidimensional visual encoding can allow having one func-
tional visualization that depicts multiple status variables simultane-
ously. One disadvantage of this approach is that it usually requires a
long ideation process.

To reduce the cognitive load of interacting with the control station and
its interfaces, I experimented with natural interaction means such as
gaze, voice, and gestures, as well as physical interfaces. In the interac-
tive zones concept [52], gaze, voice, and gestures were alternatives to
the conventional mouse operations such as clicking through a menu or
selecting an object of interest. In addition to cognitive ease, the opera-
tor does not need any physical device to perform such actions which
facilitates the interaction. Physical interfaces, such as the Shift Report
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Button [56] and the Fidgeting device [50] rely on the human’s natural
ability to interact with their hands. As was mentioned earlier, they are
embodiments of shortcuts in achieving desired actions in the system
meaning that the desired action can be achieved in a less amount of
time and with relative ease.

5.4 RQ4: How to bridge the gap
between physical industrial
processes and their digital
representation.

My research on the topic of bridging the gap between physical indus-
trial processes and their digital representation started with arguably
the most straightforward way of conveying physicality, namely
through tactile feedback. I implemented my ideas in the tactile mouse
prototype [56]. Compared to the previously discussed application
case of replacing visual KPIs with tactile sensations, the goal here was
to give the user only the feeling of a certain physical phenomenon
but not its particular numeric value. The development of the tac-
tile mouse concept has proven the technical feasibility of such an ap-
proach. However, the user evaluation of the tactile mouse revealed
some problems that make this approach, in my eyes, inexpedient. The
first problem is the need for appropriate configuration of the tactile
sensations. From the user evaluation of the tactile mouse, it became
clear that even though the operators were not against feeling some tac-
tile sensations, their opinions about the intensity and timing of such
feedback, i.e. when and for how long it should be delivered, signif-
icantly differed. On one hand, the interfaces should not be harmful
or disturbing to the operators, but on the other hand, everyone has
their own criteria of what is disturbing. Potentially, there are ways to
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address this issue, e.g. by providing personalization possibilities, but
I doubt that operators will be willing to configure a device every time
they take over the shift since the devices are shared. Furthermore, the
situation is complicated by the necessity to have a physical contact
with a device or wearable which is not always desired especially in
the context of industrial settings where everything tends to get untidy
and the interfaces are shared. The negative feedback received from
the user evaluation made me doubt whether the operator sitting in
a safe and calm office environment actually needs sensory feedback
from the industrial process they are monitoring. During the ongoing
transition from the analog to digital control rooms, there was some
evidence in the literature that industrial operators were regretting the
transition and missing the physical contact with the production [251].
However, in later works, there was no sign of operators complaining
about the issue. Perhaps, that original regret was a part of the tran-
sition period which imposed extra pressure on the workers of that
time forcing them to adapt to the new environment and new ways of
working which required an effort and made them regret the ongoing
changes [1].

As an alternative to physical sensations, I have investigated another
approach of expressing the physicality of industrial processes, namely
using purely visual means. The idea is to include visualization of
physical properties into the process graphics or, in other words, make
the visualization of the industrial process trigger some physical as-
sociations or even sensations. The approach is especially valid for
overview screens which are not intended to be elaborated in detail,
thus have space for artistic digression. I implemented some of these
ideas when working on the interfaces for the district heating domain
[55]. There I have extensively worked with expressing the physical
properties of water relying a lot on metaphors, colors, and animation.
I believe that this approach is much more powerful compared to tactile
interfaces as it opens many more possibilities for expression. Further-

99



5. RESULTS

more, the resulting interfaces are less intrusive compared to the tactile
sensations.
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Chapter 6

Discussion

Now, when all the intended projects of my PhD research are finished,
it is time for reflection on the conducted work. The purpose of this
chapter is twofold. In the first section, I want to critically assess the
methods I have applied in my research. Furthermore, I intend to an-
alyze how the original constraints of my PhD setup, namely being af-
filiated with a business company, influenced my research workflows
and results. In the second section of this chapter, I would like to reflect
on the developed artifacts and give a sketch of one potential setup of
future control rooms where my artifacts would be sensible parts.

6.1 Methodology

UCD practices
In my research, I was practicing RtD as the main approach, in partic-
ular the field genre of RtD meaning that my projects originated from
real users and their problems. However, the particular research flow
in each project, as well as the preferable selection of research methods,
were defined by a variation of the UCD process practiced in the UX
group at ABB CRC. With respect to my research practices, the UCD
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process as such was not particularly restrictive and allowed a certain
freedom of action. For example, the order of the process stages was
rather recommended, some stages could be omitted, also particular
methods on each stage were not strictly defined. Most importantly,
the process did not specify how the knowledge retrieved on each stage
should be interpreted and used on the next stage. Having these free-
doms at hand, I had possibilities to control my research process in cor-
respondence with the needs of my research. In this section, I would
like to reflect on the research methods that I have used on the four ma-
jor stages of the UCD process, i.e. 1) field data gathering and analysis,
2) ideation, 3) prototyping, and 4) evaluation.

With respect to field studies, I believe, they played a significant role
in my research. The data collected during visits to the industry was
both informative and inspiring to me. On the other hand, as my ulti-
mate goal of getting familiar with the industrial context was to see a
general picture rather than focus on particular workers’ problems, at
a certain point in time, I was satisfied with the knowledge I had and
was not very excited to visit yet another control room. Based on my
experience, I concluded that, if to take away attention from the phys-
ical setup, all industrial control rooms are quite alike in terms of the
workflows and activities happening there. Furthermore, reaching suf-
ficient knowledge, I started feeling comfortable with relying on mate-
rials collected by other researchers because I could assess it critically.
This was also positive from the perspective of avoiding unnecessary
traveling to the field.

With respect to the ideation process, access to industrial personnel had
both encouraging and "sobering" effects on my research. On one hand,
the materials collected during field studies, as well as live impressions
from the field, were often a source of inspiration opening up the po-
tential for innovation. On the other hand, knowing the real context,
as well as being familiar with industrial workflows, I often felt a need
to stay realistic and "down to earth" in my ideation process. Further-
more, the exposure to the real user often strengthened the temptation
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to focus solely on their direct needs rather than thinking conceptu-
ally outside of a particular user’s problems. There is no doubt that
focusing on problems of existing tools and interfaces, one can develop
needed improvements that can make the lives of industrial workers
easier and their workflows more productive. Examples of such inno-
vation in my research are the dashboards developed for different in-
dustrial domains, e.g. the marine web portal [250] and the dashboard
of the WARA-PS demonstrator. However, in my eyes, such an ap-
proach leads to rather "lazy" innovation when the researcher is doing
simply what they were directly or indirectly told or pointed at by the
users, i.e. they take the opportunities laying on the surface instead of
making an effort to search for hidden implications. Importantly, such
research does not necessarily mean less effort, but it will inevitably
lead to merely pragmatic and straightforward improvements of exist-
ing tools rather than would open up new design horizons.

I believe that, for more broad ideation, seeing the environment and
talking to workers is barely enough. More input is needed to be cre-
ative. In my opinion, innovation is born at the intersection of multiple
knowledge domains often not directly related to each other. In my
case, such additional knowledge was my expertise in state-of-the-art
technology, also my skills in art and design, as well as my familiarity
with cognitive sciences. The technical skills gave me the opportunity
to spot innovation possibilities in the outdated environments of con-
trol rooms, as well as assess what would be technically possible to
implement. In general, the industrial domain is a "fertile ground" for
research aiming at introducing new technology. The industry is rather
slow in adopting innovation, therefore, a technology that is common-
place on the consumer market might still be perceived as novel in the
industrial domain. The challenge is to find a reasonable application
case for the technology. An example of such technology-based innova-
tion in my PhD research is the zones concept developed in the Future
Operator Interaction project [52] where a selection of state-of-the-art
interaction technologies was introduced in an industrial control room
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environment to extend the existing limited interaction. However, I
see this type of innovation, i.e. enhancing old workflows with new
technology, as self-evident and therefore limited. The possibilities to
innovate will eventually end when the potential of new technology
replacing old tools and methods is fully exhausted. I believe that,
for reaching more radical innovation, in addition to knowing the con-
text and state-of-the-art of the technology, one needs to involve other
knowledge areas that are not directly related to the industrial domain.
In my case, those were art and cognitive science domains.

My knowledge of art techniques allowed me to apply artistic meth-
ods in the design of artifacts. One example of a solution with artistic
touch is the overheated robots interface where I use principles of artis-
tic composition and perspective to lay out a large fleet of machinery.
Furthermore, my skills in art allowed me to involve metaphors origi-
nating outside of the industrial domain. An example of such work is
the Medusas interface [55] where I used my expertise in semiotics, i.e.
science about signs and symbols, to design informative icons for the
district heating domain.

My interest in cognitive science, especially in bottlenecks of human
perception and various biases, allowed me to use some of that knowl-
edge in designing user-oriented interfaces that acknowledge human
weaknesses and tend to mitigate them. In the industry, for decades,
the prevalent way of thinking was that interfaces and technologies
should be functional rather than pleasing the user. The human was
seen as a residual must, especially taking into account the growing
strive and enriched possibilities for increasing levels of automation of
the last decades. As a result, industrial user experience is a signifi-
cantly understudied domain opening a wide range of possibilities for
research. Perhaps, the most evident example of applying cognitive sci-
ence knowledge in my research is my work on guiding the operator’s
attention where I converted some specifics of the human’s attention
into features of a control system interface.
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With respect to research and the quality of generated knowledge, I
believe that combining knowledge from multiple domains is a very
fruitful approach, but also time-consuming, effortful, and risky. I see
the main challenge in integrating seemingly unrelated knowledge into
a common concept idea. In this case, the researcher is similar to an al-
chemist who is mixing several chemicals in one volume having differ-
ent proportions resulting in different substances. The result might not
always be satisfactory or of use and the search for the right combina-
tion of "ingredients" can be exhausting, but in the case of success, the
result has a chance to become truly novel, unforeseeable, and genera-
tive for others. In my research, I could not always reach this level of
innovation. The reasons for that were lack of time, lack of inspiration,
but most importantly the applied, i.e. business-oriented, nature of my
projects where innovation interesting from the research perspective
was not always welcomed.

In regard to prototyping, in my research, I have practiced both low-
and high-fidelity prototyping. Based on my experience, I believe that
both approaches have their pros and cons. Low-fidelity prototyping
is rather cheap and fast, but also unfinished in detail thus ambigu-
ous. On one hand, the latter is beneficial because the researcher has a
chance to focus the test user’s attention on the holistic concept idea of
the artifact rather than on its look and feel. On the other hand, the user
will imagine missing parts, characteristics, and functionality of the ar-
tifact which will inevitably add uncertainty to the evaluation. As a re-
sult, it might be difficult to ensure that the researcher and the test user
share exactly the same mental model of the concept. The user’s feed-
back will relate to the conceptual model they have in their mind which
might be significantly different from the original concept intended by
the researcher. In my practice, I had some misunderstandings of this
sort with the stakeholders of the City Control room project. On an
early project stage, when discussions were organized around paper
sketches of future concepts, both me and the stakeholders were satis-
fied with the results and fully convinced that we are on the same page
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and moving in the right direction. However, in the later prototyping
phases, many conflicts of interest popped up which obviously origi-
nated from unrevealed misunderstandings in those early low-fidelity
prototypes.

On the contrary, high-fidelity prototypes do not leave much freedom
to the test user’s imagination. The results of a user evaluation will
elicit the user’s attitudes to the particular artifact at hand. A signif-
icant drawback is that the finalized look and feel of the artifact may
distract the user from the original concept idea. In my practice, I had
a similar experience with the tactile mouse concept. When arranging a
user evaluation, my goal was to test whether the overall idea of having
haptic feedback in a mouse device would be appreciated by industrial
operators. The look-and-feel of the test prototype was rough, but the
functionality was working as intended. Despite my intention to get
feedback regarding the overall acceptance and appeal of the idea, the
users kept commenting on the design of this particular prototype at
hand, e.g. the locations and intensity of the actuators. Their feedback
was mostly negative which resulted in the overall skepticism towards
the concept.

In relation to the evaluation of my artifacts, I mostly practiced quali-
tative evaluation with real users and in real industrial settings. How-
ever, my evaluation methods were rather preliminary. At most, they
reveal whether the solutions were appealing to the particular indus-
trial workers, but they do not necessarily show if the prototypes
would be actually accepted and used in the real workflows. Getting
a realistic picture would require the prototypes to be integrated into
the environment of the users and reside there for a while. Moreover,
a proper evaluation would require a quantitative assessment. In gen-
eral, I see that quantitative evaluation was often the missing element
of my concepts to be successful. For example, I could often feel the
interest of stakeholders in my ideas, but they were hesitating to pro-
ceed with them further because they were not fully convinced of their
practicality. I would often perceive it as unwillingness to accept my
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vision, but now I realize that reinforcing the concepts with numeri-
cal proof of improved operator’s performance could have made the
stakeholders more open to my innovations. In my defense, I should
say that a) running a quantitative evaluation with industrial opera-
tors was hardly ever an option due to the reasons mentioned in the
Methodology chapter, and b) evaluating most of my concepts, such as
visualization, with lay users would always raise a question whether
the results can be generalized with respect to the real industrial work-
ers.

In conclusion, I want to add that, even though practicing the UCD
paradigm was not my personal choice, I believe that it was a reason-
able technique to practice with respect to my research goals that per se
were very user-oriented. UCD was always "reminding" me about the
user and giving a reason to come back to the user for more knowledge,
inspiration or for an opinion about an idea. Importantly, "coming back
to the user" did not necessarily mean to physically meet the users, but
to act with the user’s interest in mind, e.g. when designing an in-
terface, take into consideration the principles of human cognition or
introduce elements of aesthetics. It might look that the produced ar-
tifacts turned out to be very grounded and practical due to excessive
user orientation, but I believe that it was not the influence of UCD as
such, but more of the affiliation with the business company which I
will discuss in the next section. In any case, it is satisfactory to know
that the results of my work can be directly useful to a particular group
of people.

Collaborative projects
Due to the setup of my PhD, my research projects were essentially
collaborative between academia and a business company, i.e. ABB.
Even though in all these projects I was practicing the same UCD pro-
cess, the quality of the produced results varied. Some of the projects
resulted in novel outcomes and knowledge contributions, whereas in
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other projects I ended up having very practical and rather conven-
tional outcomes. Analyzing the situation post factum, I am inclined
to think that the outcomes depended on the "power distribution" be-
tween the project stakeholders, i.e. the business company and the re-
searcher; the party that steers the research, shapes the results in their
favor and gets the most benefit. Based on my experience, I can out-
line three possible setups of such "power distribution" that I have en-
countered in my practice. The first setup assumes that the researcher
approaches the business company and initiates a research project tak-
ing all major decisions regarding the research process activities. The
second setup implies that the business company approaches the re-
searcher and invites him/her to participate in a project, but the busi-
ness company manages the research process. The last option is when
both parties are equally represented in a project aiming to co-create
new things together and both are equally in charge of the research
process. To better illustrate my observation and to be able to refer
to the identified setups, I introduce the notion of co-production design
space, see Figure 6.1. In my eyes, the co-production space is a con-
tinuum with two possible extremes, namely “business territory” and
“research territory”, see Figure 6.1. The middle point of the contin-
uum represents a setup when the business company and academia
have equal authority in the project. Based on my experience, I am in-
clined to think that my role as a researcher, the tools that I was using,
and the outcomes of my work varied drastically depending on which
part of the co-production space the project belonged to. Further in this
chapter, I will briefly describe how each particular setup influenced
my research routines.

In the first setup, i.e. when the business company was the initiator
of the project, the business stakeholders typically used to have certain
expectations of the desired results in their minds. Even when they
had no concrete vision, by default they would expect something real-
istic and practical that could become a part of the company’s product
portfolio. This precondition was significantly restricting my freedom
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Figure 6.1: The co-production design space.

as a researcher in the project. Field studies were often of importance
but more from the perspective of revealing customers’ wishes. Em-
phasis was put on reviewing existing interfaces and ideating around
the ways how they could be elaborated or improved. For conveying
ideas, I was using sketches and mockups that were rather detailed and
straightforward, for example, realistic Photoshop screenshots. For the
purpose of prototyping, I was normally using the tools that stakehold-
ers are familiar with; later, that would simplify adoption of the proto-
type in the production. In general, such project setups were quite lim-
iting in terms of doing actual research and making significant knowl-
edge contributions. I was often witnessing how the research process
would turn into consultancy. In the best case, after all the invested
time and effort, the work might result in a case study paper published
in a conference’s industrial track. A more ordinary scenario was that
the delivered work could not be disclosed at all due to the secrecy
policies of the business company. One example of such work is the
marine web portal [250].

In the second setup, the researcher is steering the design process based
on their own agenda and research plan. In such projects, I had access
to all the privileges of working in collaboration with industry, e.g. I
had possibilities to conduct field studies and communicate with users
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and customers, but at the same time, I was less restricted in my deci-
sions. I could choose any methods and any tools for my research prac-
tice. In general, I was still orienting myself towards the user needs,
but my goals were less pragmatic. I tended to abstract from particular
tools or problems at hand, instead, I was looking for novel ideas that
would not necessarily be backed by the customer interest or market
profits. In such setups, I was much more open to experiments with
knowledge from different domains. Examples of such projects are, for
instance, my work on the shift report button and the tactile mouse
[56], as well as the fidgeting device [50].

The third setup incorporates collaborative projects that are formed
through co-determination, where both parties have an equal right to
steer the design process and are equally demanding about pursuing
their interests. The particular goals of the project, as well as the re-
search process flow, have to be defined collaboratively. Obviously, the
parties, who often have opposite interests, need to compromise in or-
der to achieve a consensus. In such projects, my role as a researcher
was to generate and propose innovative ideas that would be either
accepted or rejected by the industry representatives. The projects usu-
ally started by extensive field studies. The ideation process was not
restricted, but it was a challenge to justify ideas and get the green light
to proceed. Typically, I used the materials collected in the scope of the
field studies to motivate my concepts which would make them look
grounded in the real user needs. When communicating ideas, it was
a challenge to make stakeholders understand them. As my experi-
ence shows, the methods for sharing ideas that work in the design
community do not necessarily work for industry representatives. For
example, sketching turned out to be quite a vague method for commu-
nicating ideas to industry representatives, mostly due to its ambiguity,
lack of details, and precision. Communicating ideas through sketch-
ing would often result in misunderstandings or faulty beliefs. As a re-
sult, when participating in such projects, I tended to express my ideas
by sketching in code. In general, this project setup provides much
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more freedom compared to the industry initiated projects. The best
practice, however, would be to keep ideas implementable and close to
reality. One example of such a project is my work on alternative data
visualization for the district heating domain [55].

Based on my experience, participation in a collaborative project can
be quite tempting for a researcher due to a variety of reasons, for
instance, establishing business connections, getting to work on real-
world problems, getting access to the field, etc. However, the expec-
tations of the researcher before the project start can be quite different
from what the reality might bring. The project that looks very attrac-
tive in the beginning can turn into a sidetrack activity draining time
and effort and slowing down the researcher in their actual research
work. This recurring situation of having high expectations but ending
up in uncertainty and frustration motivated me to put my experience
on paper. The main lesson learned is that in order to estimate the
potential of a collaboration project it is important to judge where in
the collaborative space continuum the project will likely take place.
Defining which party will be steering the design process, can help to
understand the nature of the researcher’s work to be conducted and
possible outcomes including potential scientific contributions.

6.2 Future control rooms
When working on my PhD, I did not have an explicit goal to create a
vision of an industrial control room of the future. Also, the research
projects conducted in the scope of my PhD were often related to dif-
ferent aspects of industrial operators’ work in various industrial do-
mains. Such diversity prevented me from working towards a holistic
picture of a future control room. Also, the collection of resulted arti-
facts is very diverse in their look-and-feel, as well as in their purpose.
Nevertheless, when analyzing the conducted work, I see certain con-
ceptual similarities across the developed solutions. On the whole, all
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of them are explorations of similar concerns. In this section, I would
like to highlight important features that run through the set of my ar-
tifacts and outline resemblances. In line with the best practices of RtD,
I would like to assemble a body of my artifacts into an annotated port-
folio. However, instead of merely listing similarities and differences,
I prefer to abstract from the particular examples and speculate about
one possible future of industrial control rooms, i.e. in 15-20 years from
now, where these and similar artifacts could be widely adopted. To
make a reasonable forecast, I intend to rely on my knowledge about
the trends of the ongoing digitalization, the pace of industrial innova-
tion, and the changing nature of industrial workflows.

In my eyes, when trying to predict the future of industrial control
rooms, the main factor to consider is the low speed of new technol-
ogy penetration into the industry. The reason for such conservatism is
multifold, namely a) various safety standards that slow down the ac-
ceptance of new technology, b) high expenses of required investments,
and c) necessity to re-educate and re-train work personnel. As a con-
sequence, I believe that it is unlikely that in the close future, i.e. 15-20
years, industrial control rooms will significantly change their setup
and typical workflows.

With respect to the setup of industrial control rooms, I expect that at
least for another decade or two control rooms will look similar to how
they look today. Operators will continue working in office-like envi-
ronments on a distance from the actual production. They will have
their dedicated workplace, i.e. an industrial control station, which, as
today, will consist of a desk and a set of monitors of different sizes and
purposes, keyboards, and mice. Alarm systems will remain the main
channel to deliver notifications. Process graphics will continue being
the main visualization approach to schematically depicting produc-
tion processes and equipment. However, the continuous digitaliza-
tion and exponential growth of the amounts of data being delivered
to control rooms will challenge the limits of the current interfaces. Ex-
tensive adoption of sensors and actuators in industrial processes will
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lead to more complex system views which in turn will result in more
sophisticated industrial control stations and their interfaces. Not only
will it become hard for the operator to maintain sufficient situation
awareness, but it will become challenging merely to interact with the
control station as it turns too intricate. Taking into account the hu-
man’s inability to work with large amounts of data and do multitask-
ing, there will be a need to extend the existing data presentation and
interaction approaches to tolerate new conditions. Operators will be
seeking helping means capable of assisting them in interacting with
the control station and maintaining good situation awareness. One
way to address these challenges without significantly changing the
overall setup is by introducing add-ons, i.e. extensions on the top of
existing control systems. The goal of the add-ons will be to mitigate in-
efficiencies and emphasize the strengths of the human operator. This
is where I see the technologies I have developed in the scope of this
PhD will come in handy.

At this moment, I can outline two major groups of such add-ons de-
pending on their purpose. The extensions belonging to the first group
will be intended to aggregate data before delivering it to the users
to avoid potential information overload. The reduction will touch
upon visual data presentation, as well as notification delivery. With
respect to information visualization, existing process graphics will be
extended with overview displays containing less information but pro-
viding a comprehensive summary of the current situation in the pro-
duction. Conventional dashboards are the first step towards such an
aggregation. Examples of such dashboards in my work are the marine
portal [250] and the dashboard for the WARA-PS demonstrator [54].
However, at some point, the capacity of dashboards will become in-
sufficient to cope with constantly growing amounts of data. Instead,
overview displays will rely more on holistic visualizations with visual
metaphors and functional visual encodings rather than on numbers or
texts. Examples of such displays in my work are the overview screens
for the district heating domain [55]. With respect to notification dis-
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tribution, alarm systems will be extended with tools allowing to sup-
press redundant notifications and ensure that only essential messages
are delivered. My work on the intelligent alarm management interface
[53] is an example of such an extension.

The second group contains extensions that will enhance the opera-
tor’s interaction with the control station. In addition to conventional
keyboards and mice, control stations will have add-ons to open up
possibilities for natural interaction, such as voice, gaze, and gestures,
similar to the solution presented in my work on interactive zones [52].
Targeted notifications, as presented in [52], is another area of possible
extensions, which assumes that the control room will be aware where
the operator is at each particular moment and will deliver notifications
to the destination in a suitable manner. Thanks to these extensions, the
user will be less tethered to their workplace and will be able to choose
suitable interaction means depending on the situation, the proximity
to the station, and the urgency of the issue. Another family of exten-
sions will incorporate shortcuts in interacting with the control station.
Such shortcuts will let the user achieve certain desired outcomes in a
faster manner bypassing rigid technology-restrained interaction and
long procedures of sequential steps. The shift report button [56] is an
example of such a shortcut, namely the user can take screenshots of
the control station interfaces by pressing a single button. Voice com-
mands and gestures, as presented in [52], are another example of such
shortcuts when the user can rapidly navigate in the hierarchy of sys-
tem views instead of clicking through nested menus. These extensions
will bring the user close to the future where they will be able to inter-
act with the control station in a manner similar to how they interact
with people in their everyday life, i.e. spontaneously, freely, and by
means of a rich spectrum of interaction modalities.

Importantly, some of these extensions can be introduced indepen-
dently, but some can be effective only in collaboration with others
or under certain constraints. For example, the visual aid systems in-
tended for guiding the operator’s attention not only will be inefficient,
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but can even be disturbing without measures for reducing the number
of notifications delivered to operators. Also, it is unrealistic to allow
the user to interact naturally, i.e. by means of gaze, voice, and ges-
tures, with an overly complicated control station comprising a myriad
of sensors, monitors, and interfaces without inevitably increasing un-
predictability. To overcome these issues, perhaps, the extensions will
start appearing in the control rooms gradually and on a small scale,
e.g. they will be available only in a certain area of the control room
or will be applicable only to a subset of screens/interfaces of a control
station.

With respect to automation, I believe that due to a variety of reasons,
many of today’s operator workflows will remain manual. Obviously,
routine and monotonous tasks will keep getting automated, but the
leading role of the user as the decision-maker will not be suppressed
by automation. The reasons are related to several facts, namely a) au-
tomation is prone to errors and b) it has only partial knowledge of the
context and the user’s intentions, also due to c) the human-out-of-the-
loop problem and d) automation bias. Another significant reason is
the well-known fact that people are better at sense-making than ma-
chines. This superiority was pointed out already in the first versions
of MABA-MABA lists [77] and, in my eyes, it will remain for decades.
The extension described in this thesis are automated solutions, e.g. the
shift report button [56] automates the process of taking screenshots
from a multitude of screens, the visual aid systems automatically ad-
just the screens according to the situation with alarms [51]. However,
they are examples of rather low-level automation that tend to create
a productive environment for making decisions, but the decisions per
se remain in the hands of operators. The overall goal of the aforemen-
tioned extensions is to empower the user, capitalize on their strengths,
and diminish their weaknesses, also make them feel in control of the
situation, all in line with the vision of human-centered automation by
Shneiderman [205] and others.
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It is important to say that the aforementioned add-ons can be helpful
to solely solve some of the problems of today and of the nearby future.
In my opinion, the farther future will require more drastic approaches
in assisting the operators. This is mainly due to the continuous pen-
etration of automation which will also become more reliable expos-
ing less need for manual work or for constant control, as well as in
fewer industrial personnel. Therefore, I imagine that in the further fu-
ture, say in 100 years, one operator will be controlling an entire factory
or supervising the fleet of autonomous cars of an entire city, say sev-
eral hundred thousand vehicles. However, controlling larger scenes of
production, one will inevitably face a different scale of data volumes
as compared to today. Obviously, the need for assisting technologies
that would augment operators’ capabilities and enhance their work
practices will be even more drastic. Therefore, I believe that the afore-
mentioned extensions of existing interaction tools will be simply not
enough to meet the growing demands. There will be a necessity for
a new generation of tools and solutions that should be based on com-
pletely new approaches and principles. To achieve that, there might be
a need to reconsider the current interaction methods and potentially
go away from some of them, for example, abandon the traditional con-
trol station setup and use the entire space of the control room as a
holistic interactive arena.
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Chapter 7

In conclusion

In the scope of my PhD, I have been focusing on user-centered inter-
faces for industrial control rooms of the future. The knowledge contri-
butions of my PhD research are elaborated first and foremost for the
interaction design community. Interaction design research is the dom-
inant topic in which my work took place, therefore, it is only natural
that the achieved results resonate mainly with interaction designers.
The generated knowledge is manifold. First of all, from my stand-
point, I have made a valuable contribution to the body of knowledge
about the industrial domain. The information that I collected during
the field studies shed light on the workflows of industrial operators
and the setup of industrial control rooms. In my publications, I de-
scribe control stations and their interfaces, also routines, problems,
and challenges of industrial operators. Such knowledge is essential
when working on industrial user-centered solutions, but it is often
inaccessible for outsiders. Therefore, I believe, the knowledge that I
shared could be informative and inspiring for other researchers and
practitioners working in relation to the industrial domain but having
no direct access to it.

Another domain where my PhD research contributes with some in-
sights is the body of knowledge about running collaborative projects
between the industry and academia. Being an industrial PhD student,
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all of my projects were such collaborations where I had to satisfy the
needs of my employer, as well as meet my research goals. Based on
my experience, I drew a conclusion that the "business world" is not
always very welcoming to design thinking in the way it is practiced
in academia. Business stakeholders tend to be rather skeptical when
assessing new design ideas, especially when they are unlike anything
existing in the industry at the moment. With respect to my research,
this skepticism had a certain influence on my research process. Of-
ten I had to make my concept ideas more pragmatic and adjust the
way of presenting them to get the green light from the stakeholders
for the continuation of research. This path was thorny for me, there-
fore, I believe that documenting my reflections about participating in
collaborative design projects between industry and academia can be
helpful to other PhD students, academia and industry representatives.
My main recommendation to researchers and practitioners is to prag-
matically assess the "power distribution" in the upcoming collabora-
tive project which will help to obtain expectations about feasible out-
comes from the project, applicable research methods, and an appro-
priate form of reporting. Knowing this information is essential before
getting fully engaged in a collaborative project otherwise one might
end up on a journey full of surprises.

The most valuable contribution of my PhD research is a collection of
artifacts contributing to a vision of an industrial control room of the
future. The future that I am orienting to is not very distant, but rather
a forthcoming reality that the state-of-the-art control rooms will reach
within 10-15 years. In such a control room, the operator is not tied to
the workstation and is not overwhelmed with a multitude of alarm-
ing screens nor forced to interact through restrictive legacy interfaces
while being under constant pressure. On the contrary, the control
room of the future is a comfortable environment where the informa-
tion is presented in compact but informative ways, also interaction can
be done through different natural modalities. The operator is engaged
in the working process, they have a full understanding of the ongoing
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situation and they know that they are attending to the most urgent is-
sue at the moment. The workstation is not only the operator’s window
to the production processes but also a smart assistant. The developed
prototypes bear a dual value: 1) they are embodiments of ideas and
concepts that were in the focus of the current research, and 2) they are
examples of potential products. Reported details of the creation pro-
cesses can be of interest to other researchers and practitioners, namely
how the prototypes were developed, why certain decisions were made
and how particular ideas were reached. The evaluation of the proto-
types reveals whether the solutions were well received or rejected by
the industrial personnel. This knowledge can propose future direc-
tions for research and can be taken as evidence whether the solutions
should be productized.

Summarizing the work conducted, I see the overall goal of my PhD as
a way a) to turn public attention to the high-level problems of indus-
trial operators, b) highlight the need for assisting tools and interfaces
in industrial control rooms and c) design examples of such interfaces
to demonstrate their feasibility. Unfortunately, in my PhD, I did not
have full control over my research process to bring all my ideas to life.
However, even the works that I have implemented draw a more posi-
tive picture of the future operator work environment. I want to believe
that my work will encourage others to bring design thinking into the
industrial domain. By growing the catalog of user-centered industrial
interfaces, a pattern will potentially emerge that would help to bet-
ter comprehend and even foresee what kinds of technologies will be
needed to assist the operator of the future to maintain high productiv-
ity and ensure safety in industrial production.
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