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Knowledge elicitation of the work of professional operators, using traditional methods such
as concurrent or retrospective verbalization is problematic. Concurrent verbalization distracts
the operators from their primary task, and the operators have difficulties in verbalizing about
their automated work tasks. Retrospective verbalization on the other hand, suffers from
rationalization problems. An operator might give a perfectly good explanation of some action
taken and might also be completely confident about truth of the verbalized information,
when it in fact is incorrect. To overcome some of these problems, this thesis presents a new
complementary verbalization method called Collegial Verbalization (CV).

The CV-method utilizes the shared knowledge among work colleagues to improve the quality
of the resulting information. The method consists roughly of the following steps; (1) Video tape
subjects while they are working. (2) Play back interesting events to the subject’s colleagues
individually and let them verbalize on the subject’s actions. (3) Compare the colleagues’ verbal
reports to each other to find similarities, differences, etc. Throughout my research I have
formulated, defined and assessed the new method in detail. The method has been applied to
study train drivers, high-speed ferry operators, train traffic dispatchers and the medical staff at
intensive care units.

Comparative studies have shown; (1) that CV-protocols can be used as an independent source
of data, (2) that colleagues produce reports with similar characteristics of retrospective verbal
reports, (3) that the CV-method can produce more information than retrospective verbalization,
because of the advantage of using multiple narrators. When the intention is to gather data as
input to design, rather than establishing the original thought processes form the time of the
studied events, the CV-method can also produce more reliable information than retrospective
verbalization, because of the advantage of using multiple narrators.

Based on these results, I have concluded that the CV-method has a clear advantage as
a complementary information acquisition method, when studying the work of professional
operators. The thesis ends with a discussion about several additional possible applications for
the CV-method, such as applied team learning or psychological research in the field of decision
making.
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“It is frightening to believe that one has no more certain knowledge of the work-
ing of one’s own mind than would an outsider with intimate knowledge of one’s
history and of the stimuli present at the time the cognitive process occurred”

Nisbett and Wilson - 1977



Preface

Ever since childhood, I have been intrigued in how other people perceive
different aspects of their environment. My mother once told me that, at the
age of about 10 years, I often gave long descriptions about events taking
place in school (e.g., how my teacher and my classmates had been discussing
some matter and that they didn’t understand each other’s point of view, but
that I understood both parties very well and was frustrated about the mis-
communication).

It is not that I consider this my calling in life, but rather just a small anec-
dote from my youth. However, for some reason, either by chance, predispo-
sition, or the effect of the social environment, 25 years later I happen to
work with questions related to the understanding of how other people per-
ceive things. Such work requires both the ability and the interest of under-
standing how people experience the world, as well as a respectful, attentive,
perceptive and analytical approach and the ability to refrain from imposing
one’s own values and beliefs.

The reason for this short reflection from my youth is that the primary goal
of this thesis is to understand what’s “in the mind” of others. Even though
the purpose, context and language are different in this thesis, the goal of
understanding how others perceive phenomena remains the same. Rather
than making sense of one’s schoolmates, the purpose here is to understand
the work of professional operators in order to be able to improve their work
tools/tasks. The context is, for example, a ship bridge rather than a school-
yard and the language involves terminology such as facit knowledge, mental
models, verbal protocols and cognitive work analysis.
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Reading instructions

Chapter 1 presents an introduction to three aspects that are highly relevant
to my research: shared knowledge, challenging work contexts and work
analysis. These three aspects together constitute the foundation of my work,
and I will return to discuss these throughout the thesis. The chapter con-
cludes with a presentation of the research questions that have driven my PhD
work.

Chapter 2 describes a few aspects that have especially motivated me to
study humans at work in the first place. That is, to provide a more safe and
healthy work situation for the practitioners. There is a huge potential for
improvements here. Analysing the work tasks might reveal that small simple
adjustments to the work tasks might have positive effects on safety, health
and productivity.

Chapter 3 strives to position my scientific approach to research by compar-
ing it with other approaches commonly used within human-computer inter-
action (HCI). I describe several research approaches that would be relevant
for my own research. These approaches include ethnography, simulation-
based approaches and controlled method approaches. They explain similari-
ties to my own research, or the reason why I have chosen another path.

Chapter 4 begins with defining my epistemological view. Then I proceed to
restrict my own theoretical approach by describing how it is grounded in
ecological psychology. To understand my own ecological research perspec-
tive a short historic background is given as to how ecological psychology
influenced certain researchers within the field of HCI, specifically Jens
Rasmussen’s work that led to the Cognitive Work Analysis framework.

Chapter 5 focuses on different methods of analysis relevant for studying
professionals at work. Based on the theoretical foundation in Chapter 4, this
chapter describes the more practical aspects of work analysis.

Chapter 6 narrows the thesis down even further, from analysis methods to
knowledge elicitation methods. Because the core contribution of this thesis
relates to the quality of such knowledge elicitation methods, this is a rather
extensive chapter. The historic background of how knowledge elicitation



methods have evolved is presented, together with the pros and cons of each
method.

Chapter 7 presents my own contribution to the task of knowledge elicita-
tion. That is, the new method called collegial verbalisation (CV) that I have
formulated and refined in my research. I describe how the method evolved,
how the method is applied, as well as the overall results from different stud-
ies. Each of the research papers included in this thesis is presented sepa-
rately.

Chapter 8 further discusses the findings of my research based on the results
presented in Chapter 7. The chapter also raises some critique to the new
method.

Chapter 9 directs the reader to some possibilities for future applications of
the method. Such areas as risk assessment, team learning and applied system
development are briefly discussed.
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Summary

1 Introduction

The introduction of this thesis presents three important aspects that have
served as a foundation for my research: (1) shared knowledge, (2) challeng-
ing work environments and (3) professional work.

1.1 Shared knowledge

Let’s begin this thesis summary with an example from an everyday situation.
Consider two parents and their 2-year-old daughter having breakfast. Both
parents are reading a newspaper and the child is eating yoghurt by herself.
When the child puts down her spoon on the table, both parents suddenly
drop their newspapers, jump up from their chairs, bend over towards the
child and reach for the glass of orange juice standing next to the bowl of
yoghurt. So, what happened and why? Both parents, who were busy reading
the news, implicitly perceived that their child had stopped eating. They an-
ticipated that the child’s next step would be to approach the glass and possi-
bly spill the juice while attempting to drink. A person outside of the family
would probably not have connected “laying down the spoon” with “spilling
orange juice”. But the two parents had the same foreknowing about this,
even though they never discussed it explicitly. It had simply become a rou-
tine for the parents based on their previous experiences.

Having foreknowledge about such things is rather common in our daily
lives. It just happens without us reflecting on it. It’s how our mind works.
We learn many things implicitly without ever thinking or reflecting on them.
This is a form of social learning.

Another situation where many people share environments and experiences
is at work. In the same way as two parents start to think and act like each
other, collaborating work colleagues tend to create shared thoughts and be-
haviours. The fact that people share knowledge with each other is an impor-
tant foundation for my research. The way in which we use this shared
knowledge is rather new within my research field. However, here is one
example of another approach to use shared knowledge, but within a com-
pletely different research field. Djordjilovic (2012) studied authentic interac-
tion in business meetings and performed conversation analysis of transcripts
from these meetings. She focused on relations within and between managers
and colleagues. In one study she found that subjects developed a shared team
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identity by the practice of joint answering. Another study examined how co-
leaders build shared identities and how colleagues develop reciprocal identi-
ties. She concluded that managers within the same company develop joint
communication and therefore tend to behave similarly. This is a form of
cultural learning. That is, an implicit process by which we are socialised to
adapt to ways of thinking or behaving.

Cognitive learning

Cultural learning

Social learning

Figure 1: Illlustration of the relationship between three forms of learning discussed
in this thesis.

So far, we have discussed social and cultural learning, but there is a third
form of learning that is more related to my own research. We can call it cog-
nitive learning, and I will discuss this type of shared knowledge throughout
the remainder of this thesis. Here is an example of this type of learning from
one of my studies on-board high-speed ferries. Quoting myself,

“On-board the ship bridge, I once noticed that the captain gets eye con-
tact with the first mate and then nodded vaguely, on which the first mate
simply nodded back and nothing more seemed to happen after that. As an
observer on the bridge, I could not tell what it meant. When the ship had
berthed, I asked the first mate about it. He then explained that the nodding in
this case meant that both himself and the captain understood that the ap-
proaching ship, which so far only was visible on radar but would soon ap-
pear behind an island, was positioned in such a way that they could not pro-
ceed through the fairway using the auto pilot. The nod therefore also in-
ferred that he, as first mate, about ten minutes later, would have to disable
the auto pilot and manually control the ship while passing the approaching
ship and then return to the fairway and reactivate the autopilot.”

The first mate did not consider this event to be anything worth further at-
tention, but simply one way of how they communicated with each other on
the bridge. Personally, I was astonished to learn that such a subtle sign could
play such a highly significant part of the operators’ communication, implic-
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itly inferring the major navigation tasks on-board the bridge for the coming
half hour. In the scope of this thesis the event implies two very important
things. First, that the colleagues have a strongly shared mental picture of
their work, and second, that it is difficult for an outsider to understand these
implicit signs.

1.2 Challenging work environments

One of the strongest drivers in my career, both as an academic researcher
and from working in a private product development company, has been to
explore and understand specific work environments. I enjoy studying the
challenges posed by different work contexts, which is one reason why I have
chosen to study work environments that have a significant impact on the
people working in it, such as vehicle operators.

Train drivers, high-speed ferry captains and train dispatchers have one
thing in common: they all need to be able to make decisions in real-time
while taking large amounts of complex information into account. A single
inappropriate decision might cause an accident, which could affect the life of
many people. The interfaces used to observe and control the system are often
poorly designed for the performed tasks, thereby causing stress and reducing
efficiency/safety. Work tasks that become more automated leave the opera-
tor to the task of monitoring rather than controlling. Monitoring operators
who are less involved in controlling the systems become less alert. If an au-
tomated system fails, the operator is out-of-the-loop and will have difficul-
ties in taking over the control of the system (Endsley, 1996). These are only
some of the challenges that these operators can face in their daily work.

To obtain a better picture of the type of challenges vehicle operators face,
let us now consider the full complexity of a specific work context. Based on
my studies of high-speed-ferry operators, I present a brief description of its
challenges. Consider a captain of a large high-speed ferry who is responsible
for a 2000 metric ton ship with 1500 passengers travelling at a speed of 55
km/h in an archipelago. With the primary goal of safely reaching the next
stop, the ship is controlled by a few bridge officers who lack the ability of
making any fast changes to the ship’s course or speed. In the archipelago the
traffic situation can change radically within a few minutes if other vehicles
change their course or speed or if a new vehicle appears from behind an is-
land. Therefore, the officers need to continuously plan to compensate for the
ship’s poor responsiveness.

The bridge officers’ work typically consists of passive periods of moni-
toring intermixed with periods in which more intensive action is needed
(e.g., at berthing). In a low traffic scenario the officers generally focus on
monitoring tasks and planning as a way of remaining vigilant and reducing
future burdens, but when navigating through crowded traffic (see Figure 2),
the officers are faced with vast amounts of dynamic data. This data is con-
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tinuously integrated and interpreted by the officers as a basis for decision
making and potential actions.

During low visibility scenarios, the officers are forced to trust the infor-
mation on their computer systems in order to be able to navigate. A large
modern bridge is a complex set up of electronics, including joysticks, but-
tons, knobs and at least 10 monitors with their individual controls spread
over a large area. Different computer systems often have their own unique
software requiring the officers to shift between many different forms of in-
teraction depending on which system they are working on at present. This
non-uniform set up can be quite dangerous when an officer is put in a stress-
ful situation and forced to make quick decisions.

Imagine also a shaking and vibrating work environment full of noise and
alarms, where the officers try to interact simultaneously with several com-
puter systems, the bridge crew, officers on other ships, ground personnel,
etc. The complexity of the work environment in a modern ship leaves the
officers with challenging tasks, such as interacting with cognitively demand-
ing technical systems, integrating information from numerous sources, eval-
uating plans of actions in their head with little or no support and choosing
and executing actions based on the integrated information.

e p——— .

Figure 2: Crowded traffic situation in Hong Kong harbour.

The challenging work environment described above is what Vicente (1999)
refers to as a socio-technical system. Vicente’s book list 11 characteristics of
socio-technical systems in general, which here is presented in an abbreviated
form:

e Many different elements and forces create large problem spaces
e Many people working together with a need for communication
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e Heterogeneous perspectives of the workers complicate things, but
nuances decision-making tasks

e The work can be distributed spatially and over time
System output is affected both by current and previous actions be-
cause of delays and slow propagation of actions

e Potential danger for economics, natural ecology or public safety

¢ A high degree of interconnection between subsystems

e Automation forces the operators to deal with situations where au-
tomation fails

e Presented information might be erroneous. For example, caused by
sensor failure or other random errors, thereby creating uncertainty
for the operator

e Interacting with abstract information in user interfaces often de-
mands more cognitive resources than when interacting with the or-
dinary natural environment

e Disturbances, such as a fault in a process control plant that was not
anticipated by the system designers, have to be dealt with by opera-
tors

Vicente’s list summarises many of the problems associated with socio-
technical systems in general. Looking a bit closer at the operator’s task of
controlling a system, we find other aspects that have a strong impact on the
work, including the ability to observe and control the system and the way in
which decision-making tasks are executed. Dorner (1996b) uses characteris-
tics such as “complexity, intransparence, internal dynamics, and incomplete
or incorrect understanding of the system” to describe properties of intricate
situations where decision makers are forced to plan and act. Brehmer (1992)
presents Edwards’ (1962) classical description of dynamic decision-making
tasks as having the following three characteristics: (1) they require a series
of decisions, (2) these decisions are not independent and (3) the state of the
task changes, both autonomously and because of the actions taken by people.
Based on the experiences from Brehmer’s studies, he also extends Edward’s
description with a fourth criterion: people have to act in real time. Further-
more, Perrow (1999), famous for his perspective on accidents, adds to this
discussion by noting that all risky systems should have more quality control
and training, but with respect to complexity and coupling, it will not be
enough.

According to Brehmer (1992), four basic criteria need to be fulfilled for
operators to have a chance of successfully performing their tasks: (1) there
must be a goal, (2) there must be a model of how the system behaves, (3) it
must be possible to ascertain the state of the system and (4) it must be possi-
ble to affect the state of the system (Figure 3).
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Dynamic course of events

Figure 3: The four necessary conditions of control theory used to describe opera-
tors’ abilities to operate a process successfully.

For example, large ships and trains have limited abilities to brake or make
evasive manoeuvres. This would correspond to the aspect of control in
Figure 3. Sometimes the effect of an action to control the system also might
have a non-linear effect. Consider, for example, a train traffic controller do-
ing some minor re-planning to optimise the traffic situation (Figure 4). In a
crowded traffic situation changing the schedule for a single train might cause
huge negative side effects later on or in an adjacent traffic region.

Figure 4: Train dispatchers busy controlling the traffic situation by integrating
information and making decisions. Each dispatcher’s desk contains at least six mon-
itors, three keyboards and several communications systems. Furthermore, all dis-
patchers share an entire wall covered with large monitors.

To conclude, socio-technical systems have many challenging properties that
together make it impossible to anticipate all possible ways that the system
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can fail and therefore it is not feasible to create barriers that can prevent all
possible accidents. However, by being aware of the challenging characteris-
tics that prevail, it is possible to understand the problems that operators face
and therefore also to improve their work situation.

1.3 Studying professionals at work

My research has concentrated on analysing the work of professional opera-
tors within the contexts described above. This rather specific scope is en-
compassed by the broader field of user experience (UX). Here follows an
overview of this larger scope.

1.3.1 User experience

Throughout my years as a PhD student, there has been much confusion
among researchers and professionals about how the different fields (e.g.,
human factors, interaction design and usability) relate to each other. How-
ever, a recent trend among HCI researchers and practitioners has been to
both spread and accept the notion of UX as an encompassing field (Figure
5). Unfortunately, this is done without it being clearly defined or well under-
stood (Law et al. 2009). The immense interest can be attributed to the fact
that HCI researchers and practitioners have become well aware of the limita-
tions of the traditional usability framework, which primarily focuses on user
cognition and user performance in human-technology interactions. In con-
trast, UX highlights other aspects of such interactions, shifting attention to
user affect, sensation and the meaning as well as value of such interactions
in everyday life.

Usability

Human Factors

Design
Utility
USER S
Accessibility
HCI EXPERIENCE
Marketing
Ergonomics
System Performance

Figure 5: Illlustration of how multiple disciplines contribute with different perspec-
tives that together make it possible to improve the user experience.
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1.3.2 Human-computer interaction

As a PhD student, I have been part of a Swedish research group at a depart-
ment for HCI. My own research has focused on the traditional HCI aspects,
including “user cognition and user performance in human-technology inter-
actions” rather than “user affect, sensation, etc.” (Law et al. 2009). Having
emphasis on HCI aspects is quite natural when studying professional opera-
tors at work. Compare, for example, with a company developing computer
games. Then user sensations become more important than traditional usabil-
ity aspects. On the other hand, people working as train traffic dispatchers
need work tools that properly solve their work tasks. By this, I am not stating
that sensations and user affects are unimportant for train traffic dispatchers.
On the contrary, I think there is a great potential to improve the train dis-
patchers work by encompassing the entire field of UX.

ACM SIGCHI (1992) defines HCI as “a discipline concerned with the
design, evaluation and implementation of interactive computing systems for
human use and with the study of major phenomena surrounding them.” To
improve such “interactive systems for human use” many disciplines are
involved, which makes the field highly interdisciplinary. More specifically,
ISO 9241-11 (1998) defines usability as, “The extent to which a product can
be used by specific users to achieve specified goals with effectiveness, effi-
ciency, and satisfaction in a specified context of use”.

With the intention of improving, for example, a vehicle operator’s work
in order to make it more enjoyable/interesting/efficient or less damaging to
the operator’s physical or mental health, some form of analysis, design and
evaluation is needed. ISO 9241-210 (1999) describes a typical approach
containing four fundamental activities that should be performed iteratively
and starting early in the development cycle (Figure 6)

Plan the human-

centred process —\

nderstand and specify

U
r—v( the context of use
Evaluate design Specify “.]e user and
. . organizational
against requirements .
requirements

Produce design
solutions

System meets
requirements?

Figure 6: The iterative phases described by I1SO 9241-210.
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However, many practitioners within the field of HCI agree with Vicente
(1999): “This distinction between analysis, design, and evaluation is an
abstraction and does not capture the actual practice of designers. If systems
are to be built in an integrated fashion, then all three activities must all be
intimately intertwined and mutually informing each other.”

1.3.3 Professionals at work

My primary motivation in this thesis is to improve operators’ work environ-
ment and work situation in order to increase work safety and efficiency, as
well as to improve the operator’s work situation both physically and men-
tally. Within the scope of HCI, my research entails studying people in their
professional roles at work. Put differently, I have primarily centred on analy-
sis of work, rather than design issues.

I have worked within a research team at Uppsala University with a long
tradition of studying cognitive work tasks. For example, Nygren and Hen-
riksson (1992) analysed how physicians read medical records. Borilv et al.
(1994) attempted to establish relevant design principles based on knowledge
about cognitive aspects of HCI, as well as detailed knowledge of the specific
needs within health care ward units. Olsson (2004) studied work analysis
within several domains. She studied people working with case handling in
office environments, dentists and medical staff use of medical records, train
cab drivers and high-speed ferry operators.

Most of the work performed in our research group involves the challeng-
ing characteristics of socio-technical systems described in Chapter 1.2. Vi-
cente (1999) describes socio-technical systems as consisting of an environ-
ment, organisation/management, workers and a technical system. He uses
nuclear power plants and co-operative office work as typical examples of
such systems. If such work challenges have to be meet under poor work
conditions and in a poorly designed work environment, the situation can lead
to health problems for the operators, as well as an increased risk of incidents
or accidents. Far too often, accidents are blamed on the human operators
rather than the poor work environment in which they are a part.

Within the HCI field, there is a primary focus on how to improve com-
puterised systems so that they suit their respective users in their context. In
my research I have studied professional vehicle operators and process opera-
tors and therefore my attention has primarily been on how to improve the
computer systems that they use in their work. Such improvements have a
large potential to increase work safety and efficiency, as well as to improve
the operator’s work situation at both the physical and mental levels. It is not
necessarily the case that only the computer systems need improvements.
Quite often, other aspects also need to be improved, including co-operation,
leadership, work goals and demands. All these opportunities of improvement
are a strong motivation for me personally.
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If improvements in the work environment are to be done successfully, it is
fundamental to acquire an understanding of the officers’ work. How and
why they work the way they do, how they think and reason about their work,
and how they could work in the future. This thesis is about acquiring such an
understanding.

Traditionally, many system developers let technical aspects rule their de-
velopment process, and later let the users adapt to whatever comes out in the
end. For system developers to find out more about users work, they can
study any available normative work description, such as instruction manuals,
rulebooks and checklists. Such documents are often unambiguous and easy
to relate to software development and therefore rather comprehensible to
system developers. Unfortunately, they often fail to explain how the users
actually work, but rather how management or former system developers
want them to work or think they work. As long as one takes the information
for what it is, studying this information should be better than having no in-
formation at all.

However, a more user-centred approach could involve interviewing users
about how they work. Unfortunately, it is not very helpful to ask such ques-
tions as “How do you work?” or “How do you perform the start-up proce-
dure of your ship?” Such questions often result in very shallow descriptions
of the users’ work. The answer might not even be representative for how the
work is actually carried out.

Another solution is to use a retrospective verbalisation procedure, by let-
ting the users describe their actions in video recording of their work. How-
ever, the users might recall things in the wrong order, forget important de-
tails, or simply believe that they do things in one way, whereas they actually
perform the actions in a different way and therefore provide a misleading
description (van Someren et al., 1994). These problems are especially rele-
vant for highly automated work tasks that operators perform without much
conscious reflection about their actions. Professional users adopt rather au-
tomated processes in their work, such that they have difficulties expressing
their actions in words (Polanyi, 1974). One could of course complement
such user interviews with observations while the users are working to ascer-
tain that the interview results are reliable. Such complements could defi-
nitely improve the knowledge elicitation process.

1.4 Research question

It is a challenge to study the work of these operators. The operators are busy
doing their job. If one disturbs them while they are working, the operators
can lose focus on their tasks and possibly cause an accident. Another prob-
lem is that skilled operators have trouble expressing what they actually are
doing, largely because their work tasks have become automated. If one lets
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them finish their work tasks and ask them afterwards what happened, there is
the risk they would tend to rationalise their own behaviour.

However, it turns out that there is an opportunity here related to the
shared knowledge that I discussed in the beginning of this thesis. Things
become intriguing when we combine our understanding that people who live
or work together develop shared knowledge with the challenges of studying
the operators” work in a socio-technical system. There is a potential to use
the shared knowledge to acquire a better understanding of the operators’
work.

The thesis now proceeds to define my research questions, based on the
three aspects presented in the introduction (shared knowledge available
among the professional operators, the challenging contexts of study and a
strong focus on work analysis):

1. My research is based on the theoretical assumption that an ecological
approach is possible. The usage context shapes the users’ actions to a
large degree, i.e. systems, structures, routines, etc., often limit the de-
gree of freedom to choose different actions or make decisions. An
ecological perspective can support the analysis of cognitive work
tasks by taking advantage of the constraints in the usage context.

2. Based on the theoretical assumption, a new methodological approach
is possible. Can some of the problems with traditional knowledge
elicitation methods be overcome having a well-informed ob-
server/narrator (a colleague) as a verbalising subject?

3. Based on the theoretical assumption and the new methodological ap-
proach, my research endeavours to make an empirical contribution.
The CV method provides a new form of data source beyond tradi-
tional knowledge elicitation methods. What are the properties of this
new data source? To what extent can this data source be used to better
understand the operators’ implicit work tasks and identify differences
in the operators’ understanding of situations and tasks?

1.5 Scope and limitations

First, my research is conducted within the field of HCI, and more specifi-
cally, I have focused on the analysis phase of the iterative design cycle.
Within the scope of analysis, my focus is primarily on the task of knowledge
elicitation. Hence, I have not put any emphasis on design or evaluation as-
pects, nor on the important aspect of doing all phases iteratively. Although
my study of train dispatchers can be considered as much an evaluation phase
as an analysis phase, this depends on whether one views the results as an
assessment of the current system or valuable input to the next iteration.
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Second, my research concerns skilled work. I have only studied profes-
sionals in their work. This thesis does not attempt to cover aspects related to
users of walk-up-and-use systems such as ATMs and public websites.

Third, the professional users studied in this thesis work in complex socio-
technical systems, such as ship navigators and train traffic dispatchers. The
new method discussed in this thesis (CV) has so far only been assessed in
such highly technical domains and cannot generalise beyond that. However,
there is no obvious known limitation of expanding the use into other situa-
tions involving professionals, such as administrative work.

The body of my research can be summarised as concerning knowledge-
elicitation for the purpose of work analysis of skilled professionals in socio-
technical systems.

1.6 Short description of papers

This thesis includes seven research papers. The present chapter gives a brief
summary of each paper together with a description of my own contributions
to them. Figure 7 shows how the papers relate to each other and gives a good
indication as to how my research has evolved. Roughly, my research can be
divided into three phases: an insight phase in which vehicle operators were
studied both in the laboratory and in the field; a method development phase
in which I systematically defined and assessed the new knowledge elicitation
method; and an application phase in which the new method is applied in
different domains. Note that the three extensive field studies presented in
Paper II, III and IV serve as basis for Paper V, VI and VII.

Insights Method development Applied
results
Paperl Paper VI
Laboratory ::r:ﬁ:’i:?
Experiments g
Paper 1l Paper IV PaperV learning
hod Syst i Method
?’1 . C: ted czfner:r?s:n fissessment
Papertl ormulate p criteria \ Paper VIl
Method 1 Identify
Inspiration decision
(ad hoc) strategies

Figure 7: Relation between the research papers of this thesis.
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1.6.1 Insight phase

My PhD research started with two rather different studies of vehicle opera-
tors’ work. The first study (Paper I) involved an evaluation of a novel user
interface design for ferry operators performed in an experimental setting.
The second study (Paper II) involved in-depth investigations of train drivers
with a strong ecological focus. Hence, the studies had different purposes,
were focusing on different phases in the design cycle and were employed in
an experimental vs. a field environment, respectively.

Paper I - Augmented reality as a navigation aid for the manoeuvring of
high-speed crafts

This paper presents the results from an experimental study of high-speed
ferry operators. The purpose of the study was to evaluate the application of
an augmented reality (AR) technique as a way of presenting sea chart and
radar information to minimise the risk of data misinterpretation and therefore
improve safety and reduce accidents. Among other things, the study indi-
cated that the AR visualisation possibly affects both the operators’ driving
behaviour and attention. It also became apparent that the operators consid-
ered safe water to be a relevant concept in line with how they think as com-
pared with traditional visualisations, such as depth and fairways. However,
the strongest effect from this study, which had significant consequences for
my later studies, was the conclusion that there was a need for more real-
world analyses as compared with experimental studies.

My contribution to this study was to plan the experiments, refine the im-
plementation of the graphical user interfaces to suit the experiments, co-
ordinate the subjects during the experiments, analyse the results and write
the paper. My co-author assisted me in formulating hypotheses, defining the
experimental set up variables and providing feedback on the paper.

Paper II - Bridging the gap between analysis and design: Improving
existing driver interfaces with tools from the framework of cognitive
work analysis

This paper describes studies of train drivers. The research project was initi-
ated before I started working as a PhD student and was first published by
Jansson et al. (2005). The background was that we wanted to find methods to
assess train drivers’ knowledge as a basis for the design of new driver inter-
faces in the train cabs. The first part of this paper describes observational
studies and interviews with train drivers, as well as the first attempt to use
colleagues as informants to examine the driver environment of passenger
trains. Among other knowledge elicitation methods, colleagues were used as
informants to get an additional observer’s opinion about each target driver’s
actions. This study resulted in a fuller understanding of the work tasks of
train drivers. More specifically, the study explained what kind of behaviour-
shaping constraints the information environment imposes on train drivers.
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The resulting data was then used as input to the cognitive work analysis
(CWA) framework. The second and last part of the paper describes four
design iterations of a user-centred system design cycle, with the goal of
bridging the gap between analysis and design.

My contribution to this paper consisted primarily in setting up and execut-
ing the analysis using the CWA framework. The two studies and most of the
contents of the paper were written by my co-authors. The results from this
study served as a basis for Paper V, VI and VIL

1.6.2 Method development phase

The two studies described in Paper I and II shared the ambition to under-
stand and improve the work of vehicle drivers. Based on experiences from
experimental and observational studies, I chose to proceed with improving
the promising idea of using colleagues as informants. The majority of my
PhD work has been focused on the formulation and assessment of this new
method.

Paper III - Collegial verbalisation — a case study on a new method on
information acquisition

Paper III describes a study of high-speed ferry operators. Here, the method
of using colleagues as informants (the CV method) was formalised into a
new method in order to allow for reuse as well as scientific examination of
the method. The purpose of this study was to understand in a better way
what kind of information the CV method could provide. The resulting verbal
protocols were compared to examine to what extent the colleagues agreed on
the observed behaviour. The protocols from the colleagues allowed us to
compare in-between the colleagues. The results showed that the colleagues
not only had a shared view of the environment and the work tasks but also
that they sometimes had discrepancies between them. This paper is the first
of its kind to describe the method in detail and address it specifically.

My contribution to this paper was to utilise the method to study the work
on board high-speed ferries (including planning, field studies, verbalisations,
transcriptions and analysis). I also wrote most of this paper. My co-author
assisted me in formulating hypotheses and provided feedback on the paper.
The results from this study served as a basis for Paper V, VI and VII.

Paper IV - Verbal reports and domain-specific knowledge: A compari-
son between collegial and retrospective verbalisation

This paper describes a study of four train dispatchers in a train traffic control
centre. The purpose of this study was to systematically compare the CV pro-
tocols with protocols from the more traditional method of retrospective ver-
balisation to gain a deeper understanding of the similarities and differences
between the two verbalisation methods. Specifically, this study was per-
formed within a project that focused on the evaluation of a new software tool

24



Summary

for planning and controlling train traffic in a region at a train traffic control
centre.

My contribution to this paper was to apply the CV method in the context
of train traffic control (including planning, field studies, verbalisations, tran-
scriptions and analysis). I also performed the systematic comparison be-
tween the two verbalisation methods and wrote most of this paper. My co-
author assisted me in formulating hypotheses, planning the experimental set
up and provided feedback on the paper. The results from this study also
served as a basis for Paper V, VI, and VII.

Paper V - Collegial verbalisation: The value of verbal reports from col-
leagues as subjects

This paper summarises the results from the three field studies: train drivers,
high-speed ferry operators and train dispatchers (presented in Paper II, 111
and IV, respectively). Paper V also shows how the CV method evolved with
examples from the three work domains. The paper also suggests a set of key
principles that can be used to evaluate the new verbalisation method and
hence allow examination of the method on a more theoretical level. This
paper also suggests a new model distinguishing between different verbalisa-
tion methods (concurrent probing, immediate retrospective probing, long-
term memory retrospective probing, long-term memory collegial probing
and domain expert probing) in order to assess the methods on their degree of
familiarity with the studied tasks.

My contribution to this paper was primarily the execution of two of the
field studies (planning, field studies, verbalisations, transcriptions, analysis,
and results). I also contributed to the formulation of the new model of ver-
balisation methods, and wrote most of the method and results sections of the
paper. My co-author formulated the key principles and wrote a substantial
part of the paper.

1.6.3 Applied results phase

After the CV method had been properly formulated and assessed in paper 111,
IV and V, my focus turned more too applying the method in different do-
mains, rather than defining the method itself.

Paper VI - Collegial collaboration for safety: Assessing situation aware-
ness by exploring cognitive strategies

Based on the previous three studies (presented in Paper II, III and IV) this
paper promotes a discussion on whether collegial collaboration based on
verbal probing procedures for knowledge elicitation of cognitive strategies is
a good way to achieve resilience in socio-technical systems. The paper ends
with a design suggestion of a more applied study that the authors plan to
carry out and some preliminary results from a pre-study in an intensive care
unit (ICU).
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My contribution to this paper was to discuss and together with my super-
visor determine how to apply the method in different socio-technical systems
in general. We realized early that this method for knowledge elicitation also
had the potential as a method for detecting differences in understanding be-
tween the participating narrators. When we got the chance to apply it in the
in context of ICUs particularly, this was what we had planned for. The prin-
cipal author wrote most of the paper.

Paper VII - Recognizing complexity — A prerequisite for skilled intuitive
judgments and dynamic decisions

Based on the previous three studies (presented in Paper 11, III and IV), this
7™ paper shows how the new method can be used to analyse strategies used
by decision makers in different types of complex real-time environments.
The purpose of the study was to show how the method could contribute with
a new form of data in this research context. The results demonstrate that
decision makers use different time horizons in their attempts to control a
process or a task. Such insights can help in identifying design principles for
higher levels of automation, as well as to what kind of support one should
aim for in terms of better user interface design.

My contribution to this paper was primarily the execution of two of the
original field studies, including planning, field studies, verbalisations, tran-
scriptions, analysis, and results. I also organised and performed the compari-
sons in an effort to find similarities and differences between the different
work domains. We realized during the development of the method that it
could be used for analysing decision-making strategies among operators and
users in the different work domains we had investigated. The principal au-
thor wrote most of the paper.
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2 Background

As stated earlier in this thesis, my main motivation is to improve the work
environment and work situation for operators to increase work safety and
efficiency, as well as to improve the physical and mental work situations of
the operators. This is very similar to Vicente’s (1999) three criteria for effec-
tiveness (safety, productivity and health). Vicente argues that to design ef-
fective computer-based information systems that could facilitate work in
complex socio-technical systems we need an understanding of what effective
means, i.e. an explicit statement of the performance criteria that we must
strive to satisfy is needed.

2.1 Safety

These three criteria (increased work safety, efficiency and operator health)
are very important. I have seen a huge potential for improvement in all the
work domains I have studied. Sometimes a simple adjustment to an opera-
tor’s work tools would make a big difference. For example, I have some-
times seen operators doing unnecessary workarounds simply because the
system does not allow them to do their job in the way it should be done.
Having to do these workarounds can be frustrating and have a negative im-
pact on the operators’ mental health, but it is a way for the operators to gain
control of the situation. However, the workaround might also reduce the
safety of the system if it involves doing things in a way they were not in-
tended for. The safety criterion is primarily mentioned in relation to indus-
tries that can cause large-scale catastrophic accidents (e.g., nuclear power
plants). However, Vicente argues that other domains (e.g., the stock market)
also need to consider safety. In this later case the risk is not primarily eco-
logical or life threatening, but rather economic.

Let us consider a ferry operator involved in an accident. The operator is
accused of driving too fast in the fog, even though he or she was only trying
to maintain the timetable. In retrospect it is easy to say that it was wrong.
Yet, who is responsible for giving the operators conflicting goals. How much
pressure (by the company, his manager, his colleagues, and the passengers)
is placed on the operator to follow the timetable? Does he get a lower salary
this month if he does not reach the targets for on-time arrivals? Will he have
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to leave his apartment if he cannot pay the rent this month? Should he have
quit his job when he felt that he had to compromise safety concerns?

Within some domains (nuclear, flight and health care) there are examples
of companies/organisations that have tried to enforce a different form of
safety culture to avoid such problems (e.g., encourage the employees to
complain if they identify potential problems). This situation is a good exam-
ple of shifting focus from blaming the operator if something goes wrong to
acknowledging the limitations of the socio-technical system. With such a
safety culture, the company/organisation is much better equipped to improve
safety.

2.2 Health

Health aspects can be difficult to measure. The extent to which a workplace
is designed to induce health has an impact on quality of life as a whole, not
only on the quality of working life (Reed, 1996). A classical miss-conception
regarding health problems is that workers with a job that puts greater de-
mands on them should experience higher level of stress, and thereby have a
negative impact on their health. Karasek and Theorell’s (1990) model clearly
shows that it is not that simple. More important than the amount of demands
is the amount of control that the individual workers have on the way in
which they can deal with their job demands (Figure 8).
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Figure 8: An illustration of Karasek and Theorell’s demand control support model.

Operators can experience low control because they cannot address the prob-
lem themselves. They can also experience weak support because they do not
get help with addressing the problem and experience high demands because
they are still expected to perform their jobs successfully.
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A work situation with obstacles that the operators cannot control them-
selves can be exceedingly stressful and unhealthy. Even if the operators try
their best, there are often multiple conflicting goals that are impossible to
fulfil simultaneously. For example, a ferry operator might strive to maintain
a safe operation, keep the timetable and reduce fuel consumption.

Sometimes one can be impressed that there so few incidents or accidents
given the unrealistic work situations. However, the tragic part in this story is
the amount of accident investigations that conclude human factors as an
attributed cause. See, for example, Hollnagel and Woods’ (2005) illustra-
tions of changes to attributed causes of accidents over a period of 40 years.

The search for human failure is the normal reaction to accidents. “Formal
accident investigations usually start with an assumption that the operator
must have failed, and if this attribution can be made, that is the end of seri-
ous inquiry” (Perrow, 1984, p.146). Because no system has ever built itself,
because few systems operate by themselves and because no system main-
tains itself, the search for a human in the path of failure is bound to succeed
(Hollnagel & Woods, 2005).

2.3 Productivity

The productivity criterion is naturally very important to any company ex-
posed to competition. Landauer (1995) presents depressing statistics on how
productivity growth has decreased since 1973. The author then argues that
this is caused by the introduction of information technology in workplaces.
Vicente reasons that business executives can easily appreciate and value the
potential productivity improvement that can be achieved by addressing the
issues of usefulness and usability.

2.4 Inevitable accidents

The strongest motivation to study operators is to prevent accidents. Some
socio-technical systems (e.g., a nuclear power plant or an airplane) can have
catastrophic consequences with many casualties or destroy the environment
for decades. Other systems, such as a stock market, might have a significant
economic impact. Unfortunately, accidents within socio-technical systems
can never be avoided entirely. Perrow (1999) asserts that one cannot foresee
the unanticipated interaction of multiple failures in a complex system. The
author refers to this situation as “normal accidents”. Anyhow, because acci-
dents in some socio-technical systems can have catastrophic consequences, it
raises the ethical question of whether such system should be allowed to be
constructed at all.
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Socio-technical systems that have the potential of causing catastrophic
events typically have multiple safety barriers to prevent this from happening.
For example, the barriers of a nuclear power plant might involve multiple
redundant systems to prevent significant radioactive release, comprehensive
monitoring and regular testing to detect equipment or operator failures, solu-
tions to confine the effects of severe damage to the plant, and an active safe-
ty culture to identify and correct potential risks.

Adding more safety barriers can reduce the risk of accidents as well as re-
duce the effects of the accidents that do occur. Unfortunately, accidents
manage to occur regardless of the number of barriers that the system has
enforced. Reason (1990) suggests that there is a “/limited window of accident
opportunities” when loopholes in each barrier happen to coincide. This phe-
nomenon is more easily understood using the Swiss cheese model (Figure 9),
which is commonly used within aviation and health care. The holes in the
cheese slices represent individual weaknesses in individual parts of the sys-
tem. These holes are continually varying in size and position in all slices.

Hazards

Losses

Figure 9: Reason’s Swiss cheese model, illustrating how, e.g., an accident can occur
when weaknesses in different safety barriers happen to coincide.

2.5 Automation

Many socio-technical systems rely heavily on automation to provide better
performance, reduce cost and increase reliability. The improvement of intro-
ducing automation implies a dramatic shift in the operator’s role. Instead of
performing the tasks themselves, the operators monitor the actions of the
system. Unfortunately, humans are not very well suited for this type of task
(Endsley, 1996).
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Figure 10: The plane wreck of flight TE901 with Air New Zealand in 1979.

Figure 10 depicts the crash site of the Air New Zealand flight TE901 in
1979. It was a New Zealand sightseeing flight in which the autopilot route of
the airplane had been changed without informing the pilot (Perrow, 1999).
Unfortunately, nobody on-board the plane noticed that this new route led
straight into the Antarctic mountains until it was too late to take any evasive
manoeuvres. Hence, one contributing factor to this accident was the proper-
ties of the automated navigation system, and the operators’ poor ability to
deal with automation.

Bainbridge (1987) submits that automation has a tendency to increase
both stress and fatigue, mostly because the operator is left to do the tasks that
automation cannot handle. Automation leaves the operator with long periods
of inactivity combined with short periods of intense activity. Endsley and
Kiris (1995) describe an operator caught in such a scenario as being “out of
the loop”. That is, automation is doing the job until the point where it fails
and leaves the resulting abnormal situation to the operator. The operator then
has to switch from an inactive to an active state and perform the stressful
task of acquiring an understanding the abnormal situation in order to take the
necessary actions. Both the stressful state and the inactive state are problem-
atic. When inactive, there is a problem of vigilance. Bainbridge (1987) states
that it is impossible even for a highly motivated human being to maintain
effective visual attention towards a source of information on which very
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little happens for more than about half an hour. If the operator is in a highly
demanding situation, there is a problem of high mental workload.

A study of a large number of train accidents (Kecklund et al., 2001) found
that most of the accidents had been preceded by a deviation from normal
operating circumstances, and that stress and fatigue were contributing factors
in roughly one third of the accidents.

Based on these issues with automation, Sarter et al. (1997) propose that
an automated system cannot know everything about its environment. There-
fore, an operator has to supply it, monitor the outcome, etc. Thus, automa-
tion doesn’t reduce workload, but rather makes it unevenly redistributed
(e.g., the critical times during a flight such as landing and taking off). Jordan
(1963) summarises this nicely: “We can never assign them [the machines]
any responsibility for getting the task done; responsibility can be assigned to
man only”. As long as human operators bear ultimate responsibility for op-
erational goals, they must be in command. To be in command effectively
operators need to be involved in, and informed about, on-going activities and
system states and behaviours (Billing, 1991).

2.6 Situation awareness

The out of the loop problems with automation discussed in the previous
chapter are strongly related to the concept of situation awareness (SA).
Wickens (2008) states, “as automation continues to be imposed in human
work environments, there is little doubt that the interest in how SA may de-
grade or be supported will continue to grow”. SA can be described as know-
ing what’s going on. More formally, Endsley (1995) defines it as “the per-
ception of the elements in the environment within a volume of time and
space, the comprehension of their meaning and the projection of their status
in the near future”. Sarter and Woods (1991) formulate SA as the "accessi-
bility of a comprehensive and coherent situation representation which is
continuously being updated in accordance with the results of recurrent
situation assessments”. Endsley separates SA into three levels: perception
(level 1), comprehension (level 2) and projection (level 3) (Figure 11).

State of the P'”“m"”“ S
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Situation Awareness

Level 1 _ p Lovel2 > Level 3
Perception Compeshension Projection

Figure 11: Endsley’s model of situation awareness.
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Achieving SA is one of the most challenging aspects of the operator’s work;
furthermore, it is central to good decision making and performance (Endsley,
1996). According to Hartel et al. (1991), poor SA was the leading casual
factor in military aviation mishaps. Some critique has been levelled at SA,
primarily questioning whether SA is an unnecessary construct above already
existing elements (such as attention) (e.g., Dekker & Hollnagel, 2004; Dek-
ker & Woods, 2002). However, it seems as though the practical use and need
for the concept of SA serve as a testimony to its viability.

2.7 Mental models

Mental models are used here in a sense similar to the first description of it
made nearly 70 years ago (Craik, 1943): “if the organism [the human] car-
ries a "small-scale model" of external reality and of its own possible actions
within its head, it is able to try out various alternatives, conclude which is
the best of them, react to future situations before they arise, utilize the
knowledge of past events to react in a much fuller, safer, and more compe-
tent manner to the emergencies which face it.”

Mental models are related to the knowledge level, referring to the highest
level of skills, rules and knowledge taxonomy (SRK) (Green, 1990). Fur-
thermore, Brehmer (1987) adds that “information technology representa-
tions of processes are not only indirect and abstract, they are also (only)
models created by designers for the purpose of handling a foreseeable range
of decisions.”

Cook and Woods (1994) refer to mental models as "buggy"” when they are
inaccurate or incomplete and can give rise to inappropriate actions. Knowl-
edge of the world and its operation may be complete or incomplete and accu-
rate or inaccurate. Practitioners may act based on inaccurate or incomplete
knowledge about some aspect of a complex system or its operation. For ex-
ample, Sarter and Woods (1995) identify buggy mental models as a contrib-
uting factor to mode error. If the operator has misconceptions of how the
system works, this might have implications for the safety of the current sys-
tem. It would be of considerable value to find such misconceptions in order
to prevent them. To illustrate the strengths and weaknesses of mental mod-
els, I summarise the events of a rather well-known accident, namely the par-
tial nuclear meltdown that occurred in 1979 at the nuclear power plant at
Three Mile Island (TMI) in Pennsylvania, USA (Figure 12). As most acci-
dent investigations show, this accident was the result of a large number of
contributing factors. However, here we will only elaborate on one of these
factors, i.e. the operator’s mental models of the system.
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Figure 12: The nuclear power plants at Three Mile Island, Pennsylvania, USA.

Below, follows a brief summary of the events leading up to the accident. A
relief valve to a pressuriser in the primary coolant loop of the reactor was
stuck in an open position after automatically having reduced the pressure,
with the result that some parts of the water inside the reactor started to boil,
rather than remaining in liquid state under high pressure. At his point, the
worker’s mental model came into play. In the normal state of the plant, be-
fore the relief valve was stuck, the operators had a good understanding of
how the pressuriser level indicated the amount of liquid water in the primary
coolant loop. However, in the abnormal situation that had occurred, with the
valve stuck in the open position, the pressuriser level was increased despite
the fact that the amount of water actually had been reduced though the open
valve. The operator naturally, but incorrectly, inferred that there was too
much water in the primary loop and acted accordingly, an action that con-
tributed to the partial meltdown that followed. It is worth noting that the
operator’s mental model had served them well for many years, and that this
unique situation revealed the deficiencies of their mental model (Vicente,
1999).

2.8 Resilient systems

One promising approach to deal with the depressing conclusions about acci-
dents in the previous chapters is called resilience engineering (RE). Hollan-
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gel et al. (2006) define resilience as “the intrinsic ability of an organization
(system) to maintain or regain a dynamically stable state, which allows it to
continue operation after a major mishap and/or the presence of a continuous
stress”.

Hollnagel et al. (2006) argue that a resilient system must have the ability
to anticipate, perceive and respond. These three abilities are fascinatingly
close to Diamond’s (2005) analysis of how entire societies collapse. Dia-
mond identifies three “stops on the road to failure”: The failure to anticipate
a problem before it has arrived; the failure to perceive a problem that has
actually arrived; and the failure to attempt to solve a problem once it has
been perceived.

One of the characterising properties of RE is that safety is not considered
a property that the socio-technical system has, but rather something that the
system/organisation does. In other words, it is not a system property that,
once having been put in place, will remain. It is rather a characteristic of
how a system performs. This property of RE creates the dilemma that safety
is shown more by the absence of certain events — namely accidents — than by
the presence of something. Indeed, the occurrence of an unwanted event
need not mean that safety as such has failed, but could equally well be be-
cause safety is never complete or absolute (Hollnagel et al., 2006).

Resilience cannot be engineered simply by introducing more procedures,
safeguards and barriers. Rather, RE requires a continuous monitoring of
system performance, of how things are done. In this respect resilience is
equivalent to coping with complexity (Hollnagel & Woods, 2005) and to the
ability to retain control.
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3 Theoretical perspectives

Researchers use different scientific approaches to examine users’ interaction
with information technology. Different approaches of course end up with
different types of result. Even if two researchers are studying exactly the
same users in the same context, they often come up with different results,
simply because they view the world with different sets of glasses (i.e. with
different sets of beliefs, values and attitudes). To position the scientific ap-
proach of my own PhD research I will start by comparing it with other scien-
tific approaches commonly used within HCI.

3.1 A controlled method approach

For an example of a controlled method approach, I use the field of dynamic
decision making (DDM). In DDM simulated micro-worlds are used to study
complex, dynamic decision-making tasks (Gonzalez et al., 2005). Specifi-
cally, DDM studies decision making that takes place in an environment that
changes over time, either because of the previous actions of the decision
maker or because of events that are outside the control of the decision maker
(Brehmer, 1992), (Dorner, 1996a) and (Edwards, 1962). Broadly speaking, a
micro-world is a small well-defined computerised game consisting of a lim-
ited logical world with complex interacting parameters. By letting subjects
control different parameters of the simulation, psychologists are able to
study human behaviour and decision making. The idea is to construct simu-
lations that mimic the challenges of real-life situations. DDM studies com-
plex decisions that occur in real-time and involve observing the extent to
which people are able to use their experience to control a particular complex
system, including the types of experience that lead to better decisions over
time (Gonzalez et al., 2003).

For example, Jensen (2003) performed simulations of a predator-and-prey
ecology to study non-professionals’ abilities of reasoning, learning and tak-
ing decisions. Specifically, she used a simulation of rabbits and foxes. By
letting subjects control different parameters of the simulation, psychologists
are able to study human behaviour and decision making. Based on her stud-
ies, Jensen concluded that the subjects differ in their ability to transfer
knowledge from the rabbits-and-foxes simulation to other tasks. She dis-
cusses her conclusion in relation to intelligence, level of math-education, etc.
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The concept of micro-worlds is a good approach to acquire generalisable
findings related to human decision making.

I appreciate the ambition of DDM to better understand human decision-
making strategies and the way in which people learn from their experiences.
Increased knowledge about this matter is indeed valuable in my field. My
own research within HCI is highly dependent on such basic psychological
research in human decision making. However, to be able to improve, for
example, a vehicle operator’s work situation a more realistic and applied
research approach is required. The simulated micro-worlds are not able to
capture the true decision strategies used by operators in their real work envi-
ronments.

3.2 A simulator-based approach

One example of a more realistic approach to simulation than micro-worlds is
found within the vehicle domain. Professional vehicle operators (drivers of
airplanes, trains or ships) often need to do yearly training to retain their spe-
cific driving licence. A modern airplane cockpit simulator can be almost as
realistic as driving a real airplane. For example, Alm (2007) uses airplane
simulators to study visualisation and perception among aircraft pilots. Spe-
cifically, he tested the pilots’ performance in symbol recognition and target
heading assessments. Consequently, he is able to draw conclusions about
suitable visualisations for the specific tasks of the pilot. Although this ap-
proach is more realistic than the micro-world approach, it is still limited
because it is a simulation rather than the real world. Alm’s thesis also con-
firms this argument when he describes negative effects caused by limitations
to the simulation.

Pettersson (2008) also uses simulators. He examined how different three-
dimensional (3-D) simulations affect the user’s interaction. One domain
studied by Pettersson was the safety critical field of military command and
control, where it obviously is very important that any 3-D information is
presented in such a way that it is not misinterpreted. The controlled experi-
ments performed by Pettersson attempted to provide generalisable results on
how people perceive 3-D.

In my PhD thesis I ask somewhat broader questions than Alm and Pet-
tersson. Rather than determining whether certain types of visualisation are
suited for specific control tasks for certain operators, the aim here is to learn
about the operators’ entire work situation, the entire socio-technical system,
including, plans, goals, needs and organisational aspects. My more qualita-
tive approach takes me further away from having well-defined measurable
results, including statistical analysis. However, in my studies of train dis-
patchers some quantitative analyses were done to compare two types of ver-
bal protocol. Some of the quantitative measures consisted in counting the
number of topics in each protocol and the topics that had been previously
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categorised qualitatively. This approach differs from the approaches of Alm
and Pettersson. Their experiments were set up to provide measurable data
directly from the experiment, without requiring intermediate qualitative
analysis.

However, this thesis actually does include a paper (Paper I) that involves
an experimental design in which experiments with 3-D simulations of high-
speed ferry operators were performed. A simulator was used to examine how
the usage of AR could aid the operators of high-speed ferries in the task of
navigation in scenarios with low visibility. However, the bulk of my PhD
work is not based on a simulator approach, but rather on a more ecological
approach.

A simulated experiment does not capture the complexity of the real
world. For instance, in the case of train dispatchers a handful of different
conversations can take place simultaneously between 10 and 15 people who
work in the control room. There is risk of disturbances, mix up and confu-
sion, but also over hearing each other’s conversations and helping out. Such
commotion is normally not included in simulated experiments. A train dis-
patcher might go to the toilet after a few hours of work. Perhaps his neigh-
bouring colleagues cover for the dispatcher, if they are not busy. What hap-
pens if something goes wrong on the dispatcher’s control area during the
short absence? How does he deal with it when he gets back? This would be a
completely normal situation that would not likely be covered in a simulated
experiment. Therefore, comprehensive, ecological approaches are needed.

3.3 A theoretical concept approach

Another experimental approach has been used by Alfredson (2007). How-
ever, the starting point in his thesis is not so much the simulations but the
theoretical concept of SA. Alfredson’s goal was to improve the SA of pilots
and thus he performed different experiments to achieve that goal. He dis-
cusses shared SA and introduces the term situation management to extend
the concept of SA.

Alfredson’s approach, to focus on a single theoretical concept, is worthy
because it gives his thesis a very clear focus and goal. The importance of SA
in socio-technical systems is very strong and hence Alfredson’s efforts to
improve it are obviously very meaningful.

My own approach does not start with a theoretical concept. Rather, I use
the theoretical concepts I find relevant in my own research. However, like
Alfredson, I perform studies of vehicle operation and I find SA to be a very
useful concept. Chapter 2.6 presents a more detailed presentation of this
subject.
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3.4 An ethnographic approach

In contrast to the experimental approaches and the theoretical concept ap-
proach discussed above, this section describes approaches of a more ecologi-
cal nature. Ethnography involves the long-term deep field study of humans.
Ethnographic field research is performed using a holistic perspective, with
strong focus on being self-reflective of one’s own analysis (Ember & Ember,
2006). The results often include deep descriptions and analysis of the envi-
ronment under study and the social life of the humans who are active within
it. Observations are supposed to be made from the point of view of the in-
formants, not the observer.

Ethnographic data collection methods are meant to capture social mean-
ing and ordinary activities of people in naturally occurring settings (Brewer,
2000). The goal is to collect data in such a way that the researcher (observer)
imposes a minimal amount of his or her own bias on the data. Multiple
methods of data collection may be employed to facilitate a relationship that
allows for a more personal and in-depth portrait of the informants and their
community. Ethnographic methods can include participant observation, field
notes, interviews and surveys.

For example, Hutchins (1995) performed ethnographic studies on-board
navy ships. He submits that many foundational problems in cognitive sci-
ence are a consequence of researchers’ ignorance of the nature of cognition
in the wild. Most knowledge of cognition was learned in laboratory experi-
ments, but little is known about the relationships of cognition in the captivity
of the laboratory to cognition in other kinds of culturally constituted settings.
I fully agree with Hutchins about the need to study cognition in the real
world.

Liitzhoft (2004) performed ethnographic studies on-board ship bridges.
She carried out longitudinal observations and interviews, analysing the re-
sults qualitatively. Liitzhoft emphasises that focus needs to be on cognitive
tasks rather than on engineering and devices.

Although I do not follow a strict ethnographic approach, my research has
many similarities with it. For example, my research aims to understand the
operators’ daily work in their normal work environment. But rather than
doing the observations myself from an informants point of view, I strive to
use colleagues as analysts to learn about the environment.

3.5 A conversation analysis approach

There are of course other ecological approaches than ethnography to study
the cognitive work of professional users. Another qualitative approach is to
perform conversation analysis. Djordjilovic’s (2012) studied authentic inter-
action in business meetings and performed conversation analysis. She evalu-
ated relations within and between managers and colleagues. In one study she
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found that subjects developed a shared team identity by the practice of joint
answering. Another study examined how co-leaders build shared identities
and how colleagues develop reciprocal identities. She reached the conclusion
that managers within the same company develop a joint way of communicat-
ing and therefore they behave similarly.

Djordjilovic aimed to acquire a deeper qualitative understanding of her
subjects and her thesis presents and discusses the results accordingly. Djord-
jilovic’s approach to compare how different colleagues think and act paral-
lels my own research. She identifies similarities and differences among col-
leagues, arguing that the social context shapes the colleagues to behave simi-
larly. This view corresponds closely with my own research results. I often
emphasise that the environment shapes colleagues to act and think similarly.
In the rather technical domains of vehicle operation, it is easy to think of
how the properties of a certain work tool causes the drivers to think similarly
about how to, e.g. change the speed of the train. For example, there is a de-
layed effect when adjusting the speed lever in a train cab that is caused by
physical properties of the train and its braking system. Through experience,
the train drivers acquire a feeling for how the speed lever affects the train
speed. Most train drivers develop a similar feeling and therefore the techni-
cal system can be said to shape how the operators think and act.

In that perspective Djordjilovic’s (2012) studies are somewhat different.
Her results emphasise that colleagues think and act similarly because of the
social situations in which they work. She focuses more on group dynamics
and team formation. I consider these social aspects to be of equal importance
to the more technical aspects in my example above and my research would
benefit from acknowledging the social side more.

3.6 A cognitive ergonomic approach

Yet, another ecological approach to study the work of professional users was
applied by Dutarte (2001) and Barchéus (2007). The authors studied cogni-
tive aspects within the socio-technical system.

Barchéus studied communication, co-ordination and collaboration in air
traffic management systems. He performed observational studies from simu-
lations as well as from the field, complemented with questionnaires. His
research resulted in detailed knowledge about the specific cognitive aspects
of air traffic management. He also noted that it is generally acknowledged
that a large part of system failures are caused by, or contributed to, human
factors (Danaher, 1980; Amalberti, 1993; Greatorex & Buck, 1995). Organ-
isational systems are also known to create conditions that may retain errors
within systems (Dorner, 1996b). The fact that there are many embedded
failures, or latent conditions (Reason, 1990), in large complex systems may
be seen as one of the most basic arguments for having human operators “at
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the sharp end” of operations. The human operator allows flexible handling
of situations that have been omitted by the designer.

Dutarte performed interviews, field observations and used questionnaires
to acquire detailed knowledge of steering and navigation on-board ships and
aircrafts. The primary contribution of Dutarte’s thesis is the descriptions of
how the tasks are carried out presently and the suggestions of potential im-
provements for work systems in future transportation systems. Dutarte em-
phasised the need for a cognitive approach by quoting Hancock (1996).
“Human society is engaged in a perilous endeavour with respect to technical
systems. Human factors currently takes technology as given and seeks to
facilitate interaction, assuming technology to be a good thing. But is it so?
To become more than just an appliance science, human factors should focus
directly on the issue of why technology is used — its purpose — in addition to
how technology is used — its practice.”

My research is comparable with Dutarte and Barchéus in the sense that
my aim is to study cognitive work in similar domains (vehicle operation and
traffic management). However, the primary focus of my research has not
been to describe the specific details about the cognitive work in these work
domains, but rather to improve ways to study the cognitive work itself. Spe-
cifically, this has been accomplished by developing a method for knowledge
elicitation that makes it possible to study professionals in the field in a more
clear and comprehensive manner. Hence, the most obvious difference be-
tween all the research approaches discussed above and my research is that |
concentrate on method development.
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4 Theoretical approach and research design

Following the short presentations made in Chapter 3 of different research
approaches, I will now proceed to define my own standpoint more exhaus-
tively. This chapter starts with defining my epistemological view, followed
by a description of how my research is grounded in ecological psychology
and CWA.

4.1 Views of knowledge

This thesis strives to improve the act of knowledge elicitation when studying
professionals at work. To clarify what I mean with knowledge elicitation |
must first define my view of knowledge and here specifically professional
expertise.

There are many views on knowledge. First, we need to separate knowl-
edge, information and data. The classical DIKW pyramid (Ackoff, 1989)
separates data (facts without relation to other things, e.g., “107”), informa-
tion (processed data that includes some form of relationship, e.g., “107 years
old”), knowledge (a pattern that could predict events, e.g., “107-year-old
people have a high probability of dying”’) and wisdom (Figure 13).

Information

Z Data \

Figure 13: The DIKW pyramid distinguishing between data, information, knowledge
and wisdom.

Around 1980, an epistemological controversy occurred between quantitative
and qualitative research fields. Guba and Lincoln argued in several influen-
tial papers (Guba & Lincoln, 1994), (Lincoln & Guba, 1985) that the appro-
priate epistemological paradigm for qualitative research was constructivism.
This view is the position that our understanding of reality is a social con-
struction, not an objective truth, and that there exist "multiple realities" asso-
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ciated with different groups and perspectives. Lincoln and Guba (2000,
p-168) termed this a "relativist” and "transactional/subjectivist” position, in
opposition to views that were variously labelled positivist, realist, objectiv-
ist, or empiricist; the latter positions "assume the possibility of some kind of
unmediated, direct grasp of the empirical world and that knowledge simply
reflects or mirrors what is 'out there'" (Schwandt, 2007).

My own journey within academia started out in the natural sciences, spe-
cifically computer science programming. The logic and structure of mathe-
matics and programming were combined with quantitative methods during
my master’s program, until the third year when I took my first course in
HCI. There was a good deal of confusion, frustration and lack of trust among
the more hard-core programming students when our HCI teacher encouraged
the class to perform user interviews. The qualitative data that resulted from
these interviews were hard to interpret and consisted of conflicting data that
made it difficult to draw trustworthy conclusions.

Personally, I felt that this was the first course of the master’s programme
where my student project had a connection to something meaningful in prac-
tice. The outcome of our assignments could actually make sense for real
people. It is of course still relevant to run programming courses with the
purpose of letting the students explore and learn a new programming meth-
od, without requiring it to be directly applicable. However, by starting out
from a real user need rather than from a technological standpoint, gave me a
good feeling of having a connection with reality. This also meant that I shift-
ed attention from low-level programming of compilers and operating sys-
tems to focusing more on user interfaces and user needs.

When I started as a computer science student, I accepted the traditional
positivistic view of knowledge without any particular reflection. The positiv-
istic approach has indeed been successful in increasing society’s level of
knowledge about physical phenomena (e.g., gravity). Positivism assumes
that there is valid knowledge (truth) only in scientific knowledge and con-
siders information derived from sensory experience, logical and mathemati-
cal treatments of such data as the exclusive source of all authoritative
knowledge. Obtaining and verifying data that can be received from the sens-
es is known as empirical evidence. This view holds that society operates
according to general laws like the physical world (introspective and intuitive
knowledge is rejected).

After my introduction to HCI, it didn’t take long before I realised that my
positivistic approach was unable to capture the real value of user needs.
Schon (1983) described professional practice as having properties of uncer-
tainty, instability, uniqueness, complexity and value conflict. By applying
the scientifically well received method Fitts’ Law (Fitts, 1954), I obtained
results about the interaction of our target users. However, at the same time,
the method reduced the problem to a single variable: the time it takes to
point at something with, e.g., a mouse or a finger. Although it might be a
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relevant aspect in some situations, it does not tell us much about the usability
of the system as a whole (Beaudouin-Lafon, 2004).

Because the connection with user needs drove me towards HCI in the first
place, I simply had to accept the less generalisable forms of knowledge that
is the result of using methods such as interviews and direct observations.
Simply put, I gladly traded the generalisability of my results to be able to
create value for specific groups of users. This position does not mean that I
reject quantitative methods; on the contrary, I think they are highly valuable
and I try to use them wherever they can be used successfully. However, to
understand and improve on the tasks, tools and needs of users quantitative
methods are not enough.

4.1.1 Constructivism

I have the ambition to understand the users’ actions, needs, goals, challenges
and motivation in their real work practice. To deal successfully with this
research task I have chosen an empirical and holistic research approach
based in a constructivist framework. There are many views of what construc-
tivism is (Phillips, 1995), but they all share the common idea that learners
construct, through reflection, a personal understanding of relevant structures
of meaning derived from their actions in the world (Fenwick, 2000).

Constructivism is based on the work of Piaget (1952). Meaning is con-
structed based on experiences. Even though we hear and receive informa-
tion, it does not necessarily mean that we have learned that information.
New learning is assimilated into the learner’s mental schemas by connecting
with knowledge that already exists. New information that does not fit into
the schema is hard for the learner to understand. Meaning must be made by
connecting the new learning to the old and new learning must be reflected
upon and connected with old experiences. Learners must reflect upon learn-
ing to make it connect to the old learning and to construct it’s meaning.
Learning is done mainly by asking questions, exploring and evaluating what
is known. Each of us generates our own rules and mental models, which we
use to make sense of our experiences. Learning, therefore, is simply putting
the process of adjusting our mental models to accommodate new experi-
ences.

Piaget (1952) proposed a mechanism by which infants integrate experi-
ence into progressively higher-level representations. According to construc-
tivism, infants progress from simple to sophisticated models of the world by
use of a change mechanism that allows the infant to build higher-level repre-
sentations from lower-level ones. Constructivism is a powerful model of
grounded knowledge acquisition that has been applied to grounded knowl-
edge acquisition tasks with considerable success (Drescher, 1991; Cohen et
al., 1997). Knowledge is created in social interaction between investigator
and respondents and the results or findings are literally created as the inves-
tigation proceeds (Guba & Lincoln, 1994).
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4.1.2 Expertise

Another important distinction relating to knowledge is made by Rasmussen’s
SRK taxonomy. The SRK framework defines three types of behaviour or
psychological processes present in operator information processing (Vicente,
1999). In the broader sense, I consider all three levels (skills, rules and
knowledge) as different types of knowledge. Within the SRK taxonomy, the
term knowledge relates to more advanced levels of reasoning (Wirstad,
1988). The knowledge level of reasoning is employed in novel and unex-
pected situations. Because operators need to form explicit goals based on
their current analysis of the system, cognitive workload is greater than when
using skill- or rule-based behaviours.

Rule-based levels of reasoning are characterised by the use of rules and
procedures to select a course of action in a familiar work situation (Rasmus-
sen, 1990). The rules can be a set of instructions acquired by the operator
through experience or given by managers or colleagues. Operators are not
required to know the underlying principles of a system to act on a rule-based
level.

Skill-based level of reasoning requires very little or no conscious control
to perform or execute an action once an intention is formed (also known as
sensorimotor behaviour). Performance is smooth, automated and consists of
highly integrated patterns of behaviour (Rasmussen, 1990). For example,
bicycle riding is a skill-based behaviour in which very little attention is re-
quired for control once the skill is acquired. This automaticity allows opera-
tors to free up cognitive resources, which can then be used for higher cogni-
tive functions (Wickens & Hollands, 2000).

The process of going from novice to expert involves level-like qualitative
shifts (Adelson, 1984; Phelps & Shanteau, 1978; Spiro et al., 1989). With
practice, a skill loses the quality of being conscious, effortful, deliberate and
linear, taking on instead the quality of automatic pattern recognition. In
short, judgments become “intuitions” in that one can rapidly and effortlessly
associate experiences, make decisions or perform actions. The expert can
often tell you the decision, i.e. ‘what’, but not describe the process, i.e. the
details of ‘how’. Expertise is difficult to teach and to describe. Experts use it
without knowing what they are doing, but are still confident that their meth-
ods are effective.

The concepts of knowledge and expertise defined above are fundamental
with respect to the knowledge elicitation represented in this thesis. Chapter 6
contains an in-depth discussion of knowledge elicitation.

4.2 Ecological psychology

I have based my research in the research tradition of ecological psychology.
There are many established research perspectives dealing with human ac-
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tions in complex and dynamic systems, of which only some recognise the
impact of the environment. Studying operators working within a socio-
technical system requires an approach that deals with the complexity of their
real world.

Ecological Psychology emphasises the importance of the environment,
specifically the direct perception of the humans (Gibson, 1966). Gibson sug-
gests that to explain some behaviour in an adequate fashion it is necessary to
study the environment in which the behaviour took place and especially
the information that connects the organism to the environment. Quoting
Mace (1977), "ask not what's inside your head, but what your head's inside
of".

Psychology and HCI have a lot in common regarding how the two disci-
plines developed into two independent sciences. Psychology, on the one
hand, struggled in the late 1800s and early 1900s to emerge as a laboratory
science to distance itself from philosophy. Quite successfully, experimental
psychology contributed to the establishment of psychology as a scientific
discipline separated from philosophy. However, this pushed psychologists
into controlled observations and experiments to the degree that they dis-
missed informal experience and complex environments in that these were
seen as too chaotic to study and analyse. Among other things, this imposed a
rather rigid approach to the study of human perception. Visual perception
occurs as humans and objects move about in the physical world. When ob-
servers move around, the visual information is dynamic. For example, con-
sider driving a car. The environment around you changes in size and position
as you travel forward along the road. The dynamic relations in the informa-
tion through time are critical to how we are able to see the world, and these
critical dynamics depend on the optical richness of real objects (Carroll &
Rosson, 2003). These insights founded the ecological approach to visual
perception, which is the core of ecological science. “Ecological science rests
on the principle that systems in the natural and social world have evolved to
exploit environmental regularities” (Carroll & Rosson, 2003, p.439). The
ecological perspective was pioneered by the work of James Gibson (1950;
1966; 1979) and Egon Brunswik (1956). Below, these two approaches are
described in more detail.

HCI, on the other hand, borrowed many of the controlled observation
methods from experimental psychology during the early days of human-
machine interaction and ergonomics. HCI became one of the first established
cognitive sciences. Newell and Simon’s (1972) work on human problem
solving and the Information Processing (IP) model became the main para-
digms not only in psychology but also in the field of HCI.

It is worth pointing out that I do not attempt to cover the entire ecological
psychology tradition here, only enough to position my research in relation to
it. I have a more applied aim, which is to take my starting point from the
later work by Rasmussen and Vicente. Hence, some of my usage of tradi-
tional terminology within ecological psychology is used in a more applied
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manner than its original use. From a practical point of view, terms such as
mental models and affordances are of great value. In fact, I use the term af-
fordance without necessarily adopting Gibson’s view that affordances are
directly perceived by an individual instead of being mediated by mental rep-
resentations (such as mental models). On the contrary, I acknowledge mental
models as an important concept.

The Danish engineer, Jens Rasmussen, was one of the first to question the
development of the IP model. Rasmussen and colleagues had been conduct-
ing field studies of electronic trouble-shooting strategies (Rasmussen & Jen-
sen, 1973) and cognitive activities of professional operators during the start-
up of a conventional power plant. Based on these studies, he found that ex-
isting theories were inadequate to explain his results.

In their field studies Rasmussen and co-workers used verbal protocols as
their main data source despite that such reports were considered unreliable
by many psychologists at that time. “The electronic trouble-shooting field
study was important because it showed that expert strategic behaviour in a
representative setting could be described systematically, despite its apparent
complexity” (Vicente, 1999, p.363). This citation describes quite well the
ambition of Rasmussen and Vicente to study and analyse the complex work
performed by experts in order to be able to describe it systematically. The
resulting descriptions become irreplaceable knowledge as input to a design
phase if one is to develop a new system or change an existing one.
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Figure 14: Simplified version of Rasmussen’s (1983) decision ladder

The field study of the cognitive activities of operators was important because
it became the empirical foundation for the decision ladder (Figure 14), a
conceptual framework representing the information-processing activities that
occur in human decision making. “This eventually led to the skills, rule,
knowledge (SRK) framework (Rasmussen, 1983), which categorizes three
qualitatively different ways in which people can interact with the environ-
ment” (Vicente, 1999, p.364). As in the case of the ecological approach to
visual perception, the seminal work of Rasmussen sheds light on the impor-
tance of studying both the task characteristics and the psychological mecha-
nisms in explaining human behaviour. It does not matter whether the tasks
consist in natural perceptual tasks or human behaviours in socio-technical
systems.

Inspired by ecological psychology in general, but also by the work of
Gibson (1950; 1966; 1979), in particular, Rasmussen developed the abstrac-
tion-decomposition space (Rasmussen, 1979; 1985). A two-dimensional
modelling tool, that can be used to conduct work domain analyses in socio-
technical systems (See example in Table 3, Paper I).

“Gibson showed that perception in movement permits direct recognition
of higher-order optical properties such as the expansion pattern one sees in
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approaching a textured scene or surface. Gibson concluded that real-world
perception typically consists of direct recognition of complex properties he
called ‘affordances’. This contradicted the most fundamental assumption of
perceptual psychology at that time, namely that higher-order properties,
such as being an object or being something that can be poured, are inferred
on the basis of piecemeal recognition of local features like contours, edges,
and angles” (Carroll & Rosson, 2003, p.440). Gibson proposed that the en-
vironment should be analysed in relation to the specific accompanying in-
formation in the environment that humans could detect. This innate informa-
tion of the environment later became a very popular concept within HCI
(today, under the name of “affordances”). In Hutchins’ terms affordances is
the real, perceivable opportunities for action in the environment, which are
specified by ecological information.

Gibson’s research on direct perception is highly relevant in my research
on vehicle operators. There are many critical situations where direct percep-
tion and affordances can be vital to a vehicle driver. In my research I have
found several such examples. However, the aspect of direct perception is
only a limited part of the operators’ complex work tasks. More cognitive and
long-term aspects also need to be considered (e.g., the drivers’ goals, plans
and strategies, as well as social and organisational aspects).

“Brunswik showed how some of the most perplexing perceptual phenom-
ena identified and investigated with line drawings, like visual illusions,
could be explained in terms of the ways objects align and occlude in the
physical world. He suggested that a basic method for perceptual psychology
should be ecological surveys of the real world” (Carroll & Rosson, 2003, p.
440).

To summarise, the pioneering work of Gibson and Brunswik have influ-
enced my own research in several ways. First, Gibson’s work inspired me to
use his idea of affordances as a practically meaningful concept, without
adopting his idea that an individual directly perceives affordances without
being mediated by mental representations. Second, Gibson influenced Ras-
mussen’s research, among other things, to develop the abstraction-
decomposition space. Hence, Gibson indirectly influenced my own work that
is grounded in Rasmussen’s CWA framework. Brunswik, on the other hand,
influenced how I developed my methodological research approach. As co-
founder and advocate for the ecological psychology approach, Brunswik
argued that examination of problem solving and decision making should be
executed in representative environments. Such a view is a key aspect that my
own research tries to address.

4.3 HCI as an ecological science

With my theoretical approach grounded in ecological phycology, the next
step is to discuss how HCI is applied in an ecological manner. HCI largely
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concentrates on improving existing computer systems or invent new ones,
and thereby improves the users’ situation. An ecological approach to these
HClI-tasks would typically involve in-depth studies of the environment in
which the system is to be used and then use that knowledge when designing
a new system. However, by introducing the new system in the environment,
the users’ tasks will change, which means that new user studies of the envi-
ronment are needed. Carroll and Rosson (2003) refer to this as the task-
artefact cycle (Figure 15).

New possibilities or
constraints of use

Tasks Artefacts

New requirements as a result of
revised or changed tasks

Figure 15: The task artefact cycle (Carroll et al., 1991).

Carroll and Rosson (2003) also suggest that HCI can be developed as an
ecological science at three levels: taxonomic science, design science and
evolutionary science. Carroll and Rosson specifically focus on design ration-
ales. A design rationale is an explicit documentation of the reasons behind
decisions made when designing a system or artefact. For example, a com-
puter system does not itself express the motivations that initiated its design,
the user requirements it was intended to address, the discussions, debates and
negotiations that determined its organization, the reasons for its particular
features, the reasons against features it does not have, the weighing of trade-
offs, and so forth. This information comprises the design rationale of the
system.

The first level at which HCI can be developed as an ecological science is
the taxonomic level, involving the task of carrying out some form of classifi-
cation of the object of study. Carroll and Rosson propose that when using
design rationales as design documentation they are consistent with
Brunswik’s (1956) notion of ecological surveys. An ecological survey is a
natural environment study of the way things are in the everyday world.
Brunswik described the layout of the actual objects in the world, and a de-
sign rationale approach provides an inventory of the components and rela-
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tionships in systems and software. It identifies potential consequences and
trade-offs associated with designs and design features.

Second, ecological surveys of design practices provide the raw material
for what might be called a design science of HCI. The idea here is that de-
scriptions of particular designs can be abstracted and generalized by catego-
rising designs and the features that define the categories can be associated
with general consequences for users and their tasks. This idea is similar to
those ideas behind the development of micro-worlds in the field of decision
making (see, e.g., Brehmer & Dorner, 1993). The micro-world approach is a
further attempt to develop the ideas of Brunswikian psychology.

Finally, also an evolutionary science to design can be seen as a branch of
ecological science. Designs react to a perceived state of affairs (i.e. tasks that
people want to accomplish, distractions they want to avoid. etc.). “When a
new artifact is designed and introduced into a given state of affairs, it
changes things, i.e. some tasks become easier to carry out, some other tasks
more difficult, some tasks become unnecessary etc. Tasks and the context of
carrying out tasks create needs and opportunities for new artifacts, but those
new artifacts consequently alter the tasks and eventually create new needs
and opportunities for further designs. We call this the task-artifact cycle”
(Carroll & Rosson, 2003, p. 441). Consequently, the evolutionary aspect of
ecological science concerns the understanding and management of trajecto-
ries of changes in the task-artefact cycle (Figure 15).

4.4 Cognitive work analysis

The CWA framework was developed to model complex socio-technical
work systems (Rasmussen et al., 1994) (Vicente, 1999). CWA differs from
other approaches to work analysis with its emphasis on constraints. Rather
than trying to describe how work is performed (descriptive) or should be
performed (normative), CWA seeks to identify intrinsic work constraints (a
formative approach); i.e. it identifies both technological and organisational
requirements that need to be satisfied if a device is going to support work in
an effective manner.

Vicente suggests the use of field descriptions to capture the intrinsic work
constraints. A field description is similar to a traditional map of a region.
Consider navigating in your normal environment using a map vs. a set of
directions. The map describes the “lay of the land” independent of any actor
or actions on that land, whereas directions describe activities that should be
performed to reach certain locations. With the map, it is possible to navigate
even when one has gotten lost, need to make a detour or have a different
starting point than normally. Similarly, a work domain representation or
field description describes the structure of the controlled system independent
of any particular worker, automation, event, task, goal or interface, whereas
a task representation describes what goals should be achieved and perhaps
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how as well. Just as maps allow people to deal with novelty, a work domain
analysis allows people to cope with the unanticipated (Vicente, 1999).

Already in the 1930s, Gibson and Crooks (1938) realised that behavioural
constraints could be identified by describing the functional possibilities of
the work domain rather than tasks. Their studies of car drivers resulted in
field descriptions that represented the possible paths that a car may safely
follow. This example is very close to my own studies and the intrinsic con-
straints of professional vehicle operators.

While on field studies I have seen that the operators use their work tools
in a way not intended by the system designers. They do whatever work-
arounds that are needed in order to be able to do their job properly. Some
workarounds might of course have a negative impact (e.g., on safety). By
giving the operators relevant boundaries within which they can act, rather
than rigid task lists that they should follow, I believe the need for doing such
workarounds should be reduced.

The most important value of CWA is its ability to account for events that
were not anticipated by the system designers. It might seem to be a contra-
diction to be able to design for unanticipated events. Such events are the
ones that designers cannot design for, even if they wanted to. CWA’s ap-
proach to this is again connected to the boundaries. The foundational as-
sumption is that operators in a complex system operate with a large number
of capabilities and within a large number of constraints. The operators re-
main free to employ these capabilities as they act flexibly within the con-
straints. Therefore, they are free to adapt to unanticipated situations. The
purpose of CWA is to identify and map out those capabilities and con-
straints.

CWA also emphasises how knowledge about ecological vs. cognitive as-
pects should be treated in the work analysis process. Studying socio-
technical systems, humans and machines imply certain constraints that have
to be acknowledged and dealt with on an effective basis. The CWA frame-
work suggests that ecological constraints should be identified and considered
before moving towards aspects that imply more cognitive constraints (Vicen-
te, 1999). The field descriptions discussed here are part of the initial phase
(called work domain analysis) of the CWA framework. Vicente uses the
abstraction-decomposition space discussed earlier to perform this type of
analysis.

4.5 Other ecological approaches

There are many other ecological approaches, in addition to CWA. I have not
worked explicitly with these approaches, but I am sure their ecological focus
has influenced me in some way or another. [ present them here because they
provide a complimentary perspective, directly or indirectly.
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4.5.1 Situated cognition

Within situated cognition, Brown et al. (1989) claims that knowing is insepa-
rable from doing by arguing that all knowledge is situated in activity bound
to social, cultural and physical contexts. The central idea in situated cogni-
tion is that learning is inherently social and shaped by interactions among
people, the tools they use, the activity they engage in and their sociocultural
environment (Hansman, 2001). Knowledge is seen as inseparable from the
occasions and activities of which it is a product (Brown et al., 1989). In other
words, cognition and context are inseparable entities (Boitshwarelo, 2011).
Situated Cognition takes as its starting point the theory of social and eco-
logical interaction and builds towards a more comprehensive theory by de-
veloping increasingly detailed analyses of information structures in the con-
tents of people's interactions. The cognitive perspective on the other hand
that takes the theory of individual cognition as its basis and builds towards a
broader theory by incrementally developing analyses of additional compo-
nents that are regarded as contexts (Greeno, 1997).

I agree with the situated cognition approach that knowledge is tightly
bound to activities. It is clear to me that the operators’ most significant work
knowledge is acquired through their daily work and therefore bound to those
activities. This is also one reason why it is important to study the operators
while they are working; otherwise, it is difficult to access their work knowl-
edge.

4.5.2 Distributed cognition

Distributed cognition is a branch of cognitive science that proposes that hu-
man knowledge and cognition are not confined to the individual. Instead,
they are distributed by placing memories, facts or knowledge on the objects,
individuals and tools in our environment. The operators and the material
world are considered as part of the same cognitive system. The distributed
cognition approach originated from Hutchins’ (1995) ethnographic studies
on-board navy ships. He argues that many foundational problems in cogni-
tive science are consequences of researchers’ ignorance of the nature of cog-
nition in the wild. Most knowledge of cognition was learned in laboratory
experiments, but little is known about the relationships of cognition in the
captivity of the laboratory to cognition in other kinds of culturally consti-
tuted settings. I fully agree with Hutchins about the need to study cognition
in the context in which this process actually occurs.

From our own studies of train drivers, it seems apparent that train drivers
use physical objects in the world to carry their knowledge. For example, the
train drivers often learn that, when they pass, for example, the large pointy
tower, they need to start applying braking force in order to stop at the plat-
form. Such knowledge is very important among skill drivers. However, I
would not consider the large pointy tower to be part of any cognitive system.
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I would rather consider the train driver to have a mental model that includes
the large pointy tower as a marker for when to start braking. I definitely ac-
knowledge the importance of the environment, but my starting point regard-
ing cognition is rather that concepts, such as cognition and awareness, are
not a property of humans and machines, but a property of humans only.

4.5.3 Naturalistic decision making

The naturalistic decision making (NDM) approach states that peoples’ deci-
sions are made in a context and that they are not the optimal solution but
rather a solution good enough for the problem at hand (Klein, 1989). In daily
life most decisions are efficiently made in a naturalistic manner, typically in
situations with a limited amount of time, inadequate background informa-
tion, vague goals, changing conditions and a varying amount of experience.
NDM originated from Klein’s field studies of firefighters, intensive-care
units and other emergency services. The approach focuses on cognitive as-
pects such as goals, plans, SA and decision making.

Within my own research, | have been greatly influenced by NDM, partly
because of its attention to cognitive aspects such as decision making, goals
and strategies. However, my strongest connection to NDM is the view that
decisions need only be good enough for the situation at hand, rather than
optimal in some absolute sense. I have seen in various work contexts, that
the operators are not trying to make optimal decisions and I believe it is a
very important thing to understand for system development teams. If there is
a development project in progress at some company with the goal of devel-
oping a new work tool for some group of users, the team often has a strong
tendency to expect that the users want to behave in an optimal manner. This
incorrect assumption about human behaviour will lead the team to develop
work tools that are poorly adapted to how the real work is performed by the
users.

4.5.4 Cognitive systems engineering

The field of cognitive systems engineering (CSE) emerged from the work of
Jens Rasmussen at the Danish National Laboratory at Risg (Rasmussen,
1968, 1982). In contrast to more mechanistic perspectives, CSE clearly ac-
knowledges that cognitive aspects of the studied socio-technical system are
needed. The term systems include both the technical system as a whole as
well as the humans working with it (Hollnagel & Woods, 1983). Hollnagel
and Woods (2005) summarise the goal of CSE in the following words: “In a
single term, the agenda of CSE is how can we design joint cognitive systems
so they can effectively control the situations where they have to function”.
Woods and Roth (1988) describe CSE as being an ecological approach that
puts emphasis on understanding human behaviour in complex worlds, as
well as about changing the behaviour and performance in that world. The
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CSE approach can be achieved by providing system designers with tools that
facilitate the creation of work systems, where humans and technology have
matching models of each other and where the system can stay in control in a
dynamic context (Vicente, 1999). CSE methods have been developed to
guide this process of discovery so that the specific challenges of a work do-
main can be captured and addressed throughout the design process. CSE
contributions to design products and artefacts can aid the design team in
developing solutions and making trade-offs that take into account the full
complexity of the joint cognitive system (Militello et al., 2010).
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5 Work analysis

Earlier in this thesis I addressed the complexity of the operators’ work, as
well as some specific issues, such as automation, SA and mental models that
are particularly important. I have given examples of accidents related to
these concepts. I have argued that it is necessary to acquire a deep under-
standing of how the operators think and act in order to reduce the risk of
accidents while at the same time increasing productivity and improving the
operators’ health. To reach this understanding of how the operators think and
act, I have pointed towards ecological approaches, and specifically, the
CWA framework. This chapter briefly describes a set of work analysis
methods, starting with Taylor himself.

5.1 Task analysis

Task analysis is among the earliest approaches to work analysis. With its
roots in the field of scientific management, Taylor (1911) performed task
analysis using a stopwatch to time the performance of unskilled workers
(Figure 16).
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Figure 16: Observing the workers and measuring the duration of different work
tasks.

The more psychological aspects of the operators’ work task were first exam-
ined during the Hawthorne studies (Heizer & Render, 1999). While studying
how lighting conditions affected the workers’ performance, they uninten-
tionally noticed that other variables had a larger impact on the workers’ per-
formance than lighting. Specifically, they concluded that the attention given
to the workers during the study had a larger effect than the effect of different
lighting.

When the field of HCI emerged, the scope and complexity of task analy-
sis increased. Task analysis now includes a range of techniques aimed at
obtaining descriptions of what people do, representing those descriptions,
predicting difficulties and evaluating systems against functional require-
ments (Jordan, 1998). One early example of this is hierarchical task analysis
(HTA) (Annett & Duncan, 1967). HTA is useful for decomposing complex
tasks, but has a narrow view of the task. HTA breaks tasks into subtasks and
operations or actions. These task components are then graphically repre-
sented using a structure chart. HTA entails identifying tasks, categorising the
tasks, identifying the subtasks and checking the overall accuracy of the mod-
el (Crystal & Ellington, 2004). A significant limitation of HTA is that it
treats the operator’s cognitive processes as a black box (Shepherd, 2001).
Within the field of HCI, it is well accepted that it is important to understand
the structure of human cognition to support cognitive-intensive tasks.
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5.2 Cognitive task analysis

Card et al. (1983) developed a more cognitive approach towards task analy-
sis. The GOMS task analysis method models tasks in terms of a set of goals,
a set of operators, a set of methods for achieving the goals, and a set of se-
lection rules for choosing among competing methods for goals. GOMS anal-
ysis can be used to predict the quality of an existing system or prototype
(Preece et al., 1994).

Close analysis of cognitive activity has led to another class of techniques
known as cognitive task analysis (CTA) (Crystal & Ellington, 2004). The
development of CTA is motivated by evidence that the studied “tasks have
become more intricate, knowledge-intensive, and subject to increasingly
integrated forms of technological support, traditional forms of task decom-
position appear to have an overly restricted scope” (Barnard & May, 2000).
CTA targets more abstract, high-level cognitive functions as compared with
the GOMS (Militello & Hutton, 2000). It also requires deep engagement
with a particular knowledge domain, working closely with subject-matter
experts to elicit their knowledge about various tasks (Chipman et al., 2000).
CTA represents an attempt to capture task expertise. Because expertise is
often tacit or personal in nature, it can be much more difficult to analyse than
the explicit actions considered by HTA. CTA requires “making explicit the
implicit knowledge and cognitive-processing requirements of jobs” (Dubois
& Shalin, 2000).

5.3 Cognitive work analysis

Within CWA, Rasmussen et al. (1994) and Vicente (1999) emphasise how
knowledge about ecological vs. cognitive aspects should be treated in the
work analysis process. Studying socio-technical systems, humans and ma-
chines imply certain constraints that have to be acknowledged and dealt with
effectively. The CWA framework suggests that ecological constraints should
be identified and considered before moving towards aspects that imply more
cognitive constraints.

It is important to note that CWA is neither a theory nor a method; rather,
it is a framework describing how to identify behaviour shaping constraints in
the environment and in what order these constraints should be taken into
account. This is referred to as a formative analysis in contrast to both de-
scriptive and prescriptive methods of task analysis. The CWA framework is
based on five levels of analysis, starting with an ecological perspective and
gradually moving towards a more cognitive approach (Figure 17).
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\ Work domain / Ecological

\ Control tasks /
\ Strategies /

\ Socio-organisational /
\ Worker competencies / v Cognitive

Figure 17: The five levels of analysis in the CWA framework (Vicente, 1999).

Vicente (1999) used the nuclear accident at the nuclear power plant at TMI
and the operator’s erroneous mental model that contributed to it as an exam-
ple of why environmental constraints should be studied in this order (e.g.,
taking work domain constraints into account before constraints of certain
strategies are considered). According to Vicente, it would be misleading to
base the design of a control room on an operator’s mental models because
the mental model can be incorrect. The fact that the operator’s mental mod-
els can be misleading does not mean that they should be ignored. On the
contrary, the CWA framework suggests detailed analysis of the operator’s
work. Instead of relying on verbal protocols as fact, CWA tries to use such
data to identify constraints of the environment. Furthermore, this structured
approach can also result in the identification of operator misconceptions.

I believe that such an ecological approach is necessary if we wish to
achieve a design that accounts for events that were unanticipated by the sys-
tem designers. The CWA framework provides valuable information about
intrinsic constraints of the work under investigation, which is of great impor-
tance when approaching design.
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6 Knowledge elicitation

The previous chapter discussed methods that can be used for work analysis.
These work analysis methods either involve or depend on some form of
knowledge elicitation. The scope of my own thesis work is primarily de-
voted to this knowledge elicitation task. This chapter briefly describes the
history of knowledge elicitation, from early introspective approaches to
modern verbalisation procedures used within HCI.

6.1 Sources of information

When analysing the work tasks of skilled operators within socio-technical
systems, there are many methods available to extract the information about
the operator’s work. The work analysis could be based on information from
many data sources:

e Documentation such as checklists, descriptions of work processes,
etc.

e Statistics about different events, e.g. the number of deviations and

frequency of user interaction in a certain phase

Protocols from interviews with people in different work roles

Data from questionnaires with people in different work roles

Protocols from observational studies of the operators

Verbal protocols from the operators’ verbalisations

Most of these data sources require a good deal of researcher involvement to
obtain the actual data source (e.g., to plan and execute an interview, or par-
ticipate and document an observational study). Because the analysis tends to
be qualitative in nature, it is important to note that the involvement required
to obtain the information provides a significant amount of knowledge in
itself. The involvement in the information acquisition process may some-
times be more valuable than the analysis of the resulting sources of informa-
tion. It is of course also valuable to combine many sources of information to
get a more versatile picture. Paper 11, for instance, describes a study of train
drivers in which several knowledge elicitation methods are combined; direct
and indirect observation, structured interviews, concurrent verbalisations,
and CV.
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6.2 Tacit knowledge

Before going into detail about the pros and cons of the different methods of
knowledge elicitation, it is necessary to consider a particular challenge when
studying skilled operators. Polanyi (1974) points out that when we acquire
skill, we also acquire a corresponding understanding that defies articulation.
In other words, professional skills are often tacit, at least to some extent.

Ericsson and Simon (1980; 1984) state that subjects might have trouble
verbalising information about highly automated processes, something often
referred to as implicit, silent or tacit knowledge. It is particularly difficult to
verbalise skill-based work, referring to the most automated level of the SRK
taxonomy described by Rasmussen (1983).

The SRK taxonomy describes the skilled level of work as automatic, i.e. it
is not available to conscious thought or direct verbalisation. On the rule-
based level, behaviour is a conscious activity based on dictated or acquired
rules for rare situations but still known to happen. The knowledge level is
the highest and most demanding level in which rules cannot be applied di-
rectly. Instead, some thinking and reasoning are first necessary. In contrast
to Rasmussen, Hammond’s (1995) cognitive continuum theory, derived from
Brunswik, suggests that human cognition may oscillate between intuition
(skill) and analysis (knowledge). The two ends of this continuum are exem-
plified by modern (knowledge) vs. prehistoric (skill) hunters. The modern
hunter (a military general) makes conscious retraceable decisions according
to some plan, whereas the prehistoric hunter reacts simultaneously to stimuli
(visual, audial, etc.) and makes non-retraceable instantaneous decisions.

Polanyi (1967) distinguishes between tacit and explicit knowledge. Tacit
knowledge is described as being personal, thereby hard to formalise and
communicate, and as being deeply rooted in action, commitment and in-
volvement in a specific context. Polanyi uses face recognition as an example
of when “we know more than we can tell,” i.e. humans are able to recognise
a person’s face without being able to explain how this recognition is per-
formed. The implication here is that even if an operator really wanted to
describe how they think and reason about their work, the human mind sets
limitations to this process. Nonaka (1994) divides tacit knowledge into a
cognitive element related to mental models and a technical element that re-
fers to know-how, crafts and skills that apply to a specific context. Explicit
knowledge, on the other hand, “can be expressed in words and numbers, and
easily communicated and shared in the form of hard data, scientific formu-
lae, codified procedures, or universal principles” (Nonaka & Takeuchi,
1995), such as math formulas, technical specifications and computer soft-
ware codes.

When discussing tacit knowledge with one of my colleagues at the de-
partment, I once used the term silent knowledge as a synonym of tacit
knowledge, after which he quickly replied: “Silent knowledge? But it is not
silent; it rather bursts out if one is willing to see it”. After some further dis-
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cussions, | understood his point more clearly. There is so much information
to uncover when studying skilled work. Although it might not be explicitly
presented orally, or compiled into a set of well-defined facts on a paper, the
knowledge of skilled operators is expressing itself through their actions and
expressions at work. If one has an interest to determine what is under the
surface, one will find much to learn, which is precisely what this thesis aims
to achieve.

6.3 Methods for knowledge elicitation

Studying normative descriptions (such as checklists), descriptions of work
processes often provide an unambiguous picture that can be easy to relate to
when designing a new technical system. Unfortunately, they often fail to
explain how the users actually work, but rather how management or former
system developers want them to work. To get an understanding that better
describes how the actual work is done, some form of interview or question-
naire method can be used. One problem with asking skilled operators what,
why or how they do their work is that many of their actions are highly auto-
mated and therefore they are not aware as to how or why they do things in a
certain way. They will generally not have any trouble providing answers to
such questions, but they might unconsciously answer what they should be
doing (e.g., according to an official work process description) rather than
what they actually are doing. It becomes problematic when their honest ex-
planations do not represent what they are actually doing.

One way to get closer to what they are actually doing is to observe the
operators while they are working. Then it becomes the researchers’ task to
interpret why and how different tasks are executed, which differs from inter-
views where the operators themselves perform part of this interpretation.
However, it can be very difficult for researchers to interpret implicit details
without any help from the operators. One common way to overcome this
limitation is with some form of verbalisation. With the verbalisation method,
the operators describe what they are doing and thinking while they are doing
it, or they do so in retrospect (e.g., while looking at a video recording of their
work).

6.4 History of verbalisation

6.4.1 Introspection

The journey towards understanding how people think dates at least back to
the Greek philosophers. For example, Socrates (470 BC — 399 BC) urged the
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people of Athens to develop their own understanding and thereby acquire
knowledge that would lead to goodness and happiness. The following quotes
of Socrates are found in the writings of his students (Figure 18):

“«

nowing yourself is the beginning of all wisdom”
“I know that I am intelligent, because I know that I know nothing”

“The unexamined life is not worth living.”

Figure 18: Mosaic found in an excavation in Rome, picturing a skeleton with Socra-
tes quote: “Know thyself”.

By examining his own thoughts, Aristotle concluded that thinking corre-
sponds to a sequence of thoughts, with brief transition periods between these
thoughts that were inaccessible (Ericsson, 2001). Aristotle’s idea of thought
sequences is still considered valid today (Ericsson & Crutcher, 1991).

It took more than 2000 years before the act of self-reflection was exam-
ined in a more objective and structured way. The modern field of psychology
is said to have emerged with the establishment of the Wilhelm Wundt Insti-
tute for Experimental Psychology in Leipzig, Germany in 1879 (Figure 19).
Wundt proposed that introspection could be used to study conscious mental
states. According to Wundt, no one could observe an experience better than
the person having the experience, and therefore introspection was a key
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method in the study of psychology. The goal was to describe an experience
without interpreting what was happening. Wundt did not invent the concept
of introspection but his experimental control of its use was novel (Schultz,
1975). Wundt goal was to dissect the mind into its basic elements, and be-
lieved that by using introspection in his experiments, he would gather infor-
mation about how a person’s mind was working. However, the entire re-
search field of introspection quickly disappeared after a controversy over the
notion of “imageless thought”.

Figure 19: Wilhelm Wundt seated in front of his research team at the institute in
Leipzig, Germany.

6.4.2 Behaviourism

The rejection of introspection opened the field of behaviourism. Behaviour-
ists claimed that the method of introspection was unreliable, subjective and
not measureable. Behaviourists focus on observable behaviour rather than
consciousness (Wilson & Keil, 2001), (Schultz & Schultz, 2012). A sub-
ject’s acts, thoughts and feelings should be regarded as behaviours, and any
psychological disorders should be treated by altering behaviour patterns or
modifying the environment (Skinner, 1984). Thus, all behaviour can be clari-
fied without the need to reflect on psychological mental states. Behaviourists
consider the human brain as an inaccessible black box, with stimulus as in-
put and response to that stimulus as output (Figure 20).

Input Blackbox Qutput

Figure 20: The inaccessible human brain viewed as a black box by behaviourists.
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6.4.3 Cognitive psychology

As a response to behaviourism, a cognitive revolution took place in about
1950. Pinker (2002) lists five key aspects that characterise the change.

e The mental world can be grounded in the physical world by the
concepts of information, computation and feedback

e The mind cannot be a blank slate because blank slates don't do
anything

¢ An infinite range of behaviour can be generated by finite combi-
natorial programmes in the mind

e Universal mental mechanisms can underlie superficial variation
across cultures

e The mind is a complex system composed of many interacting
parts

The field of Cognitive psychology is concerned with internal mental proc-
esses, such as how people perceive, remember, think, speak and solve prob-
lems (Feist & Rosenberg, 2010). However, cognitive psychology differs
from previous psychological approaches because of its fundamental rejection
of introspection (Schunk, 1991). Furthermore, the approach acknowledges
the use of scientific methods and the existence of internal mental states (e.g.,
belief, desire, idea, knowledge and motivation).

Introspection was also criticised by Nisbett and Wilson (1977), who
showed that their subjects described their own behaviour in a reconstructive
and interpretative way, rather than by true introspection, or as Miller (1962)
put it even earlier, “It is the result of thinking, not the process of thinking
that appears spontaneously in consciousness”. Curiously, people seem to be
unaware of their own unawareness, rarely answering, “/ don't know” when
asked to explain their decisions. People freely give reasons for their prefer-
ences, even when it is clear that these reasons are confabulations and not
accurate reports. Why are people so unaware of their unawareness? One
reason may be that we do have access to a good deal of information that is
immediate, compelling and privileged. That we experience a rich mental life
makes it hard to recognise that most of our mental processes are not directly
observable (Wilson & Bar-Anan, 2008).

Based on the IP model, Newell and Simon (1972) developed protocol
analysis as a systematic means of educating and analysing think-aloud
statements made by a subject concurrently with solving a specific problem.
As a response to Nisbett and Wilson’s critique, Ericsson and Simon (1980;
1984) tested conditions when verbal protocols provide valid data. Ericsson
and Simon also classified verbalisation procedures into three categories with
respect to the time of verbalisation: think aloud, concurrent probing and ret-
rospective probing. Ericsson and Simon primarily concentrated their work
on non-retrospective verbalisation methods because they assumed that the

65



Summary

content of a subject’s short-term memory is available to verbal reporting,
and not subject to rationalisation. To ensure that the concurrent verbalisation
procedure results in reliable data it must be executed properly. Therefore,
Ericsson and Simon conducted controlled experiments in which their sub-
jects performed predefined tasks in laboratory environments. At the same
time as they achieved better control of the verbalisation task, they lost some
of the relevance in their data because of the limits imposed by their rigorous
control.

6.4.4 Concurrent verbalisation

Concurrent verbalisation uses short-term memory processes and therefore
provides accurate representations of cognitions during task performance
(Whyte et al., 2010) and elicits many details about decision making (Kuusela
& Paul, 2000). However, Ericsson and Simon (1980; 1984) point out that if
subjects have to articulate information that is not already available to them,
their performance may slow down. Dickson et al. (2000) further state that
the performance of subjects may be degraded when carrying out concurrent
verbalisation in time-critical dynamic tasks. Another problem with concur-
rent verbalisation is that it can distract the subjects from their primary task
(Bartl & Dorner, 1998). In my research 1 have studied professional users
while they are doing their normal day-to-day work in their own work envi-
ronment. Unfortunately, professional users tend to adopt rather automated
processes in their work, such that they have difficulties expressing their ac-
tions in words (Polanyi, 1974). Altogether, this makes it problematic to per-
form concurrent verbalisations on such experienced users.

6.4.5 Retrospective verbalisation

Retrospective verbalisation, on the other hand, makes it easier for the subject
to explain underlying actions and cognitive aspects of the work task (Whyte
et al., 2010; Pew et al., 1981), but it also requires the use of long-term mem-
ory. This retrospective approach and its reliance on long-term memory re-
duce the ability to provide a verbal report that corresponds to the original
processes (Gibbons, 1983). According to Ericsson and Simon (1984), think-
ing-aloud protocols involve a direct verbalisation of cognitive processes in
terms of successive states of information currently attended to, whereas ret-
rospective reports represent parts of a memory trace developed based on this
cumulative information. Therefore, retrospective verbalisation allows the
subjects to rationalise to a greater extent their own behaviour. An operator
might give a perfectly good explanation of some action taken and might be
completely confident about the truth of the verbalised information when it is
in fact incorrect (van Someren et al., 1994). The problem is caused by the
rationalisation that takes place when subjects retrieve information from long-
term memory. Wright and Ayton (1987) argued that a weakness with retro-
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spective protocols is that infrequent problems might not be encountered.
Hollnagel et al. (1981) treat this critique by reasoning that the protocols may
be regarded as performance fragments in the sense that they do not provide a
coherent description of the performance, but rather the necessary building
blocks or fragments for such a description. Furthermore, Duncker (1945)
states that a protocol is relatively reliable only for what it positively contains,
but not for what it omits. The retrospective reports also tend to be biased
towards describing positive aspects (Swann et al., 1987).

Lately, video recordings have been used to support the retrospective ver-
balisation task. Kuipers and Kassirer, (1983) used a technique called aided
recall in which they capture audio data, video data or both, of an expert en-
gaged in problem solving. These data are later used to help the same expert
verbalise his or her thoughts about particular stages of the problem-solving
task. Nielsen and Christiansen, (2000) suggest a similar idea, capturing video
recordings of think-aloud sessions and then using the events shown on video
to guide an interview. Finally, Bainbridge (1979) concludes that verbal re-
ports can be a poor reflection of the mental activities of the subject, but that
careful use of the verbalisation techniques can provide useful data.

Given all the research discussed above about when verbal protocols can
be used and when they should be avoided, one would suspect that there
should not be any problems with verbalisations as long as one adheres to
those rules. However, despite this, many practitioners still perform verbalisa-
tion procedures in ways that researchers consider as questionable. For exam-
ple, sometimes HCI practitioners apply retrospective verbalisations in a ra-
ther interpretive fashion, possibly resulting in incorrect data. The reason that
HCI practitioners still do this is that they feel that they get valuable results
from these studies, and that the resulting information helps them to improve
the design of future computer systems. The HCI practitioners simply trust
their subjects’ descriptions of their thoughts and actions.
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7 Collegial verbalisation

The previous chapter presented different knowledge elicitation methods and
their pros and cons during the process of studying professionals at work.
This chapter presents the new CV method in detail. Based on the individual
contributions of each of my research papers, this chapter describes the
strengths and weaknesses of the CV method.

CV differs significantly from the verbalisation methods discussed above
in that the person performing the task is not doing the verbalisation. To open
the exciting field of letting other subjects perform verbalisations, I refer to
Nisbett and Wilson’s (1977) classical review paper. In their often-cited re-
view of verbalisation methods they conclude that when subjects explain their
own behaviour in retrospect, they do not have access to the correct thought
processes from that event. Consequently, they will only give a correct state-
ment about their behaviour if the more current thought processes happen to
match the original thought processes. The authors close their review with a
reflection that they do not really want to believe themselves: “It is frighten-
ing to believe that one has no more certain knowledge of the working of
one’s own mind than would an outsider with intimate knowledge of one’s
history and of the stimuli present at the time the cognitive process oc-
curred”. This quote nicely explains what verbalisation by other subjects is
all about. Namely, to let an outsider with intimate knowledge of an opera-
tor’s history and of the stimuli present at the time the operator’s cognitive
process occurred verbalise the knowledge of the operator’s own mind. It
opens a possibility of having other people verbalising one’s own actions. In
situations and contexts where domain knowledge is shared between col-
leagues, they might also share actions and cognitive strategies. With that
background, it is now time to present the seven research papers included in
this thesis. Together they describe how my research has evolved over the
years. All the papers, except the first one, relate specifically to the CV meth-
od.
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7.1 Paperl

Augmented reality as a navigation aid for the manoeuvring of high-
speed crafts

I started my research career by studying the task of ship navigation. In light
of the recent accident of the high-speed ferry MS Sleipner in Norway (Stat-
ens forvaltningstjeneste, Informasjonsforvaltning, 2000) several Scandina-
vian research projects assessed how such accidents could be prevented. In
the case of the Sleipner accident misinterpretations of radar information and
electronic sea charts were considered a contributing factor.

The intention of my research was to find alternative ways of presenting
sea charts and radar information to minimise the risk of misinterpretation.
Proceeding on previous research by Olsson et al. (2002), I conducted ex-
periments to evaluate a novel visualisation approach involving AR. AR is
formed by presenting scene-linked information on a heads-up display (a
transparent screen, generally located above the instrument panel of a vehicle
on which graphical information can be presented). Scene-linked information
is presented on a heads-up display in such a manner that it is perceived as
being positioned in reality (Foyle et al., 1995). The goal of using AR was to
support the navigator’s information retrieval task. This support was done by
allowing the user to keep direct visual supervision of the out-the-window
scene using AR. The information traditionally presented using ordinary in-
strumentation was thereby accessible without having to look down (e.g., to
look at the radar screen). Several experienced high-speed ferry operators
performed different navigation tasks in a simulator. In this study the tradi-
tional way of presenting information was compared with our AR approach.
The experiments were set up in a traditional experimental psychology fash-
ion, with hypotheses, dependent and independent variables. The study re-
sulted in some quantitative data regarding the operator’s visual focus and the
ship’s deviation from the route.

7.1.1 Results

Despite the results touching on relevant navigational aspects, I later con-
cluded that the experiments did not represent enough of the complexity of
the real HSC navigation task. In a real setting the operator has to integrate so
much more complex information, as well as reach tough decisions in real
time while many other long- and short-term tasks are happening simultane-
ously in which the operator might be more or less involved.

The more advanced ferry simulators available around the world today
manage to create a much more realistic setting than the one used in my ex-
periments and therefore such experiments become more meaningful and
valuable. However, to capture the full complexity of the work there is still a
need to study the work in its naturalistic setting.
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In this paper the main concern was on the evaluation of the new visualisa-
tion approach. As indicated above, performing the evaluation in an experi-
mental setting is problematic from a naturalistic standpoint. However, it is
almost never feasible to evaluate new designs in a real work situation be-
cause of safety risks, unless the new design has gone through substantial
simulated testing in advance.

In the remaining research papers of this thesis attention is shifted towards
the analysis phase, where it is easier to study the real work setting. To be
able to improve the operators’ work situation it is crucial to obtain a good
understanding of the actual work. My efforts in working with these ship
navigation experiments helped me realise that discrepancies exist between
experimental and real world settings. This, in turn, led me to study people in
their real work settings.

7.1.2 Comments

The experimental set up of my first research project was unfortunately de-
signed in a way that makes it possible that the results are a product of a
learning effect. With the intent to examine the effect of using AR as an in-
formation source, the experimental conditions should have been designed to
compensate for learning effects in relation to the use of AR. However, the
experiment instead followed an order that compensated for the learning ef-
fect of the fog vs. darkness conditions. This is how the experiments were
conducted:

Subject 1&3:
1. Control condition
2. Darkness
3. Darkness + AR
4. Fog
5. Fog+ AR
Subject 2&4:
1. Control condition
2. Fog
3. Fog+ AR
4. Darkness
5. Darkness + AR

Hence, the results of this paper suffer from a learning effect. However, with-
in the context of this thesis, the results inspired me to focus on more ecologi-
cal research approaches. For that purpose, this paper is still a valid source of
inspiration.
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7.2 Paper Il

Bridging the gap between analysis and design: Improving existing driv-
er interfaces with tools from the framework of cognitive work analysis
The initial ideas that eventually led to the development of the CV method
occurred before I started working as a PhD student. Using a broad range of
knowledge elicitation methods, the co-authors of Paper II performed detailed
studies of train cab drivers. This work was first published in Jansson et al.
(2005).

The background was that my co-authors wanted to find methods for as-
sessing the train drivers’ knowledge as a basis for the design of new driver
interfaces in train cabs. They first tried concurrent verbalisations, but soon
ran into problems because the train drivers were driving without thinking
aloud. Despite the fact that they were hinted when not thinking aloud while
driving, they very often became silent. It was later decided to use colleagues
as informants. First, this seemed to be a good idea just because we would get
an observer’s opinion about each target driver’s actions. Later, we realised
that the colleagues should perform the verbalisations just as if they con-
trolled the train themselves.

Video recording sessions were made of six professional train drivers
while driving along four types of real-schedule routes (e.g., long-distance
routes, commuter traffic routes, etc.) (Figure 21). Seven other professional
train drivers individually performed CV while watching these video re-
cordings.

Figure 21: The instrumentation and forward view of one of the studied train cabins.
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7.2.1 Results

The data were analysed using Vicente’s (1999) abstraction-decomposition
space tool (AHDH) to identify behaviour-shaping constraints. The second
study discussed in Paper II concerns a design task. Based on the intrinsic
constraints identified in the knowledge elicitation phase, a team of train
drivers and HCI experts performed several design sessions to find better
ways of presenting train track information to the train cab drivers. The re-
sults from the knowledge elicitation phase of the CV method served as a
valuable input to the design phase. This study resulted in a more complete
understanding of the work tasks of train drivers. More specifically, the study
helped to explain what kind of behaviour-shaping constraints the information
environment imposes on the train drivers.

7.2.2 Comments

The second part of this paper consists of a study in which users were in-
volved in the actual design of a new work tool. Specifically, six train drivers
were involved in the design phase of a new train driver user interface. This
bottom-up approach is similar to the participatory design (PD) technique,
and hence does not follow the more top-down approach of CWA. One of
my colleagues performed this study. Apart from the second part of Paper II,
the remainder of my research follows an approach in line with the CWA
framework, i.e. to gather information as input to design in a top-down man-
ner.

It should be apparent by now that this thesis is grounded in CWA and not
in the PD tradition. Nonetheless, approaches such as PD can complement
more structured analytical top-down approaches. Furthermore, applying
CWA in a highly iterative cycle of analysis, design and evaluation enables
users to have a large impact on the design solutions being iterated, although
without considering the users as being designers, but rather as informants in
the iterative design process.

7.3 Paper III

Collegial verbalisation — A case study on a new method on information
acquisition

Prompted by the positive results of using colleagues as informants, we de-
cided to involve colleagues in our studies of high-speed ferry operators. In
the previous study colleagues’ involvement occurred ad hoc as a response to
the inability of the train drivers to think aloud while driving. Now the colle-
gial approach could be executed in a more planned and structured fashion; at
the same time, we tried to formalise the method to allow for reuse as well as
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scientific examination of the method. Hence, this is the first paper to de-
scribe the new CV method in detail. The paper also provides a comprehen-
sive description of the problems with the traditional well-established verbali-
sation methods.

Given the opportunity to study a high-speed ferry crew running a vessel
between the mainland of Sweden and the island of Gotland, we decided to
videotape the actions of the bridge crew during a four-hour journey. Four
video cameras were used to capture the crew, instrumentation and surround-
ings (Figure 22). Individually, four colleagues watched and commented on
the actions and decisions made by the video recorded crew. These protocols
were then compared to examine to what extent these four colleagues agreed
on the observed behaviour.

Figure 22: The four video cameras used on the high-speed ferry. Upper left: for-
ward view. Upper right: captain and first mate. Lower left: instrumentation. Lower
right: monitor with electronic charts and RADAR.

7.3.1 Results

The comparative study led to some important conclusions. First, that the
comparison between the colleagues’ verbal protocols showed many exam-
ples of conformity, indicating that the participants agreed in these cases. The
CV method introduced the possibility of having several statements about the
same topic because multiple colleagues could be used as informants. This
advantage made it possible to assess the conformity between the protocols
by comparing the protocols to each other. High agreement between state-
ments would indicate better conformity, and vice versa. Retrospective ver-
balisation cannot assess or increase its conformity in this way because nor-

73



Summary

mally the work of a single individual is studied. Therefore, only one person
can perform the retrospective verbalisation and no comparison can be made.

A second conclusion was that the method could identify buggy mental
models. When using concurrent and retrospective verbalisation procedures,
the narrators will normally not be able to identify their own misconceptions
or buggy mental models while they watch themselves on video. They con-
sider themselves to act appropriately based on their own current knowledge.
However, when colleagues watch the same video, they sometimes tend to
make spontaneous reactions after perceiving that something is wrong, often
followed by an explanation about how the person in the video is thinking and
why this is erroneous.

It is worth mentioning that we do not claim to be able to determine who
has a correct mental model in some normative manner. We only get indica-
tions that there is a conflict between the colleagues’ and the operators’ men-
tal model. Hence, one of them might have an erroneous understanding of the
system. Finding such misconceptions indicates that there might be a need to
improve the observability of the system to aid operators to form a more co-
herent understanding of the socio-technical system.

7.3.2 Comments

The method chapter of Paper III refers to the need of using suitable methods
before the protocols from the CV method can be used as input to design.
However, the paper fails to address what kind of methods that would be. The
road of going from analysis to the design phase might not be that straight
forward and hence a short comment is in order.

First, verbal protocols do not specify design solutions, although some
people involved in system development projects tend to want to go from
problem to solution with little or no reflection about whether this is the only
idea or whether it is a good idea. There are many ways to make better use of
the protocols. One can select interesting aspects and generate design solu-
tions and let users comment on these, or even test prototypes of the solu-
tions. Vicente’s (1999) CWA framework suggests a more top-down ap-
proach. It strives to identify intrinsic work constraints that need to be satis-
fied if a device is going to support work effectively. The protocols from the
CV method are not limited to any particular form of approach, but are well-
suited to support the analysis activities during all phases in the CWA frame-
work. The in-depth analysis of socio-technical systems will benefit from the
advantages of being able to identify buggy mental models and to assess con-
formity by comparing protocols.

Here follows another comment on Paper III. The first two hypotheses
posed in the paper, refer to the ability of the CV method to give more de-
tailed and reliable information than traditional retrospective verbalisation
methods. During the work with the later research papers and discussions
with psychology researchers, I came to realise that I had to revise my inter-
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pretation of observable behaviour. When I developed the hypotheses and
conclusions in Paper III, I included more types of behaviour into the observ-
able category than the term suggests. Consider the following excerpts from
three hypothetical verbal protocols:

1. “The captain moves a joystick on the bridge.’

2. “The captain now adjusts the joystick to reverse the ship in order
to dock properly.”

3. “The nodding between first mate and the captain in this case
means that they both have understood that the approaching ship,
which so far was only visible on radar but would soon appear
behind an island, is positioned in such a way that they cannot
proceed through the fairway using the auto pilot. The nod infers
that the first mate, about 10 minutes later, has to disable the auto
pilot and manually control the ship while passing the approach-
ing ship and then return to the fairway and reactivate the autopi-
lot”

’

The first excerpt could be made by someone who has never visited a ship
bridge, but has acquired some basic knowledge of what a captain and a joy-
stick is. The second excerpt requires some knowledge about the properties of
the particular joystick (e.g., a domain expert on ferries). The last excerpt
requires detailed knowledge about the specific work tasks and routines on-
board the particular ship. Such content can be made by someone who was
part of that event, or possibly a close colleague. In contrast to the first ex-
cerpt, the last two excerpts include identification of non-observable behav-
iour. However, my previous perception of this material only considered the
third excerpt as non-observable behaviour.

Hence, we have shifted terminology towards non-observable behaviour in
the later research papers (Paper IV-VII).

7.4 Paper IV

Verbal reports and domain-specific knowledge: A comparison between
collegial and retrospective verbalisation

The protocols from the four ferry operators only allowed us to compare in-
between the colleagues. To gain a better understanding of the similarities
and differences between CV and traditional verbalisation methods it was
also necessary to compare the CV protocols with protocols from traditional
methods. To accomplish this goal a more elaborate study was required.

We had the chance to set-up a comparative study in the challenging work
environment of train dispatching (Figure 23). Such an environment also al-
lowed us to evaluate the CV method in a somewhat different work domain.
Previous studies concerned trains and high-speed ferries. These two work
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vehicle domains share some important characteristics. In both domains the
decisions made and the actions taken are based on direct perception and ac-
tion on-board a vehicle (dynamic properties are evident and important in
these situations). The train dispatchers’ task to supervise and control train
traffic involves decisions based more on analytical problem solving.

Figure 23: The workstation at the train traffic control centre.

The verbalisation methods could be used in this situation to study the effects
of the introduction of a new software tool for planning and controlling train
traffic in a region at a specific train traffic control centre. Four experienced
train dispatchers participated, both as objects of study and as retrospective
and collegial narrators. The CV protocols were systematically compared
with retrospective protocols to achieve a better understanding of the similari-
ties and differences between the two verbalisation methods. Our hypothesis
was that collegial verbal protocols could provide protocol data close to the
structure and content of verbal reports based on retrospective verbalisations.

This paper also describes two other methods that let other subjects per-
form the verbalisation: elicitation by critiquing (EBC) (Miller et al., 2006)
and the concurrent observer narrative technique (CONT) (Mcllroy & Stan-
ton, 2011). The approach and the intention of these additional methods are
roughly similar, but they have been developed individually to meet the
unique needs of each research team.

The first method, EBC, involves letting experts critique the actions of
students or practitioners. Miller et al. used video recording and note-taking
to capture the actions of a student performing an analysis task related to a
rocket launch failure. The student was asked to think aloud while performing
the task. This phase of the study was later followed by showing screenshots
and transcripts of the students’ actions to a domain expert, providing cues for
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the experts to guide a discussion about what the expert considers correct or
incorrect actions and what they would have done themselves in the same
situation. The critiquing phase was repeated for six experts individually.
Thus, multiple experts provided information about the same topic.

The second elicitation method, CONT, involves letting an expert (the
practitioner) perform a task in a simulator while another expert (the narrator,
whose level of experience is close to that of the practitioner) views the ac-
tions and narrates concurrently. The narrator is placed so that he or she can
see the practitioner’s actions and at the same time verbalise these actions
without the practitioner overhearing. This set up gives the narrator a detailed
realistic picture of the practitioner’s actions.

In comparison, our own CV method involves videotaping practitioners
while they perform their work tasks in their normal work setting. This phase
is later followed by having a colleague of the practitioner watch the video
recordings and verbalise the actions of the practitioner. Multiple colleagues
can repeat the verbalisation phase individually in order to get several proto-
cols. The narrating colleague’s interpretation can be more or less accurate.
However, keep in mind that the colleague has experience from the same
work tasks in the same work environment and that it concerns work tasks
repeated routinely by both the practitioners and the narrating colleagues.

7.4.1 Results

We concluded that the CV method produced verbal protocols close to the
retrospective verbal protocols when considering the protocols as a whole, as
well as the topics addressed (referred to as the protocol and topic levels).
However, when looking more closely at the detailed statements there were
very little similarities (referred to as the statement level). We also concluded
that the collegial protocols could be used as a complementary source of data.
It seems possible for a colleague to report verbally on the practitioners' ob-
servable behaviour in the same way as when the practitioners are doing a
retrospective verbalisation, and that it may be possible for a colleague to
explain some of the non-observable behaviour of the practitioners.

In addition to an assessment of the CV method, the train dispatcher study
also resulted in comprehensive results regarding the strengths and weak-
nesses of the new train traffic software tool. These results appear in Isaks-
son-Lutteman et al. (2009).

7.4.2 Comments

In the method chapter of Paper IV it is stated that four subjects are enough to
perform the intended protocol comparisons. The set up of Paper II and III is
used to support this claim.

To elaborate a bit further on this claim, it can be added that the compara-
tive protocol analysis in previous papers often showed many similarities
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among three to four of the protocols, which would indicate conformity. In
terms of gathering more data, adding even more subjects should still con-
tribute, but not for our comparative purpose. This claim is supported by
Nielsen and Landauer (1993) who argue in a somewhat different context that
the majority of the usability problems are observed by using no more than
five subjects. Furthermore, the practical consideration of adding more sub-
jects becomes considerable when performing video recordings, transcrip-
tions and comparisons of protocols.

The method chapter also contains a statement noting that we avoid a po-
tential recency-effect by having a few weeks between the video-recording
phase and the verbalisation phase. This procedure will have a negative effect
on the retrospective verbalisation task, but not on the CV task and therefore
produces an unfair comparison. It is an advantage compared to let the retro-
spective verbalisation take place immediately after the video recording.
However, it is just as relevant to compare CV with an immediate as a de-
layed retrospective verbalisation. In our study it was not feasible to perform
an immediate comparison because of the time needed to analyse the video
recordings, identify relevant sections for analysis, define probing points and
synchronise the playback of the multiple video sources. The real value of the
comparison between CV and delayed retrospective verbalisation is that it
shows the difference between someone that has been part of the studied
events and colleagues who have not experienced the events themselves. Re-
gardless how long time that has passed after the event, there is a difference
between someone that has experienced the events and someone who has not.
The model described in Figure 24 (see chapter 7.5.1 below) elaborates fur-
ther on the difference between immediate- and schemata-based retrospective
verbalisation.

7.5 Paper V

Collegial verbalisation: The value of verbal reports from colleagues as
subjects

Throughout the development of the CV method, we have struggled to find
ways of assessing it properly. Paper III compared in-between the colleagues’
protocols while Paper IV compared collegial protocols to protocols using the
more established retrospective verbalisation method. In this paper a set of
key principles are presented and the method is assessed towards these prin-
ciples. To give an overview of precisely how the method evolved over time
the paper summarises the results from the three previous studies involving
the CV method (the studies described in papers II, III and 1V).
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7.5.1 Results

Here follows the proposed set of key principles that can be used to evaluate
any verbalisation method:

Suitability of subjects’ verbalisations as scientific data

Process of extracting data from behaviour

Separation between data and theory

Theoretical presuppositions

Process of inferring thought processes from behaviour

DR~

The key principles are mainly based on the seminal work of Ericsson and
Simon (1980, 1984). The paper ends with a discussion about how the CV
method meets these principles.

A new model for distinguishing between different verbalisation methods
is also suggested to assess the methods’ degree of familiarity with the stud-
ied tasks (Figure 24).

Concurrent Immediate Retrospective | Callegial Domain expert
retrospective | schemata schemata
[ [
Same subject Time of verbalisation
Different subjects Familarity
| |

Figure 24: Verbal probing procedures in relation to time and familiarity.

7.6 Paper VI

Collegial collaboration for safety: Assessing situation awareness by ex-
ploring cognitive strategies

In the previous papers the incentive for developing and using the CV method
has primarily been to improve the knowledge elicitation phase when study-
ing skilled professionals. Here, the incentive shifts to encouraging a group of
professionals to share and learn from each other’s cognitive strategies. By
having close colleagues sharing cognitive strategies, we expect the team to
develop proactive thinking as a means to avoid non-safe interactions with
technical equipment and suboptimal working procedures because of organ-
isational demands. The purpose is to evaluate whether this knowledge elici-
tation procedure can be used as a basis for exploring how colleagues can
learn from each other. The paper presents the design of a more applied study
that the authors plan to carry out and some preliminary results from a pre-
study.

We will study an ICU at a Swedish hospital. Hence, the study will evalu-
ates the use of the CV method in this new work domain.
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7.6.1 Results

This paper expands the use of the CV method to a learning tool for the col-
leagues themselves, rather than just knowledge elicitation for an external
analyst or designer. It gives the organisations/teams/companies an opportu-
nity to identify and learn from the differences in acting and thinking among
the members in the team and between the teams. However, this paper pri-
marily explains the set up of a planned future study and therefore no results
are presented.

7.7 Paper VII

Recognizing complexity — A prerequisite for skilled intuitive judgments
and dynamic decisions

In this paper we look at the operators’ decision-making tasks to evaluate and
assess what kind of decision strategies they employ in their respective work
contexts. We propose that intuitive judgments and decisions are best under-
stood if the evaluation is based on an assessment of the strategies employed
by individuals during the decision-making process.

This paper describes how experts make immediate judgments and how they
take measures for action based on continuous evaluation of the ongoing de-
cision-making process. We use the CV method to elaborate on the non-
observable behaviours from the practitioners’ judgments and decisions. Spe-
cifically we make comparisons between the studied work domains (train
drivers, ferry operators and train dispatchers) to find differences and simi-
larities relating to the operators’ temporal and spatial perspective of their
work, as well as their ranking of work-related goals.

7.7.1 Results

Combining the results from train-driving, high-speed ferry operation and
train dispatching, we found similar patterns in terms of the operators’ tempo-
ral and spatial perspective of their work, as well as their ranking of work-
related goals. The results are based on the actual decision-making tasks (e.g.,
when a train operator starts to brake when approaching a platform). Con-
cerning the temporal perspective, train drivers and high-speed ferry opera-
tors exhibited similar types of time interval.

1. Long-term planning

2. Short-term interval
3. Immediate sense interval
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The paper also discusses a fourth time interval consisting of past events that
the operators use in making judgments.

Concerning the spatial perspective, we also identified some shared as-
pects. Professional vehicle drivers tend to think and behave in particular
ways during different parts of the journey. A few rough categories of sub-
parts of a journey were identified:

=~

Departure (a train leaving a station or a ship leaving port)

2. On route (a train on the line at cruising speed or a ship running by
auto pilot)

3. Confined areas (a train passing through an area with speed restric-
tions or a ship navigating through an archipelago)

4. Arrival (a train braking to stop at a platform or a ship running its

bow thrusters to moor)

Regarding ranking goals, we found that all operators consider safety first,
but that there are always practical matters that continuously cause conflicts
between safety and other goals, such as following a timetable, maintaining
passenger comfort or minimising fuel consumption.

The paper concludes with a few examples of good and bad design solu-
tions, and how the pros and cons of these designs are related to their ability
to support the operators’ need of temporal and spatial information and con-
trol in the decision-making tasks.
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8 Discussion

While the previous chapter presented the results of my research papers, this
chapter discusses how the papers relate to the research questions presented in
Chapter 1.4. Below, follows a recapitulation and discussion of my research
questions.

1. A theoretical assumption that the usage context largely shapes the
users’ actions and therefore makes an ecological approach possible.

With the intention to improve the work situation for operators in socio-
technical systems, it is important to acquire a good understanding of how the
operators’ act and reason in their work. Throughout this thesis, I have dis-
cussed the difficulties of learning about the operators’ work if it is not stud-
ied under natural field conditions. I have also raised several difficulties when
studying professional users in the field: (1) understanding implicit events
resulting from automated actions, (2) the problems of rationalisation that
increase when having to retrieve from long-term memory and (3) the prob-
lems of distracting the operators with a secondary task (i.e. a verbalisation
task).

All of these challenges in studying professionals fuelled our desire to ex-
plore different approaches to knowledge elicitation during the insight phase
(Paper II). In combination with the limitations identified during our experi-
mental approach (Paper 1), it resulted in my basic assumption, namely that
an ecological approach was appropriate for our ambition to understand the
work tasks of professionals in socio-technical systems.

2. Can the CV-method overcome some of the problems related to tradi-
tional knowledge elicitation methods?

Based on the insights from paper I and II, my research motivated me to for-
mulate the collegial approach into a proper method. The idea to use col-
leagues as informants was rooted in my strong ecological perspective, in
general, and the belief that socio-technical systems shape the operators to
think and act in a similar fashion and hence develop shared knowledge, in
particular.

Papers 111, IV and V, concerning method development, together define the
CV method in detail and identify its properties. For each of my research
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projects, I became increasingly encouraged to continue to develop the non-
intrusive verbalisation method.

Altogether, my research papers include descriptions of the following:

How the method evolved

How to apply the method

A theoretical review of similar knowledge elicitation methods

A new model distinguishing between different verbalisation methods
based on their degree of familiarity with the studied tasks

Key principles needed to assess knowledge elicitation methods
Detailed assessment of the CV method when compared with tradi-
tional knowledge elicitation methods

Examples of application in several types of work domain

Because of the careful formulation of the new method, it could be repeatedly
applied and properly assessed. My methodological approach was necessary
to be able to identify all the exciting advantages (and weaknesses) of the CV

method.

3.

What is the empirical contribution of the CV method?

My research papers have shown the following qualities of the CV method:

Produces several verbal protocols from the same event

Results in protocols that can be used as an additional source of data
Produce verbal protocols close to the retrospective verbal protocols
in both quantity and content

Can report on a practitioner’s observable behaviour in the same way
as when a practitioner is performing a retrospective verbalisation
May be able to report on some of the non-observable behaviour of
the practitioner

Can assess the conformity between the collegial verbal protocols
Can acquire more information as compared with the retrospective
verbal protocols

Can identify misconceptions or buggy mental models

Overall, the method makes it possible to acquire deeper knowledge of the
operators’ work tasks and can hence act as a strong complement to other
knowledge elicitation methods.
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8.1 Critique to collegial verbalisation

8.1.1 The HCI approach to verbalisations are interpretive

Most of the psychology researchers that I have referred to in this thesis re-
garding verbal protocols (e.g., Nisbett & Wilson, 1977, Ericsson & Simon,
1980; 1984) attempt to ascertain whether the verbal protocols are representa-
tive of the original actions and thoughts they are meant to describe. Within
our research in particular, and usability research in general, the verbalisa-
tions are usually allowed to be more interpretive as a means to get informa-
tion that is more meaningful.

Hughes and Parkes (2003) divide verbalisations into three types: First,
when simple vocalisation is possible without further processes because the
information is reproduced directly (e.g., Pennington et al., 1995); second,
there may be a need to describe or recode information into a verbal form (for
instance, if the original format is graphical) (e.g. Narayanan et al., 1995).
Third, verbalisations that may require further processing, such as when a
researcher prompts the participant for an explanation or interpretation (e.g.,
van der Veer, 1993; Chi et al., 1989). To once more allude to the title of
Nisbett and Wilson’s (1977) article the third and most intrusive type of ver-
balisation may force the participants to “tell more than they can know”.

Usability researchers often use the third type of visualisation (Boren &
Ramey, 2000), either to access more details about something or simply to
direct the narrators to verbalise about matters the researcher considers more
relevant. A large difference exists between the first and third types of ver-
balisation and thus the resulting protocols will have different qualities.

The first type of visualisation can result in data that are closer to the ac-
tual thoughts of the subject, but to achieve such data experimental psycholo-
gists commonly let students perform predefined tasks in a simulated envi-
ronment. Such direct vocalisation tasks result in data based on what is in the
subjects’ short-term memory.

As discussed throughout this thesis, we are studying the automated behav-
iour of professional operators. These operators are not able to report on their
implicit actions by simple vocalisation. Hence, verbalisation methods that
require further processing, such as retrospective verbalisation with prompt-
ing for explanations, are needed. In practice, the HCI community gains valu-
able information by performing interpretive retrospective verbalisations.

However, I believe that the HCI approach to verbalisation often uninten-
tionally (or intentionally) encourages subjects to be too interpretive. This
prompting can be problematic. However, it is less of a problem when the
intention of the verbalisation is to identify information to serve as input to a
design process, rather than as an exact representation of the original thought-
processes. For an example of a situation in need of an exact representation of
the original thought-process, consider a witness testimony in a court trial.
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Furthermore, most HCI approaches are highly iterative, thereby continuously
verifying the information that was used as input. Ideas and concepts can be
iteratively tested by using prototypes to ascertain that the interpretation of
the information was valid.

8.1.2 The CV method is too interpretive

This issue of verbalisations being too interpretive is particularly relevant
regarding the CV method because the use of colleagues will increase the
level of interpretation even further than a traditional HCI approach to retro-
spective verbalisation. However, for gathering data as input to design, I be-
lieve that the increased level of interpretation is acceptable if the method at
the same time provides a way of ascertaining conformity between protocols.

As discussed earlier, the CV method distinguishes itself from modern
verbal reporting techniques in that multiple protocols are produced and com-
pared with each other. Recall also that the narrators are professionals with
extensive experience of the same environment, situations and tasks of the
practitioners. Thus, it is plausible that their interpretations are similar to
those of the practitioners being studied.

Ericsson and Crutcher (1991) point out that the traditional verbalisation
techniques have been put on a secure scientific foundation by careful analy-
sis of the different types of reports and conditions under which valid reports
may be elicited. By doing so, these techniques stand out as trustworthy as
compared with introspection. Based on this thinking, one can argue that the
CV method needs to establish the same level of assessment as traditional
verbalisation techniques to determine when valid reports may be elicited.

The CV method needs further assessment to determine when valid reports
may be elicited. The CV method results in more interpretive reports than
retrospective verbalisation. However, I do not think the CV method suffers
from the same methodological problems as introspection. To understand
why we first need to clarify what the major problems with introspection are.
Here follows Ericsson and Crutcher’s (1991) description of the three major
issues with introspection:

(1) It is questionable whether subjects can give detailed descriptions of
thoughts. The nature of thinking is too dynamic to make such descriptions
possible.

It is only the results of thinking that we consider useful data, not how the
subjects are thinking.

(2) It is questionable whether the reported characteristics are valid in intro-

spection. Subjects’ reports have a privileged status inconsistent with tradi-
tional science based on reliable inter-subjective observations.
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The CV method does not give the subjects’ reports any privileged status. On
the contrary, the CV method allows for a unique comparison between sev-
eral verbalising subjects.

(3) It is questionable whether the act of introspection can be performed
without changing the process of thinking. Efforts to uncover specific infor-
mation about a thought transform the mental state corresponding to that
thought.

The CV method has not been developed to define the original thought proc-
ess from the studied event, but rather to elicit valuable information for redes-
igning the work task/tools of the work context. Furthermore, we do not en-
courage or teach the colleagues to analyse or report their thought processes.
Only the results of thinking are regarded as data. While people using the
introspection approach often extensively trained their subjects to report spe-
cific types of information, the CV method tries to determine what types of
information naive subjects can reliably report when given simple verbalisa-
tion instructions. However, it should be added that the CV method distin-
guishes itself from both introspection and the more modern verbal reporting
techniques because of the multiple protocols that are produced and com-
pared.

8.1.3 The colleagues’ reports are simply expert commentaries

In this thesis I have compared CV with more traditional verbalisation meth-
ods. This comparison has been relevant in assessing the CV method. How-
ever, it may not be relevant to regard CV as a method comparable to tradi-
tional verbalisation methods, largely because the primary condition of hav-
ing the subjects verbalising their own thoughts is not met. It could be argued
that our colleagues simply provide expert commentaries and that this per se
has nothing to do with concurrent or retrospective verbalisation. Is there
something about using colleagues in the CV method that makes the CV pro-
tocols better than an expert commentary?

The results of the CV method differ from both retrospective verbalisation
and expert commentaries (Figure 24). It is true that the colleagues have nev-
er experienced the specific events being studied and therefore interpret the
practitioner’s actions based on their own knowledge and experience from
similar events. However, they can recognise and utilise similar situations
from their long-term memory and verbalise based on these retrieved memo-
ries of past situations. The CV method is therefore sensitive to how closely
the colleague’s knowledge and experiences resemble those of the practitio-
ner.

Concerning retrospective verbalisation, the practitioners can utilise their
long-term memory to recall what actually happened when performing the
verbalisation. However, as Nisbett and Wilson (1977) feared and as already
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been pointed out in this thesis several times, “one has no more certain
knowledge of the working of one’s own mind than would an outsider with
intimate knowledge of one’s history and of the stimuli present at the time the
cognitive process occurred”.

Regarding the domain experts, we consider them knowledgeable about
the work domain and the general work tasks, but without any experience
from the work tasks in the specific work context being studied. If they have
such specific knowledge, we would consider them colleagues in the sense
that they would be suited for the role as colleagues in the CV method.
Hence, without these experiences, the domain experts cannot recognise and
utilise similar situations from their long-term memory. Accordingly, we
cannot acquire the important task-related implicit information that we are
looking for from the domain experts. It would perhaps be worthy to run a
comparative study between colleagues and domain experts to determine
whether such differences really exist.
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9 Future work

The primary purpose of this thesis has been to understand the operators’
work with the intention of later being able to design useful work environ-
ments for these and other operators. As has already been discussed in this
thesis, user involvement in the knowledge elicitation phase is of utmost im-
portance. In the broader context of an entire system development project a
user-centred system design approach should cover all necessary phases of a
project iteratively. It would therefore be of great benefit to evaluate the us-
age of the CV method throughout an entire applied system development
project to determine how it can contribute in different phases of the project
cycle.

It would also be highly valuable to run the CV method in an applied sys-
tem development project to determine how efficient the method can be exe-
cuted when applied in practice. In this thesis the CV method was applied in a
very structured manner to perform different scientific comparisons at the
same time. If the purpose were only to apply the method to acquire knowl-
edge without assessing the method at the same time, the application of the
method could have been be done in an efficient and less time-consuming
way. This more practical approach would preferably be executed by some-
one who has not taken part in the development of the method and who is not
a member of the research team, so that they could apply it in their own man-
ner and discover their own benefits.

Other utilities of the CV method are possible that do not involve redesign-
ing the work environment. First, the method could be used simply to identify
misconceptions (buggy mental models) among operators. Letting a group of
operators study each other’s work tasks using the CV method could reveal
such problems as misconception and lack of knowledge. From a safety per-
spective, it is essential to identify such buggy mental models. Earlier in this
thesis I described how an operator’s incomplete/incorrect mental model con-
tributed to the accident at the nuclear power plant at TMI. Although the op-
erator’s mental model had served him well for many years, the specific situa-
tion just prior to the accident revealed serious deficiencies of his mental
model (Vicente, 1999). More broadly, the method could be used as an educa-
tional tool to improve the operators’ cognitive strategies, e.g. by letting col-
leagues learn from each other by studying each other’s actions. This kind of
interactive learning and collaboration among operators could improve effi-
ciency, safety and provide a better work situation for the operators by reduc-
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ing their mental workload. We have already discussed this approach in Paper
VI, but we have not yet presented any results from such a collaborative
learning study. The CV method could possibly also be improved by incorpo-
rating other methods within completely different research fields, such as
team learning.

So far, the method has been applied to study train drivers, high-speed fer-
ry drivers, train traffic dispatchers and medical staff at ICUs. It would be
worthy to determine how much knowledge is being shared among profes-
sional colleagues in other work domains (e.g., administrative office work).

In the scientific community researchers in the field of decision making
could also use the method as a tool to identify and compare different cogni-
tive strategies used by their subjects. Based on observable behaviour, it is
difficult to understand how professionals think during decision-making
tasks. It is my belief that the CV method can reveal some of the non-
observable behaviour of professionals.

Finally, before concluding I want to encourage others in the scientific
community to proceed on the research path to explore how to study and learn
from professionals at work.
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Summary in Swedish

Jag har i min forskning studerat forare av hoghastighetsfartyg och tag, samt
trafikledare pa tagledningscentraler, med avsikten att se om det gér att for-
bittra deras arbete. Det kan t.ex. handla om att ge dem tillgang till rétt in-
formation vid ratt tillfdlle s& att de kan ta kloka beslut och déarigenom ocksa
minska risken for trafikolyckor. Forutom sékerhetsaspekter s kan man ock-
sé hitta sétt att forbattra arbetsmiljon samt effektivisera arbetet. Om man
arbetar med att t.ex. styra ett fartyg eller tig, sd formas man som forare till
att utfora arbetet inom vissa givna ramar. Det handlar delvis om vilka tek-
niska forutsdttningarna som finns (t.ex. fordonet mandverformaga eller vil-
ken information som finns tillgdnglig om fordonet eller trafiksituationen),
delvis pa hur omgivningen ser ut (t.ex. omgivande trafik, védderforhallanden)
och det beror dven pa vilka krav som omgivningen/organisationen stiller pa
foraren (t.ex. att uppritthalla sdkerheten, folja tidtabellen, minska energifor-
brukningen).

For att kunna forbéttra situationen for dessa forare, sa kriavs det forst att
man skapar sig en djup forstaelse for hur deras arbete gar till, vilka strategier
de anvinder 1 sitt arbete, vilken information som &r kritisk, vilka arbetsrela-
terade méal foraren anser dr viktiga, vad som é&r roligt, svart, jobbigt eller
farligt, m.m. Nér man har byggt upp kunskap om detta kan man sedan an-
vinda denna kunskap fOr att hitta potentiella forbéttringar i arbetet. Min
forskning har fokuserat pa att skapa denna djupa forstéelse for forarnas arbe-
te.

Det visar sig dock av ménga skél vara svart att studera deras arbete. Hir
foljer ett exempel, frdn mina studier av arbetet ombord pa bryggan pa ett
hoghastighetsfartyg, som illustrerar en av svarigheterna;

Som observator ombord pa bryggan noterade jag en gang hur kaptenen
skapade 6gonkontakt med sin forste styrman och sedan nickade lite dis-
kret, varpd styrman nickade tillbaka. Eftersom jag inte forstod vad det be-
tydde, sa fragade jag kaptenen efter att de ndtt slutdestinationen pd resan.
Han forklarade da att nickandet betydde att bade han och styrman hade
forstatt att det fartyg som dn sd ldnge bara syntes pd radarn, var positio-
nerat pad ett sadant sdtt att de inte skulle kunna fortsdtta kora med auto-
piloten. Nickningen innebar ddrfor ocksa att styrman efter cirka 10 minu-
ter skulle behova inaktivera auto-piloten, manuellt styra fartyget under
mdétet och sedan dteraktivera auto-piloten.
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Personligen blev jag vildigt 6veraskad och imponerad av att en sé subtil gest
kunde formedla vad en kollega skulle dgna sig at under den efterfoljande
halvtimmen. Av denna historia kan man konstatera tva saker som &r viktiga
for min avhandling:

1. Att kollegorna pa fartyget har en god gemensam bild av hur deras ar-
bete ska genomforas, eftersom det ricker med sa subtil kommunika-
tion for att kommunicera

2. Att det ar valdigt svért for en utomstdende observator att forstd hur
arbetet gér till, eftersom deras rutinméssiga arbete ibland inte kréver
négon explicit kommunikation

Min forskning har med detta som en utgédngspunkt undersékt om hur man
kan utnyttja kollegornas gemensamma kunskap for att 6verbrygga de svarig-
heter som uppstar ndr man studerar t.ex. fordonsforare. I samband med mina
féltstudier har jag utvecklat en metod som heter Kollegial Verbalisering.
Metoden gér ut pé att man videofilmar arbetet t.ex. pa en batbrygga under en
resa och sedan later man kollegor som inte varit med pa resan titta pa video-
filmerna och kommentera vad som hénder.

Det visar sig, spdnnande nog, att dessa kollegor tillsammans kan ge till-
gang till ny information som inte dr tillgdnglig om man later personen pé
filmen kommentera sjélv. En viktig skillnad som uppstar tack vare kollegor-
na, r att man kan fa flera personer att beskriva samma sak. Detta kan dé ge
mer kunskap om det studerade arbetet, genom att varje kollega bidrar med en
del ny information. Dessutom fir man en hel del gemensam information fran
flera olika kollegor, vilket mojliggor att man kan beddma samstdmmigheten
kring den gemensamma informationen. Ju hogre samstimmighet det rader
mellan protokollen, desto hdgre trovéardighet i dessa utsagor.

En annan intressant aspekt som mina jimforande studier avslojat, dr att
metoden kan identifiera ndr ndgon av operatorerna har en felaktig mental
bild av hur systemet fungerar eller hur arbetet gar till. Nar operatéren sjalv
beréttar om sitt eget arbete pa videofilmen sa tenderar man att aterge en tro-
virdig beréttelse, baserat pa sitt langtidsminne. Man rationaliserar alltsd
omedvetet ev. oklarheter sé att det framstér for en sjdlv och alla ahorare som
en rimlig beréttelse.

Men nér man istillet later en kollega dterge héndelseforloppet pa video-
filmen sa visar det sig att de ibland spontant reagerar vildigt Gveraskade
over operatdrens beteende pa filmen. Hér foljer ett fiktivt exempel som be-
skriver hur reaktionen brukar se ut; ” Nej men vinta! Sa kan han inte géra,
inser han inte att det innebdr att vixeln kommer sld om for tidigt? Han inser
nog inte att systemet inte ldangre dr i grundldget”. Vi har dven funnit exem-
pel pa att kollegorna kan identifiera och beskriva implicita hindelser som
inte ar direkt observerbara i filmen. Citaten ovan om kaptenen som nickar till
forste styrman &r ett exempel pa en implicit hidndelse.
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Sammanfattningsvis kan alltsd den nya metoden Kollegial Verbalisering
komplettera andra metoder for att studera personer som arbetar professio-
nellt, och ddrmed kunna ge béttre input vid design av nya datoriserade ar-
betsverktyg, samt dven sprida kunskap om arbetsstrategier kollegor emellan.
Langsiktigt kan metoden darfor ocksa leda till forbattringar av sikerheten,
arbetsmiljon samt hur effektivt arbetet genomfors.
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