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ABSTRACT

Interruptions have been studied extensively, with interruptions experimentswhere tasks
performed on computers are interrupted by another task received on the same computer
having receiving much of the focus. Additionally, many of the tasks used in existing re-
search have been designed specifically to test the effect of interruptions on humans by
making both the interrupting task and the task being interrupted quite difficult.
The studies introduced here show that these commonly used tasks do not accurately
represent some aspects of the manual tasks commonly performed by humans outside of
laboratory experiments, with the experiments in this thesis focusing on manual tasks in
assembly. A notable difference identified here is that interruptions in manual assembly
tasks were seen to always contain a negotiation element, meaning that the person be-
ing interrupted could always modify to some extent when to respond to interruptions.
Another central finding is that breakpoints for smart interruption systems need to be
chosen using even more care than suggested by existing research because of an effect
that can cause a notification to be completely missed when sent at a point that seemed
opportune. This is due to apparent lulls in the activity containing preparation for the
next action, or anticipation of action, using the Activity Theory (AT) terms used in the
analysis of this effect.
AT was identified as a useful tool for the analysis of manual assembly as it supports a hi-
erarchical analysis of the activity and takes into account operator skill (task familiarity)
in an easy to understand manner. AT was further used in an observational study where
current approaches to interruptionmanagementwere observed and explored. A surpris-
ing conclusion was that classical interruptions, as commonly defined, where one task is
interrupted and another task must be completed before resuming the main (primary)
task were exceedingly uncommon. This was found to be due to the high task familiarity
(skill level) of the workers, the assembly activities being designed tominimise the risk of
interruptions, and workers being trained to always finish the current operation before
switching to another task. Workers did however engage in conversation and an interest-
ing style of communication, dubbed ebb-and-flow style of negotiation, was identified.
The differences between the results found in literature and the results of the studies were
synthesised into a theoretical framework, or a collection of theories that work together to
support the analysis of interruptions, and a visual support tool for the theoretical frame-
work was created. This visual support tool, called an activity board both binds together
the theories in a way that should make the theoretical framework easier to understand,
and provides the beginnings of an analysis tool for interruption using the framework.
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SAMMANFATTNING PÅ SVENSKA

Denna avhandling undersöker hur olika former av att bli avbruten från sin nuvarande
uppgift av antingen andra personer eller av datorbaserade informationssystem påverkar
monteringspersonal inom tillverkningsindustrin. Avhandlingen presenterar sedan olika
strategier för att reducera de negativa effekterna av avbrotten. Datorbaserade informa-
tionssystem (IT-system) används i allt större omfattning inom industrin för att effek-
tivisera produktionen och undvika arbetskrävandemanuell uppdatering av information.
Notifieringar behövs eftersommontören kan ha behov av ny information som har blivit
tillgänglig och i vissa fall måste arbetsuppgifter ändras omedelbart baserat på den nya
informationen. Detta kräver olika former av avbrott och existerande forskning visar att
det att bli avbruten kan leda till ökat antal fel, längre tid för att utföra den huvudsakliga
uppgiften och ökad stress.
Avbrott har studerats tidigare för att testa när det är lämpligt att avbryta någon och hur.
Dock har den tidigare forskningen främst genomförts i situationer som inte liknar van-
liga arbetsuppgifter. Forskning finns där avbrott har observerats inom sjukvården, men
det kan inte fastställas att samma teorier fungerar för att stödja montörer inom indus-
trin.
En existerande och etablerad taxonomi för avbrott identifierades att vara av stor rel-
evans för detta arbete, men eftersom taxonomin enbart hade använts på uppgifter av
mer artificiell karaktär behövde den testas under mer verklighetsliknande förhållanden
inom tillverkningsindustrin. Denna avhandling innehåller resultat från två experiment
somutfördes för att undersöka om taxonomin även fungerar vidmanuelltmonteringsar-
bete inom tillverkningsindustrin. Eftersom att experimenten innebar en stor risk för ett
ökat antal fel under monteringsarbetet valdes istället simulera en monteringslina, som
innebär att en hyfsat verklighetstrogen monteringslina byggdes enbart för att bedriva
experiment.
Resultaten visar att det finns skillnadermellan att använda uppgifter av artificiell karak-
tär i en labbmiljö och att användamer autentiska uppgifter som efterliknar faktisktmon-
teringsarbete. En viktig skillnad som identifierades fick benämningen negotiation ele-
ment, och visar hur det nästan alltid går att välja (till någon grad) när avbrott åtgär-
das. Identifieringen av lämpliga avbrottstillfällen visade sig också vara svårare än vad
som antogs på förhand, som ledde till det andra experimentet där detta studerades i
mer detalj. Andra expermentet visade att en utav de förvalda avbrottstillfällena inte
alls fungerade lika bra som förväntat. En observationsstudie utfördes också i en fullt
naturlig tillverkningsmiljö för att kategorisera hur störningar hanteras av montörer i
denna miljön. Denna studie visade att klassiska avbrott där montören byter ifrån sin
uppgift till en annan uppgift var väldigt sällsynta, och detta sågs vara på grund av att
uppgifterna är designade för att undvika avbrott, samt att montörerna är erfarna och
har träning för att undvika avbrott. Resultaten från dessa tre studier användes för att
bygga ihop olika teorier för att skapa ett teoretiskt ramverk som introduceras i avhan-
dlingen. Detta ramverk använder grafiska metoder för att analysera och mer intuitivt
kunna förstå hur avbrott inverkar på manuella monteringsuppgifter.
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POPULAR SCIENTIFIC SUMMARY

This thesis explores how different forms of interruptions from either other humans or
from information systems affects assembly workers in manufacturing. The thesis then
presents strategies for reducing the negative effects of these interruptions. Manufactur-
ing has been changing, with more information being passed digitally throughout facil-
ities. This requires more frequent interruptions to update information. Interruptions
research performed in situations where people perform manual tasks is quite uncom-
mon, and in the cases where such research exists it mostly consists of observations (i.e.
following people around and taking notes) or asking people to keep a diary. Experiments
are uncommon in domains such asmanufacturing. This is because the costs and risks in-
volved, such as increasing assembly errors and assembly times, make such experiments
impractical. The research presented in this thesis therefore uses an environment and
tasks that simulate the domain that is being explored (manufacturing). This is done so
that participants will act in a similar way as they would in an actual factory.
Two experiments were conducted in such a simulated environment. These suggested
that a set of interruption coordination methods that had been identified from existing
research could be used in themanufacturing, with somemodifications. The identified in-
terruption coordination methods were originally evaluated using computer based tasks
that are very different to the tasks faced by assembly personnel in a manufacturing set-
ting. The first experiment highlighted the point that humans can almost always choose
(up to a point) when they respond to an interruption. This effect was dubbed the nego-
tiation element A smart interruption system that tries to interrupt only at appropriate
points was also simulated, with the selection of appropriate interruption points turn-
ing out to be more problematic than anticipated. Indeed, the second experiment found
that being interrupted at a point that had been suggested as minimising the costs of be-
ing interrupted at resulted in people missing the interruption entirely. An explanation
for this is offered in the appended papers, but can be summed up as being dependent
on the effect of a mismatch in what the person is doing (action) and what the person
imagines doing next (anticipation of action). Small gaps between tasks then lead to the
worker being in the middle of preparing for the next action when the supposedly smart
interruption arrives.
A third study was conducted, this time observing assembly workers during their work in
an actualmanufacturing facilitywas chosen as an approach. The findings from this study
were that common definitions of interruptions did not cover what was in actual manual
assembly, mostly because full shifts from themain task were uncommon. Conversations
were more common, and these were seen to follow a specific pattern each time where
each participant would allow the other time to respond, with the difficulty of the current
assembly activity dictating when the worker would respond.
The theories that were used for the analyses of the two experiments and the observa-
tional study were combined (or synthesised) into a theoretical framework that uses a
graphical form of presentation, dubbed an activity board for supporting the analysis of
interruptions in manual assembly in industry.

VII



UNIVERSITY OF SKÖVDE

VIII



UNIVERSITY OF SKÖVDE

ACKNOWLEDGEMENTS

This thesis has been a long time brewing, and would not have been possible without the
support of many wonderful people, as the years spent preparing for it have required lots
of support and TLC.
The choice of changing direction after the age of 30 andmoving to a new country with an
infant and a heavily pregnant wife just to go to university might be viewed as somewhat
odd. That it was influenced by a public speaker at a corporate event makes it no less
weird, and that the public speaker also happens to be the creator and principal actor of
the childrens’ show Lazy Town pushes it all the way into downright strange. That said,
I have received nothing but support from family, old friends, and friends I have made
along the journey (including those who know the full story).
The discussion on moving between countries with an infant and another one on the way
needs some more attention. Getting accepted into university shortly after having found
out that we were expecting our second child was too terrifying for me; I was ready to
back out. My wife, Aníta, was having none of that! This was a once in a lifetime opportu-
nity, she said, and I wasn’t allowed to squander that away even if I was scared. After she
donated a little extra courage to me I accepted, and off we went. So huge, humongous,
brobdingnagian thanks to my wife Aníta Bergrós Eyþórsdóttir, for trudging on with me
all the way through my studies, sharing my joy on the amazing days and for support-
ing me through the tough days. My children Hrafntýr Atli Arason and Margrét Röskva
Aradóttir are used to their father sitting somewhere in the apartment and working when
he should be playing, but also sometimes the other way around… Thanks for making me
feel I am the luckiest father in the world.
The unwavering support provided throughout my studies by my father, Kolbeinn Ara-
son, has been been invaluable, and every word of encouragement from my sisters Anna
Kolbeinsdóttir and Halla Kolbeinsdóttir have made so many days sweeter, thank you.
The friends I made during the first years of my studies made a tough time so muchmore
enjoyable, and have enriched the times since. Linus Storm, Jonas Ahlgren, and Therese
Moberg, I love you all.
My colleagues and co-students whose discussions have been critical to figuring things
out, as well as assisting during the experiments detailed here. Researching interruptions
really gives me some insight into the negative effects of interruptions, so Erik Lagerst-
edt, Nathanaël Kuipers, Pamela Ruiz Castro, Christian Bergman, andNafiseMahdavian,
sorry for the hours of productivity lost due to me forcing you to engage in some task
switching, but thanks for all the discussions!
The teachers (many of whombecamemy coworkers) who showed great patiencewithmy
lack of Swedish knowledge in the beginning, as well as my incessant questions, thanks
for all the help, the discussions, and the (almost) arguments. Having access to knowl-
edgeable people in this way is invaluable.
Thanks to all my industrial and academic collaborators in the Sense& React project and

IX



UNIVERSITY OF SKÖVDE

the Manuwork project for their input and support. Special thanks to Per-Anders Jo-
hansson and Magnus Nordlund at Ascom, as well as Karin Eklund, formerly of Ascom,
for their collaboration and assistance in giving access to technical systems that made the
experiments presented in this thesis possible.
Extra special thanks tomy supervisors, Jessica Lindblom, Peter Thorvald, andDanHög-
berg who have been helpful and supportive throughout the whole process as well as al-
ways being ready to assist or discuss. This is a luxury that not everyone has, for which
I am thankful. After five whole years of working with them I still find them to be quite
nice!

X



UNIVERSITY OF SKÖVDE

PUBLICATIONS

Publications that form a core part of the research and are included as a part of this thesis
are listed as having high relevance, while more peripheral research that may still have
contributed to the research in some way are listed as having low relevance.

PUBLICATIONS WITH HIGH RELEVANCE
1. Kolbeinsson, A., Thorvald, P., & Lindblom, J. (2014). Context aware interruptions:

existing research and required research. In K. Stanney & K. S. Hale (Eds.), Advances
in cognitive engineering and neuroergonomics (pp. 7833–7844). AHFE2014.

2. Kolbeinsson, A., Thorvald, P., & Lindblom, J. (2017). Coordinating the interrup-
tion of assembly workers in manufacturing. Applied ergonomics, 58, 361–371.

3. Kolbeinsson, A., & Lindblom, J. (2015). Mind the body: How embodied cognition
matters in manufacturing. Procedia Manufacturing, 3, 5184–5191.

4. Kolbeinsson, A., Lindblom, J., & Thorvald, P. (2017). Missing mediated interrup-
tions in manual assembly: Critical aspects of breakpoint selection. Applied ergonomics,
61, 90–101.

5. Kolbeinsson, A., Lindblom, J., & Thorvald, P. (2018).Well designed workspaces
and work practices in manufacturing resist classical interruptions: How an as-
sembly line assembles engines. submitted for review.

PUBLICATIONS WITH LOW RELEVANCE
6. Kolbeinsson, A., Falkman, G., & Lindblom, J. (2015). Showing Uncertainty in Air-

craft Cockpits using Icons. Procedia Manufacturing, 3, 2905–2912.
7. Kolbeinsson, A., Lagerstedt, E., & Lindblom, J. (2018a). Classification of collab-

oration levels for human-robot cooperation in manufacturing. In 16th International
Conference on Manufacturing Research, incorporating the 33rd National Con-
ference on Manufacturing Research, September 11–13, 2018, University of Sköv-
de, Sweden (pp. 151–156). IOS Press.

XI



UNIVERSITY OF SKÖVDE

XII



UNIVERSITY OF SKÖVDE

CONTENTS

1 Introduction 1
1.1 Manufacturing, interruptions, and

cognitive science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Industrial and academic collaborations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Sense & React . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Manuwork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Aim and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Research approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Summary of appended papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Theoretical Background 15
2.1 Manufacturing and assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Interruptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Existing research on interruptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Cognitive load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Including a human-centred perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5 Human cognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.5.1 Cognition is for action and anticipation of action . . . . . . . . . . . . . . . . . . . . . 27
2.5.2 Distributed Cognition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.6 Simulations, authenticity, and validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.7 Activity Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.7.1 Activity Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.8 Storyboards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.9 Summary of Background.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3 Research Design 41

4 Theoretical Framework 45
4.1 Foundations for a framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

XIII



UNIVERSITY OF SKÖVDE

4.2 Framework Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 The Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.3.1 Activity Board. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.2 Task Familiarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.3 Activity Checklist . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.4 Arguing for a visual approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.3.5 Core concepts for activity boards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5 Discussion and Conclusions 63
5.1 Major Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3 Implications for the Manufacturing Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.4 Implications for Researhers and Practitioners . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.5 Fulfilling objectives and aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.6 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Published and Submitted Articles 73
Paper I: Context aware interruptions: existing research and required research . . 73
Paper II: Coordinating the interruption of assembly workers in manufacturing. . 87
Paper III: Mind the body: how embodied cognition matters in manufacturing. . .108
Paper IV: Missing mediated interruptions in manual assembly: Critical aspects of

breakpoint selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Paper V: Well designed workspaces and work practices in manufacturing resist clas-

sical interruptions: How an assembly line assembles engines. Submitted for
review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

References 185

Publications in the Dissertation Series 195

XIV



UNIVERSITY OF SKÖVDE

LIST OF FIGURES

2.1 A simplified model of the anatomy of an interruption . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Flowchart: Logic for selection of interruption coordination method. . . . . . . . . 24
2.3 Activity Theory model by Engeström (1987). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4 The original, simple activity theory model Rogers (2012) . . . . . . . . . . . . . . . . . . . . . 34
2.5 Visualising activity levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.6 A basic storyboard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1 A collage of the experimental setting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1 An overview of the activity board concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Activity levels illustration with action shown as a line . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3 Anticipation of action added as a line to figure 4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.4 The activity board concept including activity from fig.2.6 . . . . . . . . . . . . . . . . . . . . . 60

5.1 Objectives supported by each paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

XV



UNIVERSITY OF SKÖVDE

XVI



UNIVERSITY OF SKÖVDE

CHAPTER 1

INTRODUCTION

The research and theoretical framework presented in the thesis intersect the domains of
interruptions research, manufacturing, and digitalisation (i.e. how digital systems are
being introduced into the target domain). Exploring interruptions in the manual tasks
present in manufacturing guided the research towards exploring the difference between
traditional laboratory studies (where interruptions have commonly been studied), sim-
ulation based studies where attempts are made to simulate authentic tasks and environ-
ments up to an appropriate fidelity to support engagement and immersion, and studies
in fully authentic environments, aka research in the wild (RITW). Interruptions have
also been mostly explored in the field of human factors and ergonomics (HF/E) using
the theories of human cognition that are common within that field, but newer theories
on cognition were seen as offering a different viewpoint from which to view and anal-
yse some aspects of interruptions. In particular, these more recent theories of cognition
are seen as useful for the study of the sort of manual task, activity, and environment that
humans engage in every day in their work, and this differs froma large part of existing re-
search on interruptions which has relied on tasks designed specifically for experiments.
Studying interuptions in manufacturing from a modern understanding of cognitive sci-
ence, in this case using so-called DEEDS and 4E approaches (these include embodied,
situated, distributed, and enactive cognition), has been the main focus of the presented
work, and this means that first we need to understand what manufacturing is like, what
an interruption is (in this thesis) and what those DEEDS and 4E approaches to cognitive
science actually are. This chapter will provide a quick overview of that, explain why this
research and the use of the chosen approaches were necessary, explaining what the aim
of the research has been, and what steps were planned so that aim should be fulfilled.

1.1 MANUFACTURING, INTERRUPTIONS, AND
COGNITIVE SCIENCE

Research on manudacturing commonly focuses on increases in efficiency and the elim-
ination of errors, as manufacturing is focused on the production of goods, with mass
production commonly focusing on the efficient and profitable production of goods while
maintaining a predefined balance between cost and quality. The requirements of to-
day’s manufacturing mean that supporting communications between managers, team
leaders, and assembly workers has become extremely important (e.g. Bäckstrand, 2009;
Hermann, Pentek, & Otto, 2015), and modern factories have been adopting informa-
tion and communications technology (ICT) systems to these ends as a part of the In-
dustry 4.0 approach to manufacturing. Although automation has been incorporated for
many tasks, manufacturing is still heavily reliant on manual assembly of components,
with assembly workers being more adaptable, more flexible, and being able to perform
many delicate assembly tasks to a higher quality than even modern automation. As-
sembly line manufacturing is aimed at making tasks easy and repeatable, and for this
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reason the assembly work typically consists of short and relatively simple tasks being
performed repeatedly and under pressure to perform to a high quality level with tight
time constraints, with each task being split in a way that focuses on a minimum rational
work element (Groover, 2010) as well as having a set time (takt time) in which the tasks
on that workstation should be completed (e.g. Womack & Jones, 2003). Workers typi-
cally receive all components for assemblywithout having to leave their assembly stations
and follow detailed instructions for the assembly, which should be performed at a pre-
defined rate and quality level. Manufacturing using an assembly line results in a near
continuous process for the assembly workers, with each completed assembly operation
being closely followed by the next.
Althoughmassmanufacturing of this sort has traditionallymeant that identical products
are being produced in large volumes, modern manufacturing now increasingly offers
customised products or requires a single manufacturing line to change products quite
frequently. This requires flexibility, in addition to the existing requirements of manu-
facturing for efficiency and quality. Changing the product line or customising products
also requires that relevant information reaches the assembly workers, which means get-
ting information to the worker, notifying the worker that new information is available,
and then the worker must examine the updated information. The assembly work may
seem relatively simple when examined, both physically and cognitively, but the rapid
pace of the work adds to the cognitive load being experienced. This means that small
problems or changes can cause larger problems by elevating the cognitive load beyond
manageable levels, resulting in the assembly worker either having to slow down or caus-
ing errors (Lindblom& Thorvald, 2014). Updated assembly information or a request for
assistance at another assembly station, coupled with a notification to examine the up-
dated information, is an example of such a change in the current task that can cause an
increase in cognitive load. In addition to this, assembly workers may be interrupted by
line managers, or by each other, and these interruptions may focus on something work
related or social communication between workers. Regardless of the reason for inter-
ruptions or distractions they all cause higher cognitive loads but this is not always bad,
as will be thoroughly explained later.
Information such as assembly instructions for assembly workers in manufacturing fa-
cilities has traditionally been paper based. Some manufacturing facilities have updated
this to use computer displays that show either fixed information or display whatever in-
formation the worker selects manually, i.e. the system does not sense what information
is required, is not context aware. Changing products on the assembly line or assembling
product variants requires having the correct assembly instructions and part lists avail-
able. This has required workers to maintain awareness of the current situation, know
when new information is required, and the workers have beeen required to update in-
formation themselves or with the help of line managers. This is the problem with static
information; it requires manual updating throughout the manufacturing facility, which
makes it hard to take into account unanticipated changes in the manufacturing sched-
ule, as well as making frequent scheduled changes work intensive. These are among
the reasons for manufacturing facilities installing dynamic displays that show the cur-
rent task, the current state of the task, and details. Making dynamic displays possibly
entails adopting ICT systems that can disseminate information throughout the facili-
ties, including to the assembly workers (Bundesministerium fürWirtschaft und Energie,
2016; Hermann et al., 2015; Sense&React, 2015). Using ICT systems in manufacturing
has the goal of supporting the core functions of manufacturing; increasing productivity,
maintaining quality, reducing costs, while increasing flexibility (Bäckstrand, 2009).
This is taken into account by new industrial frameworks and strategies such as Industrie
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4.0 (e.g. Hermann et al., 2015), which focus on the use of advanced sensing technologies
and ICT systems throughout manufacturing facilities to create the smart factories of the
future including elements such as the Internet of Things (IoT) where various smaller
devices are networked and can communicate (Bundesministerium für Wirtschaft und
Energie, 2016). Smart factories inherently include extensive amounts of information
flowing to and from users to support the rapid variations in production lines common
today, and one key component for successful utilisation of this information flow is the
ability to know when and where information is needed as well as when and where addi-
tional information is not desirable. Delivering the right information to the right person
at the right time is thus a critical component of modern production facilities (Hermann
et al., 2015). This may require assessing the current state of work, which is a key chal-
lenge for smart manufacturing environments, as well as ensuring that workers become
aware of the updated information being available. Making a worker aware of updated
information or changes in priorities requires interrupting theworker in someway, which
brings with it risks of causing the worker tomake errors on the assembly, slows down as-
sembly, and can be stressful for the worker if interruptions are frequent (Monk, 2004).
Interruptions then ideally take into account the tasks of the user, what are appropriate
moments in the user’s tasks for interruption, and how to interrupt the user so that the
minimum distraction is caused while ensuring that the updated information receives at-
tention and is acted upon. Examples of such updated information include new assembly
instructions, special tool accessibility or status, part availability or location, assembly
line status changes, or something as simple as requests for assistance from supervisors
or other assemblyworkers. It is important to bear inmind thatmany of the interruptions
being discussed convey important or critical information, so the interruptions them-
selves are not merely a source of nuisance but an important part of the factory of the
future.
Interruptions have been studied by researchers for a long time now, with formal research
dating at least back to the late 1920s, when it was found that the details of an inter-
rupted task were remembered more precisely than a non-interrupted task (Zeigarnik,
1927). Research on interruptions has intensified in the last few decades as the impor-
tance of knowledge workers has risen, and the effects of interruptions on critical work
has become more apparent (Spiekermann & Romanow, 2008), with human factors re-
search built on cognitive psychology leading the way. This started in the 1970s, and
focused on control room operations, aviation, and other safety critical areas (Spieker-
mann & Romanow, 2008), and then expanded to include other domains, in particular
those where computers and information flow are central to the work such as office en-
vironments and health care (e.g. Coraggio, 1990; Grundgeiger, Sanderson, MacDougall,
& Venkatesh, 2010; Iqbal & Bailey, 2008; Iqbal & Horvitz, 2007; McFarlane, 2002;
Rubinstein, Meyer, & Evans, 2001; Spiekermann & Romanow, 2008; Warnock, McGee-
Lennon, & Brewster, 2011; Wickens, 1992). Much of the research on interruptions has
used tightly controlled experiments that isolate psychological factors well (e.g. Adam-
czyk & Bailey, 2004; Altmann & Trafton, 2002; McFarlane, 1999, 2002), but the arti-
ficial nature of the tasks and environments coupled with the tight experimental control
means that such research may not fully reflect what happens in more authentic tasks
and environments, i.e. the ecological validity of that kind of experiment may be low (e.g.
Brixey et al., 2007; Shaughnessy, Zechmeister, & Zechmeister, 2009;Walter, Dunsmuir,
& Westbrook, 2015). Iqbal and Bailey (2008) also point out that even using authentic
tasks may not give results that can be generalised between domains. Some of the rea-
sons why research is not simply performed in the target domain is that that may be too
expensive, may cause unacceptable risks, or may be too complex for researchers toman-
age.
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The use of mobile devices is a relatively new research topic in the field of interruptions,
and little research can be found on the effects of mobile devices on people in special-
ist domains such as manufacturing (Thorvald, Högberg, & Case, 2014), especially when
it includes manual tasks such as those seen in manufacturing assembly. These mobile
devices, including most commonly available consumer devices, mostly fail to take into
account the cost of interruptions, with the exception of modes that completely silence
the notification system while allowing favourite contacts to trigger the notification sig-
nal. Furthermore, mobile devices lack the systems required to make domain specific
notification rules or in other ways use modern research on interruptions in a transpar-
ent way within specialist domains. Mobile devices have already become ubiquitous in
modern personal life, but are also making inroads into manufacturing environments,
with modern ICT systems making use of these devices, while the development of notifi-
cation systems have not kept pace with the increasing rate of system deployment. That
has led to the current research, which seeks to adapt existing research on interruptions
to themanufacturing domain, and identify theories that can be useful for supporting the
work environment faced bymanufacturing assembly workers through the analysis of the
assembly context and activity.

1.2 MOTIVATIONS
Always delivering the right information to the right person at the right time has been
highlighted as important for manufacturing (Hermann et al., 2015), andmitigating neg-
ative effects of interruptions from updated information in ICT systems is clearly impor-
tant for manufacturing facilities. This includes clear benefits from combating increases
in cognitive load, managing increases in the risk of errors that can lead to quality prob-
lems, mitigating slower assembly times, and even reducing the likelihood of accidents
due to interruptions. An examination of state-of-the-art literature (Kolbeinsson, Thor-
vald, & Lindblom, 2014) identified a knowledge gap where interruptions in manufac-
turing assembly due to updated information transmitted through ICT systems are con-
cerned, while interruptions of this type are becoming more common due to the deploy-
ment of ICT systems in manufacturing facilities. This knowledge gap results from the
lack of domain specific applied research, and a lack of integration of existing research
on interruptions into manufacturing focused ICT systems.
Industrie 4.0 highlights the importance of flexibility in production, with this focus com-
ing from the requirement to customise products for customers or change rapidly be-
tween production batches while maintaining efficiency. This requires getting informa-
tion updates to all parts of the organisation that need it, at the correct time, and this
can require interrupting people to let them know that updated information is available
and/or should be acted upon. Understanding that interruptions are unavoidable when
informationmust change rapidly (unless checking for new information is made a part of
the workflow, thereby adding time to each assembly operation and increasing cognitive
load) is then important to supporting the manufacturing facility of tomorrow.
As has been shortly explained, a large portion of the existing research that has been
identified is either heavily domain specific (e.g. observations in a specific domain such
as health care), or consists of basic experimental research that aims to isolate psycholog-
ical factors rather than applying to authentic tasks, i.e. maintaining ecological validity
(e.g. Coraggio, 1990; Grundgeiger et al., 2010; Iqbal & Bailey, 2008; Iqbal & Horvitz,
2007;McFarlane, 2002; Rubinstein et al., 2001; Sanderson&Grundgeiger, 2015; Spiek-
ermann & Romanow, 2008; Warnock et al., 2011; Wickens, 1992). This highly con-
trolled research is fundamental to isolating and identifying psychological effects, but
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creating domain specific applications containing interruption coordination requires that
research should be validated and possibly adapted for each specific domain. An exam-
ple of this type of research on interruptions can be seen in McFarlane (1999, 2002) as
well as McFarlane and Latorella (2002), where a taxonomy of interruption coordina-
tion methods was developed, with four types of interruption coordination methods be-
ing identified and evaluated in an experiment that placed participants in front of a single
computer screen, had participants play a game inwhich they rescued people jumping out
of a window, and replaced that task with a modified Stroop (matching colours or shapes
where either the colour or the shape are correct) task when the interruption required
interaction (McFarlane, 1999, 2002). A Stroop task is where colours are described with
a word but the word itself is in another colour, and the participant must match either
the colour of the text or the colour described by the word to a control. McFarlane (1999)
used shapes and colours instead, where either the shape or the colour should bematched
to a control. Other work identified includes an experimental approach to interruptions
during document editing tasks (Iqbal & Bailey, 2008) as well as the observation of hos-
pital personnel during their work day (Grundgeiger et al., 2010). Observational studies
such as those performed by Grundgeiger et al. (2010) have a high ecological validity, but
serve as a reminder to why experiments are difficult to perform in active environments.
These are all clearly relevant approaches that contribute to the understanding of the
effects of interruptions, but each approach has its own advantages and disadvantages,
which will be introduced shortly. The experimental approach used by McFarlane (1999,
2002) has a high level of control and low risk of confounding factors, but low ecological
validity (Creswell, 2014; Oates, 2006; Shaughnessy et al., 2009), while Iqbal and Bailey
(2008) had somewhat higher ecological validity due to the more authentic tasks used,
although Iqbal and Bailey were unsure that the tasks used had been authentic enough
to actually result in high ecological validity. McFarlane (1999, 2002) isolated the effects
of interruptions on performance, but these effects are hard to verify in more authen-
tic settings due to the difficulties surrounding conducting experiments in such settings.
Grundgeiger et al. (2010),Westbrook, Duffield, Li, andCreswick (2011), aswell asRivera
(2014) all studied nurses in their work environment, and thus their findings applied well
to the settings they used but cannot be expected to apply to other domains or even to
other institutions or departmentswithin health care. Sanderson andGrundgeiger (2015)
highlight these different approaches to evaluating the effect of interruptions within their
focus domain, health care, as well as their benefits and disadvantages. This resulted in
Sanderson and Grundgeiger (2015) putting a focus on the use of simulations, i.e. sim-
ulated environments and tasks, to allow for studies requiring interventions in contexts
that traditionally do not allow for manipulation of variables. Looking back at the identi-
fied knowledge gap regarding the lack of research on interruptionswithinmanufacturing
on the effect of interruptions from ICT systems, and taking into account the research that
does exist on interruptions, the requirement starts to become clearer. Research with a
focus on interruptions from ICT systems in manufacturing is needed, but research ex-
ists into the basic effects of interruptions on humans, as well as domain specific research
existing in other domains.
This suggests both what is required as well as a path to achieve that requirement. What
is required is a deeper understanding of how existing theories and interruption coordi-
nation strategies may apply to themanufacturing domain and how those can be adapted
for integration within ICT systems. This can be achieved through identifying existing
research on interruptions that isolate factors of interruptions (i.e. are not domain spe-
cific, but may not have taken into account authentic tasks or environments) and can be
adapted for use within the manufacturing domain, adapting that for use within man-
ufacturing, and evaluating the efficacy of the resulting adaptation. Such an adaptation
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requires exploring both the theoretical and practical aspects of interruptions in theman-
ufacturing domain, as analyses must be performed throughout. This means that inter-
ruption coordination methods identified in literature (McFarlane, 1999, 2002; McFar-
lane & Latorella, 2002) need to be adapted to the manufacturing domain, empirically
tested in a manufacturing setting, and analysed using theories suitable for understand-
ing activities and interruptions typical of the target domain of manufacturing assembly.

1.3 INDUSTRIALANDACADEMICCOLLABORATIONS
Research grants offered by the EU have made the work presented here possible. The
work has been supported by two research grants, the first half of the research was per-
formed as a part of the Sense & React project and financially supported by the Sense &
React Consortium which was funded by the EU grant FP7-314350, and the second half
of the research has been performed as a part of the Manuwork research project, which
is funded by the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 723711.

1.3.1 SENSE & REACT

Information rich manufacturing facilities are a focus of modern manufacturing, as the
Industri 4.0 framework highlights, which is why Sense & React referred to itself as “The
context-aware anduser-centric informationdistribution system formanufacturing”. Sense
& React had the aim of building a context aware ICT system that senses conditions and
reacts, with the the goal of increasing the flexibility of ICT systems in manufacturing.
This requires sensors throughout manufacturing facilities that give information toMan-
ufacturing Execution Systems (MES) or other enterprise applications (e.g. Enterprise
Resource Planning, ERP), as well as disseminating information through channels such
as static and mobile information devices that can include information screens, desktop
computers, tablets, and mobile phones (Sense & React, 2015).
The aims and goals of Sense & React align with those of the Industrie 4.0 framework for
creating tomorrow’s smart factories. Industrie 4.0 contains a heavy focus on increased
communication, increased flexibility, and more ICT systems that sense the current sta-
tus and can react to that (e.g. Hermann et al., 2015). For this purpose the Sense & Re-
act project is built on collaboration between multiple industrial and academic partners.
These are, in addition to the University of Skövde, Ascom, Volvo Car Corporation, Elec-
trolux Italia S.p.A., SAP, Institute for IndustrialManagement (FIR) at AachenUniversity
of Technology, the Technical University of Dresden (TUD), Intrasoft International S.A.,
The Laboratory for Manufacturing Systems and Automation (LMS) of the University of
Patras, Emphasis Telematics, Estaleiros Navais de Peniche S.A. (ENP), and the Instituto
Superior Tecnico (IST) of the Technical University Lisbon. The research presented here
has had some collaboration with most of these partners, with particularly tight collab-
oration with Ascom on the development and testing of their CANA messaging system,
which includes mobile devices and servers, that were graciously loaned for the purpose
of the studies explained in papers 2 and 4 in this thesis.
Working in large research projects has involved much work outside of direct research,
and some of this additional work performed for the Sense &React project is shortly sum-
marized here:

• Design of user interfaces that react to the predicted cognitive load of a situation.
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• Optimising the display of information to assembly workers for cognitive load,
upcoming conditions in the assembly line, batch change information, and more.

• The design of assembly instructions.

• Design guidelines based on the aforementioned designs.

• Writing reports and deliverables.

1.3.2 MANUWORK

Industrie 4.0 alsomotivates the TheManuwork project, which has the byline “Balancing
Human and Automation Levels for the Manufacturing Workplaces of the Future”. The
Manuwork project is aimed at supporting the inclusion of advanced technologies for
human-robot collaboration in manufacturing, and better support of human workers in
general. The Manuwork project has a strong focus on supporting worker satisfaction,
and introducing collaborative robots into manufacturing not to replace human workers,
but to support them in their work.
The aims and goals of Manuwork also align with those of the Industrie 4.0 framework
for creating tomorrow’s smart factories, withManuwork exploring in depth how flexible
automation can be integrated in assembly work to assist workers in their tasks. For this
purpose the Manuwork project involves collaboration between multiple industrial and
academic partners. These are, in addition to the University of Skövde, Volvo Car Cor-
poration, Intrasoft International S.A., The Laboratory for Manufacturing Systems and
Automation (LMS) of the University of Patras, IK4-Tekniker, CEA LIST, Safran Snecma,
Lantegi Batuak, N. Bazigos S.A., CASP, Prima Industire Group, Jernbro, Vicomtech, and
We Plus S.p.A.
Additional work performed for the the Manuwork project but not included in the thesis
has involved:

• Guidelines for training assembly workers in collaborating with flexible automa-
tion. This includes mixed reality applications such as augmented reality (AR) or
virtual reality.

• Design guidelines for the introduction of flexible automation in assembly.

• Writing reports and deliverables.

• The beginning of classification system for Levels of Collaboration for human-
robot collaboration in assembly (Kolbeinsson, Lagerstedt, & Lindblom, 2018b).

1.4 AIM AND OBJECTIVES
Narrowing the identified knowledge gap requires theoretically and empirically charac-
terising the appropriate use of interruption coordination methods in manufacturing as-
sembly work, which is supported through providing an empirically backed theoretical
framework to inform the design of tasks and assembly stations that are optimised to
take into account interruptions as they can occur in that context, thus mitigating nega-
tive effects of interruptions. The resulting framework should be applicable to the whole
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socio-technical context of assembly. This aim is expected to narrow the identified knowl-
edge gap so that ICT systems formanufacturing facilities can be better optimised tomin-
imise negative effects of interruptions on errors in assembly, assembly time, increases
in cognitive load, and stress. The aim will be achieved through the following objectives:

• Identify relevant existing research applicable to interruption management to
manufacturing assembly operations, including interruption management using
ICT systems.

• Assess empirically the applicability of existing relevant research on interruption
management when applied to manufacturing assembly operations with or with-
out ICT systems.

• Synthesise state of the art research from relevant fields with results from the
empirical assessment into a theoretical framework of interruption coordination
management in manufacturing.

• Create recommendations and guidelines based on obtained results for the analy-
sis and design of the socio-technical system (including ICT systems) in manufac-
turing assembly operations with the purpose of managing the negative effects of
interruptions.

1.5 RESEARCH APPROACH
Depending on an interdisciplinary approach for exploring the wide fields and domains
involved in this work was found to be likely to support the aim. This involves taking
into account the decades of research already performed within Human Factors and Er-
gonomics (HF/E) using traditional cognitive psychology as a foundation, as well as the-
ories from fields that examine similar problems from other perspectives, including situ-
ated and embodied views on cognitive science and Human-Computer Interaction (HCI)
the requirements of the multiple fields and domains involved . Each of these fields pro-
vides methods and tools that have been created to examine, analyse, and solve the prob-
lems traditionally faced within that field, and each field has unique strengths that can
apply to other domains. The dynamic and time-pressured nature of the tasks and envi-
ronment further suggests the applicability of a group of theories on cognition that have
been found useful for dynamic and time-pressured tasks and contexts (Barrett, 2015;
Marsh, 2006; Rogers, 2012). These theories are collectively referred to as DEEDS (Dy-
namical, Embodied, Extended, Distributed, and Situated) or 4E approaches of cognition
(Barrett, 2015; Marsh, 2006). Theories from within this umbrella term will therefore be
examined and used as appropriate. Such an interdisciplinary approach is expected to
result in contributions to the theoretical understanding of how interruptions affect per-
formance on manufacturing assembly task, as well as highlighting theories that apply
to the analyses of tasks and contexts in the manufacturing domain. Paper 3 (Kolbeins-
son & Lindblom, 2015) provides a discussion of some finer points of DEEDS and 4E (or
multiple E) approaches to cognition.
Theories found to be useful during the empirical and theoretical analysis will then be
synthesised into a theoretical framework for further use on similar problems, with fur-
ther future possibilities of validation or adaptation for use in other domains, as well as
offering the possibility of creating methods based on the theoretical framework. An im-
portant aspect of that is that the theoretical framework being developed should support
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the examination of interruptions in manual tasks, with a special focus on the manufac-
turing domain. The framework is expected to lead to practical contributions in the form
of recommendations and guidelines for ICT system creators and human factors and er-
gonomics (HF/E) practitioners working on notification systems in the manufacturing
assembly domain. Fulfilling the aim of the thesis requires reaching the objectives intro-
duced earlier, and therefore the work presented here consists of three main steps:

• A literature study, adapting research identified as promising to the manufactur-
ing domain.

• Evaluating the effectiveness of the identified research through experiments and
observation.

• Synthesising a theoretical framework based on the obtained results.

The first two stages are presented in the attached papers, while the third stage is a part
of the thesis itself.
The first step consists of a literature study that should examinework from research fields
that can provide empirical work on interruptions or theories that offer insights. Work
identified as being central includes the seminal work of McFarlane (1999, 2002) as well
as further analyses byMcFarlane and Latorella (2002) in which a taxonomy of interrup-
tion coordinationmethods is introduced, experiments performed to test the interruption
coordination methods included in the taxonomy, and the requirements of different pri-
mary tasks and interruption tasks are explored. Some other work identified as central on
interruptions includes research on breakpoint selection for smart interruption systems
that attempt to interrupt at appropriate times (Iqbal & Bailey, 2008). Looking at the
theoretical side, Monk, Boehm-Davis, and Trafton (2002) introduced a basic model of
the anatomy of an interruption, i.e. how the interruption requires a shift to an interrup-
tion task and then back to the primary task, and how both of these task switches incur a
cost in terms of a delay.
The second step requires an empirical assessment of the applicability of work identified
in the literature study, which requires an adaptation of the work of McFarlane (1999,
2002) andMcFarlane and Latorella (2002). McFarlane’s work used an experimental ap-
proach, so the adaptation required a similar setup, with some changes required to fit the
manufacturing domain. Themanufacturing domain has been briefly explained, butwhat
may not be clear from that is that while performing experiments in running manufac-
turing facilities would be ideal for maintaining a high ecological validity, manipulating
variables to assess whether the costs of interruptions such as increases in cognitive load,
increases in assembly times, increases in assembly errors, and increases in worker stress
can be measured is difficult, impractical, expensive, and possibly dangerous. Sanderson
and Grundgeiger (2015) argued that in their domain, health care, intervention studies
face logistical and organisational difficulties that make them impractical, and that make
the manipulation of variables operationally difficult and in many cases unethical. This
is also the case in manufacturing, with fewmanufacturing facilities willing to allow such
work due to the risks and costs involved. That experiments cannot be conducted in active
manufacturing facilities means that another approach is required, with Rooksby (2013)
suggesting conducting experimentswithin simulations, and Sanderson andGrundgeiger
(2015) examining the use of simulationswithin health care and arguing for increased use
of simulations in sensitive domains. Sanderson and Grundgeiger (2015) supply sugges-
tions as to how such a simulation can be created so as to support the goal of eliciting
similar responses as would be elicited in the authentic target domain. A simulation, in
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this context, is not a computer game or the likes, but rather involves simulating appro-
priate elements of an activity and environment so as to elicit responses from participant
that closely match responses on a fully authentic activity (Rooksby, 2013; Sanderson &
Grundgeiger, 2015). This kind of simulation does not need to look perfect, but should
support immersiveness and engagement, and allow participants to act as they would act
in the environment being simulated. This means that a central aspect of these simula-
tions is that less experimental control is maintained, as the researcher cannot control
all aspects of participant actions. This highlights a central difference between classi-
cal experiments and experiments performed in a simulation. The simulations used in
the studies detailed in the appended papers used one workstation of a manufacturing
assembly facility where pedal cars are built for training purposes. The tasks used in
the simulation were created to be representative of tasks observed in manufacturing as-
sembly tasks, and the ICT systems used in the simulations were also modelled on user
interfaces observed in manufacturing facilities in various facilities around Sweden and
Europe. These observations of user interfaces highlighted both what was well done and
problem areas, such as user interfaces commonly not taking into account basic rules of
usability. The ICT systems created for the experiments were designed to incorporate
some of these observed usability problems. The experiments used these simulations to
make it possible to assess the effects of adapting the identified research by McFarlane
(1999, 2002) and McFarlane and Latorella (2002) to interruptions in a manufacturing
assembly settingwithout requiring an actual assembly facility, as risking errors in aman-
ufacturing facility is generally not encouraged. An unexpected observation was made in
the experiment, wherein participants missed interruptions sent at times that had pre-
viously been identified as being appropriate for interruption based on Iqbal and Bailey
(2008). The first experiment was not set up tomeasure this, and details could not be ex-
trapolated from the sampled data, requiring a second experiment to further explore this
effect. This second experiment used a largely identical setup, with the same facility used
to simulate an assembly context. Guidelines and recommendations for creating inter-
ruption coordination systems for use in ICT systems inmanufacturing were made based
on results and conclusions from the studies using these simulation based experiments.
The third step involves a synthesis of the literature study detailed in paper 1, and the em-
pirical work detailed in papers 2, 3, and 4. This work is in progress and will be subject
to further research. The work on envisioning a theoretical framework for interruption
coordination management in manufacturing is included in this thesis, and uses a novel
approach to synthesise concepts in a visual way that is aimed to be intuitive both for
understanding and for use. This novel approach used in the theoretical framework in-
volves the use of storyboards (Greenberg, Carpendale, Marquardt, & Buxton, 2012) to
synthesise the empirical results with the theories that were used for analyses, which in-
clude theories and concepts from DEEDS (e.g. Marsh, 2006; Wilson, 2002), Activity
Theory (e.g. Kaptelinin & Nardi, 1997), Distributed Cognition (e.g. Hutchins, 1995) as
well as more traditional interruption research (e.g. Altmann & Trafton, 2002; Iqbal &
Bailey, 2008; McFarlane, 2002; Trafton & Monk, 2007). Contributions made in this
thesis centre mostly on the empirical work performed, its execution, and results. The
first two empirical studies were performed in a simulated environment, with participant
feedback suggesting that the simulation of a manufacturing task and environment were
successful and created a similar feeling to that of working in a realmanufacturing assem-
bly situation. This supports the use of simulations for empirical research, and supports
the basic point put forward by Rooksby (2013) as well as the more specific points made
by Sanderson and Grundgeiger (2015) as well as Drews and Bakdash (2013) about the
qualities required to successfully use simulations in research. An observational study
performed in a running manufacturing facility further highlighted some differences be-
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tween laboratory based studies and how interruptions are handled in manufacturing
assembly.
Finally, some guidelines and recommendations for integrating interruption coordina-
tion methods into ICT systems for use in manufacturing assembly operations are in-
cluded in papers 2, 3, 4, and 5, and rely on the results of the empirical studies and further
analyses.

1.6 SUMMARY OF APPENDED PAPERS
All papers included in this thesis are ordered so that the progression from the literature
review to the conclusion of the research is clearly visible, which is not fully reflected by
the publication dates:

1. Context aware interruptions: existing research and required research, a literature
review that was presented at the Applied Human Factors and Ergonomics (AHFE)
2014 conference and published as part of the conference proceedings (Kolbeinsson
et al., 2014),

2. Coordinating the interruption of assembly workers in manufacturing: a manuscript
detailing the results of the first experiment published in the journal Applied Er-
gonomics (Kolbeinsson, A., Thorvald, P., & Lindblom, J., 2017),

3. Mind the body: how embodied cognition matters in manufacturing, further anal-
ysed elements of the first experiment and was presented at AHFE 2015 and pub-
lished as a journal article in Procedia Manufacturing (Kolbeinsson & Lindblom,
2015).

4. Missing mediated interruptions in manual assembly: Critical aspects of break-
point selection, an article detailing the results of a second experiment, published in
the journal Applied Ergonomics (Kolbeinsson, Lindblom, & Thorvald, 2017).

5. Well designed workspaces and work practices in manufacturing resist classical
interruptions: How an assembly line assembles engines, a manuscript detailing
an observational study at an automotive engine assembly facility, submitted to
the journal Cognition, Technology and Work (Kolbeinsson, Lindblom, & Thorvald,
2018).

PAPER 1: CONTEXTAWARE INTERRUPTIONS: EXISTING RESEARCH
AND REQUIRED RESEARCH

Highlighting and identifying relevant literature was planned to fulfill the first objective.
This leads to the first work included in this thesis, which was presented and published
in the proceedings of the Applied Human Factors and Ergonomics (AHFE) conference
in 2014, which was held in Krakow, Poland. This work was presented at the AHFE 2014
conference, and detailed the initial literature review performed for this thesis, with a
particular focus on research on interruptions. This identified some central work, in par-
ticular it pointed to McFarlane’s taxonomy of interruption coordination methods based
on his 1999 experiment as being importantwork, aswell as the following additional anal-
yses performed byMcFarlane (2002), as well as McFarlane and Latorella (2002). Other
work identified as being central to the work ahead was work on mediating interruptions
and identifying breakpoints in activity (Iqbal & Bailey, 2008), as well as an overview of
the anatomy of an interruption (Trafton & Monk, 2007). I am the main author of this
paper. The work performed consisted of a literature review, and writing the paper. My
co-authors took part throughout the process and provided invaluable guidance.
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PAPER 2: COORDINATING THE INTERRUPTION OF ASSEMBLY
WORKERS IN MANUFACTURING

Objective 2 involves empirically assessing the applicability of existing relevant research
on interruption management when applied to manufacturing assembly operations, and
work on fulfilling this objective begins paper 2. The literature review presented in paper
1 identified existing research by McFarlane (1999, 2002) and McFarlane and Latorella
(2002) that was seen as fitting the general aim of my research, but found their work to
be lacking in ecological validity due to the highly controlled nature of the experiment
and the artificial nature of the tasks and environment. This meant that the next step
was identified as adapting the taxonomy of interruption coordination methods intro-
duced by McFarlane (1999, 2002) to a setting that better fits the target domain of man-
ufacturing assembly. An experiment using a simulated factory environment and tasks
was created to perform this adaptation, with the hypothesis that results fromMcFarlane
(1999, 2002) would be seen with the exception that the less controlled experiment being
conducted would allow subjects control over task switching, and thereby cause so-called
immediate interruptions, where subjects are expected to switch immediately to the in-
terruption task on receipt of an interruption, to have less negative effects than predicted
by McFarlane (1999, 2002), but that McFarlane’s work would apply to other aspects of
interruption coordinationmethods. The study detailed in paper 2 found that immediate
interruptions did indeed cause less cost in the form of increased time and errors on the
assembly task than predicted by McFarlane (1999, 2002), but also found less difference
between the other interruption coordination methods than suggested by McFarlane’s
work. An unexpected observation was made during this study when subjects were seen
to miss notifications at an interruption point that had been predicted to be beneficial
to performance, referred to as mediated interruptions. The experiment was not set up
to measure this and the data could not be extrapolated from the sampled data, so the
observation could not be confirmed. A follow-up experiment was planned as soon as
these results became apparent. Paper 2 was published in Applied Ergonomics in Jan-
uary 2017. I am the main author of this paper and designed, planned, led, and analysed
the study presented in the paper.

PAPER 3: MIND THE BODY: HOW EMBODIED COGNITION MATTERS
IN MANUFACTURING

Unexpected observations, as well as more expected results from the experiment intro-
duced in paper 2were further analysed from an embodied cognition perspective in paper
3. This second, deeper, analysis and its conclusions were presented at the AHFE 2015
conference which was held in Las Vegas, and was later published in Procedia Manu-
facturing (Kolbeinsson & Lindblom, 2015). The focus in paper 3 was on the embodied
aspect of notifications in an active environment, andwhy one class of notifications called
mediated notifications failed at a specific point previously thought to be suitable. The
concept of activity levels comes from activity theory and provides useful tools for identi-
fyingmotives and goalswithin activities andhierarchically structuring activities (Rogers,
2012). Guidelines for analysing tasks from an embodied cognition perspective that com-
plements and expands traditional human factors and applied ergonomics approaches
were developed and are included. This paper concluded that embodied cognition can
provide human factors and applied ergonomics practitioners with a new view on tasks
and activities, which can lead to design principles and analysis tools that provide a dif-
ferent set of tools than commonly used today. I am the main author of this paper, with
much collaboration with my co-author both in the additional analysis and the writing of
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the paper.

PAPER 4: MISSING MEDIATED INTERRUPTIONS IN MANUAL
ASSEMBLY

Some unexpected, but unverified observations, were made in the first experiment de-
tailed in papers 2 and 3. These required further attention and warranted a follow-up
experiment. Mediated interruptions (where the system attempts to interrupt at an ap-
propriate point) were tested exclusively to verify whether subjects miss the interrup-
tion when it is sent at a previously identified breakpoint between sub-tasks in assem-
bly. The experiment supported the hypothesis that subjects would miss interruptions
at the breakpoint between sub-tasks more than they did when interrupted at a break-
point between tasks. The work of Iqbal and Bailey (2008) was found to be helpful in
understanding this, with their concepts of tasks and sub-tasks, as well as coarse and
fine breakpoints aligning well with the concept of activity levels as well as the simplified
anatomy of an interruption offered by Trafton andMonk (2007). The concept of activity
levels comes from activity theory and provides useful tools for identifying motives and
goals within activities and hierarchically structuring activities (Rogers, 2012). Combin-
ing these concepts with the basic views on embodied cognition offered byWilson (2002),
already identified as useful for analysis in paper 3, helped identify the reason behind the
problems with noticing the interruption signal as amisalignment of action and anticipa-
tion of action, with these two factors affecting the practical length of the pause between
sub-tasks and creating interference. These findings are further elaborated upon in this
thesis and used to form a first version of a theoretical or conceptual framework suitable
for supporting the work of HCI practitioners, designers, as well as human factors and
ergonomics (HF/E) practitioners, and introducing core concepts of embodied cognition
to the field in such a way as to be understandable and practical. This paper was pub-
lished in Applied Ergonomics in May 2017. I am the main author of this paper, as well
as having designed, planned, led, and analysed the study presented.

PAPER 5: WELL DESIGNED WORKSPACES AND WORK PRACTICES
IN MANUFACTURING RESIST CLASSICAL INTERRUPTIONS: HOWAN
ASSEMBLY LINE ASSEMBLES ENGINES

Examing interruptions as they occur in a manufacturing facility, with a focus on worker
strategies forminimising the negative effects of interuption, was seen as a necessary step
following the experiments detailed in papers 2, 3, and 4. Paper 5 contains the details of
an observational study performed at an automotive engine assembly plant, as an ex-
perimental approach was not seen as being appropriate for use in the factory, as well as
another type of approach was required to examine and analyse the current state of inter-
ruption in assembly. Importantly, classical interruptions as examined in papers 2 and 4
(and defined byMcFarlane, 1999; 2002) were highly uncommon, with workers avoiding
abandoning their work, never abandoning an unfinished task, but instead conversing
frequently during assembly. This highlights the differences between tasks designed to
provide a high cognitive load as well as to remove all normal support mechanisms (such
as scaffolding) that are commonly available during authentic manual tasks and further
highlights the difference between experimental tasks and authentic tasks. This in turn
highlights the need to follow up on experiments that find interesting results by explor-
ing how (or whether) those effects appear in more authentic tasks. The analysis relied
heavily on activity theory (AT) and in particular, relied on a tool known as the activity
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checklist (Kaptelinin, Nardi, & Macaulay, 1999). The use of these tools further high-
lighted the power of AT for exploring this kind of context, but also supported the earlier
observation that more clear tools for applying AT are needed. This paper has been sub-
mitted for review and is currently in the review process. I am the main author of this
paper, as well as having designed, planned, led, and analysed the study presented.

1.7 THESIS OUTLINE
This thesis consists of 5 chapters, starting with the current introduction chapter. Chap-
ter 2 explains the theoretical and practical background to the work contained within the
research. This involves introducing the manufacturing domain and its requirements,
introducing existing research on interruptions, and explaining how cognition has been
viewed in the past and how DEEDS approaches such as the embodied and situated cog-
nition view differs from traditional views based on cognitive psychology as commonly
used in existing research on interruptions and HF/E.
Chapter 3 follows this by focusing on the research design used for the whole thesis, as
well as explaining the research design of each paper included in the thesis. The papers
themselves rely on experiments using simulations to create authentic environments and
tasks that should elicit responses similar to those elicited by real manufacturing tasks
and environments.
Chapter 4 introduces the theoretical framework which synthesises some of theories in-
troduced earlier. The theoretical framework uses graphical storyboards to assist in that
synthesis, as well as to highlight and explain the differences between traditional views
on cognition and the embodied and situated viewpoint used here.
Chapter 5 contains a discussion about the contributions and limitations of the work pre-
sented, as well as some concluding thoughts.
This is followed by five research papers that constitute the backbone of the research
being presented. These papers are presented in chronological order of the research being
performed, with the goal of highlighting a logical progression through the research.
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CHAPTER 2

THEORETICAL BACKGROUND

This chapter introduces and characterises central concepts that are used in this thesis.
These include the domain, which is manufacturing, the disciplines that have worked
within manufacturing, the basics of human cognition, and theories on human cognition
that can be used for the analyses of manufacturing tasks and interruptions in the man-
ufacturing domain, as well as for managing interruptions.

2.1 MANUFACTURING AND ASSEMBLY
Manufacturing means to ”Make (something) on a large scale using machinery:” (Oxford
English Dictionary, 2016). That said, manufacturing has large variations in the prod-
ucts being produced and the methods used in the production. This ranges from custom
manufacturing on a smaller scale based on special orders, to mass manufacturing where
millions of identical articles may be produced. The focus here will be on manufacturing
for the efficient mass production of articles on an assembly line. Even so, modern mass
manufacturing can include customisation of the products being created, as well as the
possibility of manufacturing different articles on a single manufacturing line, switch-
ing the whole assembly line between products as is required to maintain efficiency and
profitability. The goals of efficiency and flexibility require supporting communications
between managers, team leaders, and assembly workers (Bäckstrand, 2009), but any
new communication may necessitate interrupting the person who should get access to
the new information. Timely dissemination of information can be vital for people to
complete their tasks, but unnecessary interruptions can have negative effects on peo-
ple and tasks, and if the interruptions contain a new task to perform then interruptions
at inappropriate times can also cause errors on both the interruption task and the pri-
mary task (McFarlane, 1999). Manufacturing products in an efficient, safe manner that
ensures quality of the product is complex.
The common image of workers assembling a Ford Model T on a moving assembly line
is still relevant, but modern manufacturing is unlikely to offer only one version in one
colour. Supply chains in manufacturing are also controlled and modelled to ensure that
the production flow in final assembly is as stable as possible (Groover, 2010). Adding to
this, the assembly operations are broken down into simple sets of operations so that each
worker performs only a small and well defined part of the assembly before the product
goes to the next worker. These “component actions” are referred to as minimum ratio-
nal work elements (Groover, 2010). This allows the use of what is called a “takt” time,
which is the amount of time that each set of assembly tasks should take (e.g. Womack &
Jones, 2003). These times can be quite short, depending on the type of assembly, and
at the end of each assembly the worker receives a new product for assembly. This effec-
tively means that (ideally) there are no pauses in assembly; the assembly process runs
near continuously and workers cannot leave their assembly station without requesting
a replacement worker or shutting down their assembly station. Other forms of manu-
facturing assembly exist, such as “dock” assembly, where large and complex products
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are assembled by highly skilled specialists over a longer period of time, often in a fixed
place, or dock. This setup is very different from the moving assembly line, and is mostly
used for large, complex products that are not produced in large quantities. Examples of
such products would be large passenger aircraft assembly, ship building, and building
heavy machinery for the forestry industry (Andreasson, 2014).
Access to assembly instructions is important whether or not a moving assembly line is
used, and these assembly instructions have traditionally come to the assembly station in
a paper based format. When faced with assembly lines where each station has assembly
times as short as 30 seconds and products whichmay change batches multiple times per
day, or even have customisations based on individual customer demands (such as when
ordering specific details on new cars) then updating paper based assembly instructions
becomes time consuming and error prone. Where variants are common then the work-
flow can be adapted to include checking for changes, but this can be supported by ICT
systems that can ascertain what product is in assembly, show which components should
be mounted, and sense which components the worker has taken from the inventory can
reduce the chances for errors and greatly simplify updating information across thewhole
manufacturing line (Sense&React, 2015). Updates of this sort may in some cases be a
part of a normal workflow for assembly workers, i.e. the worker completes an assembly,
checks the status and the assembly instructions, and begins the next assembly, but in
other cases information updates may require informing the assembly worker before the
completion of the assembly, and this would constitute an interruption. Unanticipated
delays in component delivery, production delays either before or after the work station,
technical faults in assembly station equipment, or request for assistance from supervi-
sors or other assembly workers can, for instance, require immediate dissemination of
information and thereby require interrupting the worker.
This highlights the opportunities and risks associated with rapid dissemination of in-
formation, and as has been explained the amount of information has increased greatly
in recent years due to requirements for product customisation. Information and com-
munications technology (ICT) has expanded greatly in recent years in people’s personal
lives and workplaces, including manufacturing facilities, and can support modern re-
quirements of information dissemination within manufacturing. Industry has seen the
problems with current methods of information dissemination, and seen the opportuni-
ties inherent in ICT systems, and has respondedwithmodern industrial frameworks and
strategies such as Industrie 4.0 (e.g. Hermann et al., 2015), which focus on the smart
factories of the future. These smart factories of the future are seen as requiring ways
of sensing and predicting the current state, current requirements, future requirements,
and having to disseminate information based on that (e.g. Sense&React, 2015). This
means that modern or future smart factories inherently involve extensive amounts of
information flowing between the automated systems in use and the workers, and one
key component for successful utilisation of this information flow is the ability to know
when and where information is needed as well as when and where additional informa-
tion is not desirable, i.e. getting the right information to the right person at the right time
(Bäckstrand, 2009). A challenge in the smart manufacturing environments of today and
tomorrow is to assess the current state of work and send various kinds of information to
a user accordingly, as well as making a user aware of updated information that requires
notifying the user that new information is available (Hermann et al., 2015). Notifying a
user that new information is available and requires attention involves interrupting the
user in some way and has been researched in many fields and domains for a long time,
with the human factors advances in aviation being a prime example (e.g. Hawkins, 1993;
Mirlacher, Palanque, & Bernhaupt, 2012).
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2.2 INTERRUPTIONS

Research on interruptions is not new, but has both increased and changed character in
the last fewdecades. That said, although interruptions are known to have been examined
from 1927 and onwards (Zeigarnik, 1927) they were not examined in much depth until
the 1970s (Spiekermann & Romanow, 2008). At that time there was a large increase in
research on interruptions, largely to support work in control rooms and aircraft cockpits,
with the increase being triggered by accidents that occured in those domains (Spieker-
mann & Romanow, 2008; Trafton & Monk, 2007).
Coraggio (1990, p.19) provides a definition of what an interruption is, stating that “an
interruption is an externally generated, randomly occurring, discrete event that breaks
continuity of cognitive focus on a primary task". Coraggio’s definition can be argued to
be somewhat limited and overly broad at the same time, as it is wide enough to encom-
pass such concepts as distractions, which are non-focused and non-information bearing
interruptions that incur a measurable cost but do not result in a full switch from the
primary task (Grundgeiger et al., 2010; Sanderson & Grundgeiger, 2015), yet ignores in-
ternally generated sources of interruption such as thinking of a new angle to a problem
or another task that must be performed. Even so, Corragio’s definition is widely used,
and is useful for the purposes of this thesis, which focuses on targeted interruptions
generated from some sort of notification system, ideally using a system for interruption
coordination. Targeted interruptions need to make their presence known. Notifications
serve this purpose.
Notifications are, in the context of this thesis, a directed signal to interrupt the user and
inform that new information is available and awaits the user, and a notification sys-
tem is the underlying apparatus that transfers and presents notifications (Kolbeinsson
et al., 2014). A notification is then a specific signal designed to interrupt a user or group
of users, and the notification system manages these signals and triggers specific mech-
anisms for interrupting people or a person. A random noise in the environment that
interrupts is then not a notification (it is, however, a distraction), but a computer giving
an audio message such as “you’ve got mail” is a notification, yet both can interrupt.
The problemwith interruptions, intentional and targeted or not, is that they incur costs.
Those costs are that the number of errors on the task being performedwhen interrupted,
the primary task, is increased, the time to complete the primary task is increased, the
interruption task also suffers the risk of errors, and irritation can increase due to inter-
ruptions (McFarlane, 2002; Wickens, 1992). These increases in cognitive load, stress,
and irritation can also lead to more errors being made on both the interruption task and
on the primary task (McFarlane, 1999). As has been discussed, modern manufacturing
can require updates to information to be propagated to workers, and this information
can be vital for upcoming tasks or even for the current task. Likewise, personal com-
munications through mobile devices cause interruptions, but these may be welcomed.
This goes to show that interruptions are definitely not all bad, although they come at a
cost. As has been mentioned, high cognitive load can lead to errors, but what may be
less obvious is that low cognitive load can also lead to errors due to boredom and inat-
tention, and in these cases interruptions may be beneficial as they raise the cognitive
load to a more appropriate level (Jackson, Kleitman, & Aidman, 2014; Scerbo, 1998).
An interruption is then, in simple terms, any event that breaks a person’s attention to
their current activity, the primary task, and either requests or forces the user to focus on
a new task, the interruption task (Kolbeinsson et al., 2014).
A simplified anatomy of an interruption starts at a task that is being performed, referred
to as the primary task, an interruption of some sort, switching from the primary task to
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Figure 2.1: A simplified model of a primary task being intruded upon by an interruption. This illustrates
the basic costs in time of even a well handled interruption, with time being required to switch between
the tasks. The vertical axis is used for discriminating between the two tasks, as well as higlighting how
interruption lag and resumption lag stems from he requirement to switch between the primary task and
interruption task. Figure by Ari Kolbeinsson, adapted from Trafton and Monk (2007) using terms from
McFarlane (2002) as well as Altmann and Trafton (2002).

the interruption task, completing the interruption task, and resuming the primary task.
A graphical representation of this simplified model can be seen in figure 2.1. The simple
model may be seen as implying that the primary and interruption tasks, as well as the
whole process of interruption and resumption, are simple linear processes, but Werner
and Holden (2015) explain that this is not the case. Werner and Holden (2015) argue
that even simple real-world tasks and contexts entail more complex processes than is
shown by the simplified model, and that tasks and contexts where multiple people and
multiple tasks vie for attention, such as in emergency department operations, result in
highly complex relationships between elements of all the actors involved. That said,
models such as that made by Trafton and Monk (2007) are useful for explaining basic
concepts, although for real world applications more detailed models may be required.

2.2.1 EXISTING RESEARCH ON INTERRUPTIONS

The earliest research that is known to explicitly investigate the effects of interruptions
was published in 1927 by Zeigarnik, and shows that people remember the details of a
task better if they are interrupted in performing that task. Much has happened since
then, with a sharp increase in research on interruptions occurring in the late 1970s and
through the 1980s (Spiekermann & Romanow, 2008). This increase was mostly in the
field of human factors, and was brought about because of highly publicised air accidents
and accidents in nuclear power station control rooms (Spiekermann&Romanow, 2008;
Trafton &Monk, 2007). Interruptions in information systems then started gettingmore
attention in the late 1990s, and has increased in the time following that (Spiekermann
& Romanow, 2008). A problem for the proposed research is that interruptions have
mostly been examined in conjunctionwith traditionally information system reliant fields
of work, such as office environments using desktop computers, and control room opera-
tions (Brixey et al., 2007; Walter et al., 2015), and information rich environments where
workers have great freedom in handling interruptions such as in health care (e.g. Cor-
aggio, 1990; Grundgeiger et al., 2010; Iqbal & Bailey, 2008; Iqbal & Horvitz, 2007; Mc-
Farlane, 2002; Rubinstein et al., 2001; Sanderson & Grundgeiger, 2015; Spiekermann
& Romanow, 2008; Warnock et al., 2011; Wickens, 1992). Walter et al. (2015) have
identified an interest in clarifying how interruptions affect occupational settings, and in
particular stress the difficulty of quantifying the effects of interruptions in authentic set-
tings due to multiple issues ranging from the risks or costs of disturbing operations, to
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the difficulty of managing variables and avoiding confounding factors.
Rissler, Nadj, Adam, and Maedche (2017) performed a systematic literature review of
interruptions research, and introduced the beginnings of a framework that should com-
bine components of much of the existing research. Three aspects are notably missing
from Rissler et al. (2017). These are firstly that the focus of all identified work seems to
be on office workers or hospital workers, i.e. nomention of interruptions affecting other
work domains, secondly that none of the identified work appears to take into account
tasks that can benefit frommore embodied and situated explanations or approaches for
support, as is indeed evidenced by the title which denotes “IT-mediated interruptions”.
That said, IT-mediated interruptions can occur in non-IT focused domains due to both
stationary information stations such as screens near workstations as well as due to mo-
bile devices commonly carried in modern workplaces (as well as privately). The third
aspect that is missing from Rissler et al. (2017) is that no explicit theoretical grounding
for the framework can be discerned. Reading Rissler et al. (2017) suggests that theo-
ries based on the computer metaphor of mind, and a cognitivitist approach including
the view that the mind is internal to the body and cognition happens within the brain
(Lindblom, 2007; Rogers, 2012; Vernon, 2014) seems to be what is being relied upon.
As hands-on tasks can differ from tasks relying mostly on visual attention (as is the case
with most IT based task), this means that further work is needed, and that interruptions
research with a more embodied and situated viewpoint is likely to afford new and useful
views and approaches to supporting people being interrupted during more hands-on
tasks. Moreover, a framework with a clear theoretical grounding could provide tools
that allow a practical analysis of a task and an interruption as well as supporting a deeper
analysis of the task and interruption for research purposes. A clear theoretical grounding
also allows researchers and practitioners such as designers to choose a tool that fully
supports the analysis they require to gain the necessary level of insight, which sometimes
only needs to be “quick and dirty”, and in other cases may require understanding the
whole activity from multiple levels at once.
Somewhat interestingly, Zeigarnik’s 1927 experiment on interruptions used somehands-
on tasks (manual tasks) such as creating from clay, constructing a box from cardboard,
as well as mental tasks such as arithmetic and puzzles. Reproducing Zeigarnik’s work
(and the Zeigarnik effect) can therefore be seen as requiring manual tasks as much as
the mental tasks more commonly used in interruption research in the 90 years since. It
is then possible that embodiment effects may have affected Zeigarnik’s (1927) findings,
andmay have interfered with attempts at measuring the Zeigarnik effect, some of which
have been unsuccessful. One factor affecting this is that Zeigarnik’s work predates the
introduction and adoption of the computer metaphor of mind, meaning that her work
used a different theoretical foundation to most interruption research performed from
the 1970s and onward within HF/E and founded in cognitive psychology. Indeed, when
the matter is examined it becomes clear that Zeigarnik (1927) likely relies on the then
rising field of Gestalt psychology as a theoretical foundation, and that Zeigarnik studied
under well known founders of that field as well as having Kurt Lewin, the founder of
field theory, as her supervisor. In addition to this, Zeigarnik was in close contact with
Lev Vygotsky, the well known Russian developmental psychologist who founded activity
theory (Zeigarnik, 2007).
McFarlane and Latorella (2002) mention that it seems absurd that people may actually
want interruptions to their work, but that normal work requires access to updated in-
formation as well as social information. McFarlane and Latorella (2002) also point out
that information systems at the time of their research had in general not been designed
with interruptions taken into account, and that in some cases interruptions had danger-
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ous effects in workplaces such as aircraft cockpits where pilots were muchmore likely to
make mistakes on interrupted tasks. It may seem prudent to ask why information sys-
tems design did not take the effect of interruptions into account, and the answer appears
to be that the effects of interruptions on general tasks had not been studied. Indeed, Zi-
jlstra, Roe, Leonora, and Krediet (1999) state that little research had been done by 1999
on the effects of interruptions on workers’ performance. A review of existing literature
shows this to contain a grain of truth.
Someorganisations such as theUSNavy are reported as having become aware quite early
that the complexity of their shipborne systemswas increasing in such a way that systems
would not be fully mission capable in the future without a major user interface (UI) re-
design that would take interruptions into account in notification systems (McFarlane
& Latorella, 2002). Although these examples use workplaces with large consequences
for mistakes, the same applies to other fields. Even though the consequences of mis-
takes may not be fatal, they may still be harmful or even disastrous to the individual or
company that suffer these problems. Yet other mistakes may lower the operational effi-
ciency of a workplace, for instance through distracting workers from their tasks unnec-
essarily often or at inopportune times. In addition to decreasing efficiency, increasing
errors, and increasing time-to-complete tasks, interruptions have also been found to af-
fect users’ psychological and physical well being (Baethge & Rigotti, 2013). That said,
Zijlstra et al. (1999) found that interruptions can increase performance on monotonous
tasks, probably due to the interruption increasing the cognitive load to a level less likely
to cause boredom and inattention.
Models of interruptions have been created with varying levels of detail, as have systems
for managing interruptions. One example of a very basic model of how an interruption
works can be seen in Monk et al. (2002) where the basic anatomy of an interruption
is modelled, while the Interruption Managment Stage Model (IMSM) proposed by La-
torella (1999) models interruption process in a more detailed manner. Worth noting is
that both these models view the aspects of cognition that are modelled as a part of the
resolution of the interruption in a linear, algorithmic process that happens within the
head, relying as they do on the computer metaphor of mind which is a common under-
pinning of theories within HF/E. What this grounding involves, and what limitations
entail, will be discussed in more detail later in this chapter, but more recent approaches
to cognition (such as DEEDS/4E approaches to cognition) suggest that the body and
environment (both social and physical) should be taken into account in ways not easily
supported bymore traditional approaches common within HF/E. Begole, Matsakis, and
Tang (2004) created the Lilsys system for showing a user’s status in an instant message
(IM) system on a desktop computer, and found that using motion sensing and sound
sensing (for sensing conversations) changed how other people approached the user. The
user got tentativemessages such as “I see that you are busy, but I have a quick question”,
and “can you call me when you’re free?”. This is the kind of behaviour that humans show
towards one another when they receive cues that someone is busy. These cues may be
as simple as an explicit “I am busy” note on the door, or as complex as gauging based on
interpretation whether a person is amicable towards interruptions. That must then be
the first step for a context aware and mindful notification system.
As has been explained, interruptions have a high cost for the person being interrupted
in many cases. Switching between tasks, even when done in a controlled manner, in-
curs a cost in terms of time and performance on both tasks (Spiekermann & Romanow,
2008). The performance loss can be mitigated through preparing for the task switch-
ing, as well as through having easy ways of “entering” the new task. The same goes
when switching back to the primary task; if the task can be left in such a state that it
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can be easily resumed and/or if the primary task is set up in a manner that allows easy
resumption of the task then the performance cost of task switching is greatly reduced.
This immediately suggests some interesting ways of managing interruptions, whichMc-
Farlane (1999, 2002) as well as McFarlane and Latorella (2002) have explored in some
detail. The first of these ways of managing interruptions is to allow the user to select
an appropriate time to be interrupted, or negotiating the interruption. Another involves
attempting to sense the appropriate time to interrupt, or to mediate the interruption. A
third method of managing interruptions uses certain pre-scheduled times which allow
interruptions, or scheduled interruptions. And the final interruption method is the one
that is currently most frequently used; immediate interruptions without any heed being
paid to the user’s current activity. McFarlane (1999, 2002) as well asMcFarlane and La-
torella (2002) found the nature of the primary task to be of paramount importance for
selecting what type of interruption coordination should be used. The four coordination
methods are as follows (McFarlane, 1999, 2002; McFarlane & Latorella, 2002):

• Immediate interruptions are delivered when the new information arrives and do
not take into account current user activity. This new information might be that
a supervisor is asking for the worker’s presence, or that the worker must retrieve
new components or assembly instructions due to an unforeseen problem.

• Negotiated interruptions make the user aware that there is an interruption that
will require some action, and may inform the user of the importance level of the
interruption, but the user has the option to choose when to pay attention to the
notification and examine the new information itself in full detail.

• Mediated interruptions use a mediator (a person or a system) to gauge when it
is appropriate to interrupt the user. There is a request that the user comes and
performs an action, where this request is delivered via the mediator through the
user’s information device at a time deemed appropriate.

• Scheduled interruptions are delivered at pre-scheduled times or intervals, which
may take the importance of the interruption into consideration. Important in-
terruptions might be shown every 5 minutes, while less important interruptions
might be shown less frequently.

Some factors affecting the selection of interruption coordination methods based on the
primary task are the load on short term memory, cognitive load, and how much a user
can prepare for switching between the two tasks (Iqbal & Horvitz, 2007; McFarlane,
1999, 2002; McFarlane & Latorella, 2002). These factors affect the performance on
switching tasks and resuming the primary task, as well as affecting the performance on
each task. The choice of interruption coordination methods must therefore be based on
the importance of both the primary and interruption tasks and take into account which
of the tasks should get more support. Immediate interruption are shown by McFarlane
(1999, 2002) as well as McFarlane and Latorella (2002) to greatly degrade the perfor-
mance on the primary task as well as the interruption task, but provoke a rapid response
to the interruption task, whereas a mediated interruption (one that uses some form of
third-party or automated system to find an appropriate time) induces a slower response
time to the interruption task but avoids serious degradation of performance on the pri-
mary task, according toMcFarlane. This is questioned by the results obtained in the sec-
ond of the attached papers (Kolbeinsson, Thorvald, & Lindblom, 2017) where immediate
interruptions were not found to cause the performance degradation or increase in errors
predicted by McFarlane (1999, 2002), which was seen as being a result of the design of
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the respective experimental tasks. McFarlane (1999, 2002) had both the primary task
and the interruption task performed on a single computer screen, with one task com-
pletely replacing the other on the screen (task occlusion), while the primary task used in
paper 2 (Kolbeinsson, Thorvald, & Lindblom, 2017) was amanual assembly task and the
interruption task required responses on a computer screen. Kolbeinsson, Thorvald, and
Lindblom (2017) explain that task occlusion as used by McFarlane (1999, 2002) is un-
likely to occur in tasks in the physical world; the tools do not disappear or get snatched
from a worker’s hands even when an extremely high priority interruption intrudes upon
the primary task. This resulted in Kolbeinsson, Thorvald, and Lindblom (2017) sug-
gesting the introduction of a negotiation element as an addition to the taxonomy from
McFarlane (1999, 2002) to make the taxonomy more compatible with more authentic
manual activities. The negotiation element is based on the finding that humans do not
instantly quit their current task when interrupted, unlike in the experimental tasks used
byMcFarlane (1999, 2002), but rather switch tasks at the earliest time they think is safe
or appropriate, even when instructed to respond to the interruption as fast as possible.
Much of the research that has been introduced here focuses on isolating aspects of inter-
ruptions through highly controlled experiments using tasks that are designed to cause
a high load on participants’ cognition and to induce errors. Examples of this include
(but are not limited to) McFarlane (1999), McFarlane (2002),McFarlane and Latorella
(2002), Iqbal and Horvitz (2007), Trafton and Monk (2007),Iqbal and Bailey (2008),
Brumby, Du Toit, Griffin, Tajadura-Jiménez, and Cox (2014), and Altmann, Trafton,
and Hambrick (2017). All these use contrived tasks, in some cases using mental arith-
metic or modified Stroop tasks to increase participants’ stress levels and induce errors
and thereby to avoid a floor effect where the effect of interruptions is too small to be
accurately measured. The reason for this approach is that the researcher can isolate the
effect that is being examined and can identify underlying psychological (or cognitive)
mechanisms. The downside is that the tasks, environments, difficulty, and participant
familiarity with the tasks may not be representative of what humans do in regular activ-
ities. Just the control exerted by the researcher during an experiment can involve clear
instructions as to how to complete objectives, leading the whole experimental activity to
be fully structured and designed by the researcher and with participants exerting very
little control over their actions. Adding to this, time limitations can mean that partic-
ipants get little training on these contrived experimental tasks, with the training time
commonly being measured in minutes. Contrast this with natural tasks where humans
spend years working in the same context, learning all tasks within the context to perfec-
tion. An example of this can be seen in paper 5 (Kolbeinsson, Lindblom, & Thorvald,
2018) where worker experience varied between around 1 and 17 years (or around 1500
hours to around 30000 hours).
Examining interruptions in a natural context and during natural task (or “in the wild”)
is difficult except in specialised work environments, but some researchers have made
the attempt, some by using interesting systems to attempt to measure users’ natural be-
haviour in their personal lives (Böhmer, Lander, Gehring, Brumby, &Krüger, 2014), and
in other cases observations in workplaces (Andreasson, Lindblom, & Thorvald, 2017;
Grundgeiger et al., 2010; Kolbeinsson, Lindblom, & Thorvald, 2018). This approach
has clear limitations as well, with researchers having no control over the task or con-
text, and any observations or measurements having to both deal with limitations as to
what can be examined and the variability that comes from people modifying their work
as they wish (within the limitations of the workplace). Janssen, Gould, Li, Brumby, and
Cox (2015) notes that interruptions research is somewhat disparate, and that elements
of interruptions are sometimes called different things and researched in different fields,
with each field commonly having its own theoretical andmethodological underpinnings.
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This leads to Janssen et al. (2015) suggesting unifying all aspects of interruptions under
an umbrella term of multi-tasking, arguing effectively that all forms of interruptions re-
search examine some form of switching between tasks and/or attempting to perform
multiple tasks concurrently. To support this, Janssen et al. (2015) suggest a six point
agenda for advancing interruptions research, being careful to note that this agenda is
not exhaustive but rather a pointer forward. The points in the agenda are the following,
with some short annotations:

• Closing the gap between interruption research and multitasking research. Janssen
et al. (2015) explain that interruptions can be seen as a subset of a continuum of
multi-tasking research also suggesting that this research should be unified, and
that although it is sometimes useful to use different terminology for interruption
research compared to other multi-tasking research it is important that the termi-
nology can be clearly understood across the field.

• Using frameworks and guidelines to relate theory and practice. Janssen et al.
(2015) suggest the use of frameworks and guidelines to support research, point-
ing to Sanderson and Grundgeiger (2015) as an example. One thing that is not
discussed by Janssen et al. (2015) is how different theories provide unique views
and insights, somewhat like donning a pair of theory-coloured glasses with which
to view the world, and how guidelines and frameworks are affected by the theo-
ries on which they are founded (Lindblom, 2007, 2015).

• Neuroscience perspectives for practice. Janssen et al. (2015) suggest that neu-
roscience approaches and tools have not been widely included in interruptions
research, and that the inclusion of neuroscience research could provide a benefit
to the field.

• The role of individual differences in practice (taking into account individual dif-
ferences). Taking into account individual differences in how humans handle in-
terruptions involve multiple factors, one of which is the individual skill of the
person performing the task. Differences in these have been observed in labora-
tory settings (Drews & Musters, 2015; Stoet, O’Connor, Conner, & Laws, 2013)
but Janssen et al. (2015) state that this has not been extensively studied in prac-
tice, that is, in authentic tasks and environments lacking the high levels of con-
trol created in traditional laboratory experiments.

• The role of the quantified self and behavior logging technologies. Here, Janssen
et al. (2015) suggest using technology to collect data during people’s regular day.
This is the approach taken by Böhmer et al. (2014), allowing for data collection
during mobile phone use.

• The role of theory, models, and (machine learning) algorithms. This comes in
part from the prior point, where large amounts of data can be collected and must
then be processed. Janssen et al. (2015) suggest also leveraging modern tech-
nologies for this, including machine learning.

The first item, that Janssen et al. (2015) suggest closing the gap between interruptions
research and multi-tasking research is interesting, as it is a part of the argumentation
that interruptions should even be a sub-category of multi-tasking, and Janssen et al.
(2015) explain that there is often an overlap between these fields. This also means that
research on multi-tasking needs to be examined when searching for relevant interrup-
tions research.
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Figure 2.2: A flowchart detailing the logic behind selecting an appropriate interruption coordination
method beginning with the system receiving information for dissemination, and ending with the infor-
mation being sent to the right person at an appropriate time using the selected interruption coordination
methods. This is made by the author and is based on the taxonomy of interruption coordinationmethods
by McFarlane (1999).

Figure 2.2 illustrates how an interruption system might use the taxonomy created by
McFarlane (1999, 2002) to select the appropriate interruption coordinationmethod and
highlights some of the differences in the message that might be used to influence the
interruption coordination method selection. This begins with the system receiving the
information that requires dissemination, and ends with the information being conveyed
to the right person using the selected interruption coordination method.

2.3 COGNITIVE LOAD
Cognitive load (CL) is a term that comes from the field of cognitive science (e.g. Lindblom
& Thorvald, 2014; Sweller, 1994), with the similar term mental workload coming from
the fields of human factors and ergonomics (HF/E) (e.g. Bäckstrand, 2009; Bridger,
2008; Hawkins, 1993). Although the two terms describe roughly the same concept, they
are approached from different perspectives. This thesis approaches the domains being
examined from a cognitive science standpoint, and will therefore use the term cogni-
tive load. Human cognition has limited capacity, with limitations becoming particularly
clear during times of high stress, or during such low cognitive load that boredom can
set in. The reasons for this are many, notably limited working memory and limits on
attention management (Smith & Kosslyn, 2009). Cognitive load theory (CLT) examines
the effects that multiple factors have on a person dealing with a novel situation, such
as during learning, and proponents of cognitive load theory suggest that cognitive load
can be split into three main components. These are intrinsic cognitive load, extraneous
cognitive load (Sweller, 1994), and germane cognitive load (Bannert, 2002). Intrinsic
cognitive load is due to the difficulty of the task to be performed/learned and can de-
pend on the level of prior knowledge of related or similar tasks as well as the number of
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elements in the task (Bannert, 2002; Sweller, 1994). Extraneous cognitive load comes
about due to bad or insufficient explanation of the task, and is a hindrance to complet-
ing the task (Bannert, 2002; Sweller, 1994). Germane cognitive load comes about from
the use of left-over working memory being used to work with the task in more complex
ways which can lead to better internalisation and understanding of the task (Bannert,
2002). It is then clear that not all cognitive load is detrimental. Indeed, the inclusion
of germane cognitive load suggests that a certain level of cognitive load is required to
adequately learn a task, irrespective of task complexity. This is supported by the find-
ings of Zijlstra et al. (1999) who found that very repetitive tasks can in fact be improved
by interruptions, probably due to the task on its own causing a low cognitive load that
leads to loss of attention, and the interruption elevating the overall cognitive load to a
level where attention can be kept on the task. This loss of attention under low cognitive
load has been observed elsewhere. Indeed, this has been a known issue in aircraft cock-
pits for decades when pilots fly for long times with few tasks to perform and the aircraft
operating on automatic pilot (Hawkins, 1993). As this is an attentional problem it ap-
plies in other fields as well (Friedenberg & Silverman, 2005). Indeed, cognitive science
suggests that low demands on the cognitive facilities can affect performance as much
as high demands (Smith & Kosslyn, 2009) much as ergonomics suggests an optimum
level of physical work loading (Bridger, 2008). Much research on CL has examined CL
from the perspective of learning, but others suggest that cognitive load can be examined
from other standpoints. Current research adds inmore external factors, such as the con-
text of action, i.e. how a person’s actions in the environment change the environment,
which suggests a novel way of evaluating cognitive load in a certain context through tak-
ing into account a person’s interaction with both the physical and social environment
(Lindblom & Thorvald, 2014). The point to take from this section is that cognitive load
should preferably be at an appropriate level (perfectly encapsulated by the Swedishword
“lagom”, which means “just the right amount”). Furthermore, variations in cognitive
load can be positive, so there should not be a goal of keeping a stable medium cognitive
load, as that can lead to boredom. An analogy can be made to lifting a heavy object. Too
heavy and the object cannot be lifted, too light and it poses no challenge, and holding a
medium weight object statically (such as with an extended arm) will prove tiring even if
the object itself is not too heavy.

2.4 INCLUDINGAHUMAN-CENTREDPERSPECTIVE
A framework for analysing the cognitive aspects of manual assembly work, including in-
terruptions to work, requires an understanding of the theories, approaches, and fields
of research that may come into play. This chapter will introduce major fields that will be
used in the framework, that in turn arise from two quite relatedmain disciplines that ap-
proach the problemswith a slightly different focus. These primary disciplines are human
factors and ergonomics (HF/E), and cognitive science. Both fields deal with usability
and human cognitive limitations in performing tasks, but may do so using different the-
oretical foundations, leading to different perspectives and tools being available.
HF/E is a field that was founded around improving the efficiency of workers through
the use of biological sciences such as anatomy and physiology, architecture, lighting
engineering, industrial medicine, and design (Bridger, 2008). That said, new fields
were founded that focused more on human mental faculties, and these fields collabo-
rated closely with ergonomics. These fields are called human factors and cognitive er-
gonomics, which both add a larger focus onhumanmental faculties into themix (Bridger,
2008) and have, for example, been applied to control room and aircraft cockpit design
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with good results. Human factors and ergonomics are in fact often grouped together
and shortened to HF/E. Indeed, modern research on ergonomics effectively combines
the physiological and mental aspects into one cross-disciplinary field (Bridger, 2008).
Cognitive science began in a way from the opposite side, with a primary focus on peo-
ple’s abilities and limitations in sensing, processing, and responding to theworld around
them (Smith&Kosslyn, 2009), and the largely computer system focused field ofHuman-
Computer Interaction (HCI). HCI is concerned with all aspects of the design, implemen-
tation, and evaluation of computer systems that people must interact with (Hewett et
al., 1992), and contains sub-fields and activities such as usability design, usability en-
gineering, usability evaluation, and user experience design (UXD). These mostly focus
on making things efficient, fast, easy, enjoyable, and safe to use, and have relied heavily
on theoretical work that has resulted from cognitive science (Benyon, Turner, & Turner,
2005; Hartson & Pyla, 2012; Rogers, 2012). Both HF/E and HCI, which have roots in
cognitive psychology and cognitive science, respectively, are appropriate for use in the
design and creation of software that should support human abilities and will be used
here. Although HF/E and HCI derive from different fields of research they were both
early adopters of the computer metaphor of mind, which uses the analogy that the hu-
man mind can be viewed as functioning in similar ways to a computer, consisting of
input, processing (within the brain), and output (Rogers, 2012). That said, in modern
times there are important and fundamental differences in the underlying theories com-
monly available within these fields, resulting in different methods, tools, and viewpoints
being available to researchers using each of those fields.
Research from all relevant disciplines will be studied and considered in this work, but
some views on cognitive science that have been identified as useful for the analysis of
how interruptions affect human cognition in manual assembly tasks and contexts will
receive particular focus.

2.5 HUMAN COGNITION

Research into human cognition has been ongoing for decades and more than one view
on cognition exists (e.g. Clark, 1998; Lindblom, 2015; Vernon, 2014). This thesis does
not go into a long discussion of the relative strengths and weaknesses of the existing
views on cognition as that is enoughmaterial for a series of dissertations, but follows the
view that situated and embodied views on cognition, such as those described under the
DEEDS (Dynamical, Embodied, Extended, Distributed, and Situated) (Marsh, 2006) or
4E-cognition (Embodied, Embedded, Enactive, and Extended) (Barrett, 2015) umbrella
terms, are practical for use in domains where high demands are made upon perception
and action. These views on cognition, which include the view espoused byWilson (2002)
that cognition’s evolutionary roots imply that cognition is for action and anticipation of
action, are foundational to the work herein. A short introduction to cognition is in order,
but embodied and situated cognition as well as activity theory (AT) will be introduced
in more depth in the coming sections, with some additional information available in
the appended papers, particularly in paper 3 where the role of embodiment effects and
handedness are explored in some detail and in paper 5 where an assembly activity is
analysed from an activity theory standpoint.
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2.5.1 COGNITION IS FOR ACTION AND ANTICIPATION OF ACTION

A concept called the computer metaphor of mind has been a dominant explanation for
understanding cognition since the 1950s. This way of viewing cognition separates per-
ception and action from cognition, and effectively means that cognition is, according to
this viewpoint, a process that is internal to the mind, and consists largely of logical and
abstract thought (e.g. Barrett, 2015; Pylyshyn, 1980; Vernon, 2014; Wilson, 2002). This
way of viewing cognition has its roots in the concept of dualism, the split between mind
and body, which was popularised in western culture by the French philosopher René
Descartes (Gedenryd, 1998). This way of viewing thinking as an element separate from
doing or being has led to folk understanding of cognition that can roughly be described
as perception-thinking-action, or intention-plan-action (Gedenryd, 1998). These mod-
els of action and its relation to cognition rely on the view that human action is based on
rational planning that is distinctly separate from the action it “controls”. The advent of
computers provided a newmetaphorwithwhich to view that “internal” part of cognition,
although it has been argued that the core of this Cartesian view of the thought and the
body being separate dates back at least to ancient Greek philosophers (Gedenryd, 1998).
The use of these metaphors meant that thinking could more easily be viewed as sep-
arate components using terms from computers, and the mind was split into functional
components in a similarway to how computers consist of distinctly separate components
(Barrett, 2015; Rogers, 2012). Concepts such as short termmemory, long termmemory,
executive process, and more, were introduced. Truth be told, this was a very successful
and useful way of understanding the mind and cognition. The next few decades (the
1950s, 60s, 70s, and 80s) resulted in constant discovery in the nascent field of cognitive
science. But some research hit snags. Among these, research into artificial intelligence
(AI) which had relied on this approach found that after a decade of staggering success
then progress suddenly became much more difficult (e.g. Brooks, 1991; Clark & Grush,
1999), and another was that HCI researchers found theories hard to apply to practice
(Rogers, 2012). For more details on criticisms of the computer metaphor of mind, see
Dreyfus (1992).
These criticisms of the computer metaphor of mind led to the revival of views on cog-
nition in which a deeper coupling between the individual, environment, and action are
explored (for a more detailed historical overview see Lindblom (2015)). These views
have many facets, but can commonly be referred to as being embodied and situated in
nature, and the many aspects of these views can be collectively referred under the um-
brella terms DEEDS (Dynamical, Embodied, Extended, Distributed, and Situated) ap-
proaches of cognition (Marsh, 2006) or 4E-cognition (embodied, embedded, enactive,
and extended)(Barrett, 2015; Clark, 1998). DEEDS and 4E (or multiple E) are umbrella
terms featuring a large overlap and will be viewed as largely interchangeable terms for
the purposes of this thesis. The DEEDS/4E views on cognition provide a tool for re-
searchers in the form of a viewpoint with which to view the world. This has been likened
to coloured glasses, where different colours can highlight different elements in the en-
vironment and make others fade into the background (Halverson, 2002). One central
view of these approaches to cognition is that cognition is situated which means, at its
simplest, that cognition is a feature that evolved to support effective realtime interaction
with the environment in which an agent resides (Wilson, 2002) and embodiment refers
to the physical body of the agent having a central role in shaping the cognitive process
(Vernon, 2014). These DEEDS views on cognition posit that perception and action form
a structural coupling between the cognitive system and its environment (Brooks, 1991;
Clark & Grush, 1999; Hollan, Hutchins, & Kirsh, 2000; Lindblom, 2015; Vernon, 2014;
Wilson, 2002). Furthermore, this structural coupling means that the cognitive system
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enacts through agent-environment interaction (Vernon, 2014; Wilson, 2002), resulting
in cognitive processes being evolved first and foremost to work within the environment
it has evolved in (Vernon, 2014; Wilson, 2002). The physical configuration of the con-
tainer, i.e. the body, and its relation to its environment through its sensory apparatus
and potential for action will then affect cognition to a large extent. Analysing activities
using this view on cognition implies that action and perception should not be separated,
and that the whole agent-environment interaction is considered the unit of analysis (e.g.
Clark, 1998; Lindblom, 2015; Vernon, 2014; Wilson & Golonka, 2013). This leads to
the mind and the body being viewed as being one (not, as in the Cartesian view, split
apart), and the physical and the social environment can be seen as an extended part of
cognition, with even the interaction of the agent with the environment being a part of
cognition (e.g. Hutchins, 1995; Kolbeinsson & Lindblom, 2015; Lindblom, 2015; Susi,
2006; Wilson & Golonka, 2013). This is the embodied and situated view on cognition in
a nutshell, and it is quite different to the computer metaphor of mind based cognitivist
view, which views the cognitive processes more like a higher process that works with
abstract symbol manipulation with the configuration of the body itself mostly irrelevant
to those cognitive processes (Barrett, 2015; Clark & Grush, 1999; Vernon, 2014).
While stating that one of these views is incorrect and another is other correct is far out-
side the scope of this thesis, the fact remains that the cognitivist view has had prob-
lems solving “simple” actions such as manual tasks and navigating through ill defined
spaces or problems, while approaches based on embodied views have been more suc-
cessful for these kinds of tasks (Barsalou, Niedenthal, Barbey, &Ruppert, 2003; Vernon,
2014). This also applies to analyses and the performance of tasks; classical approaches
have been useful for understanding well defined and “cerebral” tasks, while newer ap-
proaches stemming from DEEDS and 4E have been useful for analysing complex and ill
defined problems that contain people acting in authentic environments (e.g. Barsalou
et al., 2003; Hutchins, 1995; Lindblom, 2015; Suchman, 2007). This is in part because
certain embodied and situated views on cognition largely remove the requirement for
building complex representations of the world within the mind, relying instead on in-
teractions with the world and using the world to represent itself (Brooks, 1990; Wilson
& Golonka, 2013), making changes in the world easy to comprehend. Wilson (2002),
postulates six central views which explain how embodied and situated cognition is used
here. These six central views by Wilson (2002) are that:

1. Cognition is situated. Cognition takes part in an environment, and involves interac-
tion in the form of perception and action.

2. Cognition is time-pressured. Interactions with the world happen in real-time.
3. We off-load cognitive work onto the environment. Cognitive systems have limited

capacity, which is why humans use the environment to hold information or even
use the interactions with that environment as a part of our cognitive processes.

4. The environment is part of the cognitive system. If cognition uses the environment,
even storing information and “thoughts” in the environment, then any analysis of
cognition should view the subject and environment as a minimum unit of analysis.

5. Cognition is for action. Cognition has evolved to support action, which means that
complex mechanisms such as attention, perception, and memory must all be viewed
with that in mind.

6. Offline cognition is body based. “Higher” cognition such as abstract thought relies
on mechanisms that have evolved for “simulating” and performing actions in the
environment.

Examining in detail two of these views, namely that cognition is for action and that off-

28



UNIVERSITY OF SKÖVDE

line cognition is body based suggest that action and anticipation of action are two sides
of the same coin. This in turn raises questions about humans’ ability to perform actions
and anticipate other actions simultaneously. Anticipation of action is thought to have
evolutionary roots in the need for compensation for the delays inherent in the control
pathways of biological systems (Vernon, 2014). The view suggested by Wilson (2002)
that cognition is time-pressured introduces a time element to any analysis being done
from this perspective, which analyses using the computer metaphor of mind do not au-
tomatically get (Vernon, 2014). This is due to the embodied and situated cognition ap-
proaches’ view of the real-time nature of cognition, and the tight coupling between per-
ception and action as an integral part of cognition. A more “intuitive” example of the
nature of the perception-action coupling and externalisation of cognition can be taken
as the act of designing through sketching. The sketch may be used after it is created as a
communication tool to explain the design, but during the activity of sketching new pos-
sibilities or limitations are discovered, and the design changes from what was originally
envisioned. Sketching then involves an action to externalise thoughts, but as soon as
parts of this internal cognition is externalised then new details, possibilities, and limita-
tions are perceived. This perception of new details affects the internal parts of cognition,
again resulting in new action. The activity of externalising cognition then results in a
perception-action loop that ultimately changes the result. Cognition, in this case, has a
clear external component that is an important part of the process. Designers have known
this for a while, with e.g. Cross (2006) explaining all this in a more designerly manner,
not using the cognitive science terms above, with Gedenryd (1998) putting the design
view and the cognitive science view elegantly together. This highlights the contrast with
cognition and analyses based on the computer metaphor of mind, in which separation
of mental processing and action can lead to static analyses, i.e. analyses of “snapshots”
of all parts of an activity without taking the dynamic nature of the activity and setting
into account. The views that the environment is a part of the cognitive system and that
humans have the ability to offload cognitive work into the environment imply that the
environment is not a problem domain to be handled. Rather, these views suggest that
the environment can be viewed as a source of cognition that enhances the biological
abilities of cognition, such as expanding a limited short-termmemory effectively. These
views then effectively force analyses to also take into account the body and environment
which results in an expanded unit of analysis (Hutchins, 1995; Vernon, 2014; Wilson &
Golonka, 2013). Adding to this view, Windridge and Thill (2018) found that even taking
a weak view of embodiment and retaining a computational view of the central aspects of
cognition leads to the body being much more than just an input/output machine, as the
body determines the representational framework used for computation. This suggests
that no matter what view on cognition is used, some form of embodiment is required for
an agent that exists in the world.

2.5.2 DISTRIBUTED COGNITION

One example of a theoretical framework that offers a way of examining and explaining
how external aids, tools, cooperation, and communication can be used to perform cogni-
tive tasks that would otherwise be impossible within a single mind is called Distributed
Cognition (DCog) and has been used for analysing situations where multiple people us-
ing varied tools perform complex operations such as ship navigation from a systemic
perspective (Hutchins, 1995). DCog was proposed by Hutchins (1995), and forms a part
of the DEEDS stable of approaches, adding to the views of embodied and situated cogni-
tion by considering the interactions between agents and resources in an socio-technical
environment as a form of cognition (e.g. Hutchins, 1995; Rogers, 2012; Vernon, 2014).
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These interactions can involve elements such as physical manipulation of the environ-
ment and communications between agents. DCog comes from Hutchins (1995) and his
work on analysing navigation performed by a team on a military ship. DCog brings two
particularly important additions to the toolbox of any researcher who wants to analyse
activities where multiple actors and artefacts are involved. These important additions
are an expanded unit of analysis, and the central view that the environment, artefacts,
and communications within an activity constitute a part of the cognitive process being
performed. Hutchins (1995) thus does not merely suggest that cognition is embodied
and situated (although DCog is based on and accepts cognition as being embodied), but
goes further and posits that cognition can emerge from the artefacts used, and the com-
munication that occurs. Hutchins (1995) suggests that a distributed process may have
some characteristics that cannot be replicated intra-psychologically (i.e. within a single
humanmind). This view of the environment as a part of the cognitive system, combined
with the human ability to offload cognitive work into the environment (as previously
introduced), follows the view that the environment is not a problem domain to be han-
dled. Like the aforementioned views on cognition, this implies that the environment
can be viewed as a source of cognition that enhances the biological abilities of cognition,
such as enhancing a limited short-term memory by the use of artefacts, but is more ex-
plicit in how social interaction can also give rise to a form of external cognition. This
view effectively forces analyses to also take into account the socio-cultural environment,
which results in an expanded unit of analysis (Lindblom, 2015; Vernon, 2014; Wilson
& Golonka, 2013). Cognitive processes are seen as being dynamic and self-organising
(Hollan et al., 2000), expanding as resources become available. This means that the
unit of analysis must be defined based on any possible cognitive activity seen in the sys-
tem being analysed, which results in a unit of analysis that can change. As stated by
Hollan et al. (2000):

• Cognitive processes may be distributed across the members of a social group.

• Cognitive processes may involve coordination between internal and external
(material or environmental) structure.

• Processes may be distributed through time in such a way that the products of
earlier events can transform the nature of later events.
(Hollan et al., 2000, p.176)

Hutchins’ view works well to support the use of the environment and artefacts to extend
the human mind and its capabilities, and has been used in some form to support analy-
ses in various domains (Andreasson, 2014; Andreasson et al., 2017; Grundgeiger et al.,
2010; Lindblom & Gündert, 2016; Sellberg, 2011). DCog’s primary focus is to charac-
terise the general information flow, propagation, and transformation of various kinds
of representations (internal and external) in the distributed socio-technical system, thus
providing a holistic view of human cognition (Rogers, 2012).
That said, DCog does not offer an easy to understand way of linking together theory and
the analysis of actions, and an effort to use a method based on DCog called DiCoT for
the analysis of the tasks performed in the studies included in this thesis suggested that
DiCoT suffered from similar problems (Lindblom & Gündert, 2016). A central tenet
of the DEEDS/4E group of theories is that all cognition is situated in nature; there is
no “non-situated” cognition (Lindblom, 2015; Rooksby, 2013; Wilson, 2002). This may
seem like a strong statement, but it relies on the aforementioned views on cognition, with
the central view that cognition has its evolutionary roots in supporting action acting as
a foundation for the view.
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2.6 SIMULATIONS, AUTHENTICITY, AND VALIDITY
Performing studies using interventions, such as experiments wherein variables are ma-
nipulated, can be difficult, impractical, or cause risks to participants or stakeholders.
That said, to maintain ecological validity it is important to use tasks and environments
that accurately represent the target domain (Creswell, 2014; Oates, 2006; Shaughnessy
et al., 2009). Rooksby (2013) argues that laboratory studies can be performed in such
a way as to elicit similar responses as would be observed in a real task and context so
long as the laboratory tasks and environment take into account human practice. Ac-
cording to Rooksby (2013), this can be done through the use of a simulation, which in-
volves creating a context and tasks that elicit similar engagement from subjects as the
tasks being simulated would elicit. This suggests the use of authentic tasks and envi-
ronments where possible to maintain ecological validity, or the use of simulated tasks
and environments that are closely based on relevant aspects of the target context. Sim-
ulations, as discussed here, are research investigations that take place outside of the
context of study while aiming to recreate relevant aspects of the target context, as pro-
posed by Rooksby (2013) and further elaborated by Sanderson and Grundgeiger (2015).
Drews and Bakdash (2013) further explain that simulations for the purpose of research
should support a high level of engagement and be easy to manipulate, rather than fo-
cusing on ultimate fidelity through perfect recreation of the target domain. Drews and
Bakdash (2013) explain that simulations can be used in research for domains wherein
a complex set of interactions must be controlled or manipulated in some way, partic-
ularly where these manipulations may be impractical, overly expensive, unethical, or
unsafe to do in the actual environment of the target domain. This requirement for a
level of control over a complex set of interactions for research is supported by Rooksby
(2013) who argues for the use of simulation for increasing the ecological validity of re-
search. For this purpose, appropriate levels of fidelity and realism are required for the
simulation (Sanderson & Grundgeiger, 2015). Fidelity refers to how realistic the sim-
ulation appears, most commonly focusing on visual and technical aspects of the simu-
lation, while realism of the simulation refers to the physical and psychosocial context
of the simulation, the tools available, and the professional competence of participants,
i.e. how plausible the simulation and scenario feels (Drews & Bakdash, 2013; Sander-
son & Grundgeiger, 2015). Realism can thus be high even though the simulation does
not seek to perfectly recreate the target domain, so long as the task and context create
a plausible substitute (Drews & Bakdash, 2013). Sanderson and Grundgeiger (2015) go
on to explain that factors such as engagement and representativeness trump the visual
realism or fidelity of the simulation. Representativeness refers to “the degree to which
the stimuli and conditions used in an experiment have been intentionally sampled to
reflect the range of contexts to which the investigators intend that conclusions should
apply” (Sanderson & Grundgeiger, 2015). In addition to this the immersiveness of the
context is how much participants feel as if they are “in” the target scenario, and Tolmie
and Crabtree (2008) point out that the immersiveness of the context is affected by the
background story. This leads to immersiveness being central to eliciting authentic re-
sponses from subject, which is in turn important for supporting the ecological validity
of the research.

2.7 ACTIVITY THEORY
Activity theory (AT) was originally created in the former Soviet Union for use within de-
velopmental psychology and has roots in Vygotsky’s ideas on tool mediation from the
1930s, and was further elaborated by Leontiev in the 1960s and 1970s, before being
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Figure 2.3: Engeströms activity theory model showing the six interlinked factors and how those lead to
the actor creating an outcome (Engeström, 1987).

adopted by Scandinavian, German, and finally US researchers from the mid 1980s and
onward (Kaptelinin & Nardi, 1997; Rogers, 2012; Susi, 2006). AT views the activity as
the central unit of analysis and provides a hierarchical structuring of the activity being
analysed through an concept known as activity levels (Rogers, 2012).
What an activity is can be understood on an intuitive level, but a more defined under-
standing is required for using the activity as some sort of central concept. An activity is
an interaction between an actor (someone performing an activity) and the world. This
interaction has a purpose, and in some way transforms the world, the actor, or their
relation (Kaptelinin, 2012).
Focusing on the activity as a central concept is done in AT by taking into account the
context of the activity, physical and internal to components of thought, community as-
pects, the rules guiding the activity, as well as tools and artefacts, again both physical and
cognitive (Kaptelinin & Nardi, 1997; Rogers, 2012; Susi, 2006). In line with its founda-
tion in developmental psychology, AT also always includes developmental aspects and
learning (Kaptelinin et al., 1999). This makes AT useful for supporting the analysis of
practical activities in a messy world (Rogers, 2012). A central point with this is that ac-
cording to AT it is not enough to focus on a single, isolated individual to fully analyse
an activity. To reiterate some of the factors already mentioned, AT suggests that the
subject, object, mediating artefacts (tools), the community, applicable rules, and the di-
vision of labour all have to be considered to understand an activity (Engeström, 1987).
Engeström (1987) formalised this into a graphical form showing how highly interlinked
the six factors are, and how all the six factors contribute to the outcome, see figure 2.3.
Kaptelinin et al. (1999) explain that AT is a general conceptual approach, rather than
a highly predictive theory, which makes AT useful for adaptation anywhere an activity
should be examined as AT provides a way for researchers to think during the analysis.
This focus on the activity in the a fully authentic setting hasmade AT popular for applied
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research, and has led to AT being used withinHCI, work settings, and education settings
(Rogers, 2012).
As has been mentioned, AT is useful for analysing activities in a messy world, with the
activity levels concept allowing the researcher to analyse a person’s interactions with
artefacts and with theworld in terms of the components of an activity and with activity
levels providing a way of identifying the characteristics of the components of that activ-
ity. AT’s focus on the activity is founded on the expanded unit of analysis supported by
DEEDS approaches, including DCog (e.g. Kaptelinin, Kuutti, & Bannon, 1995; Rogers,
2012; Vernon, 2014) and is a useful analytical tool in and of itself, with the concept of
activity levels having been useful for the creation of the basic components of the included
framework, with AT in general offering much more depth and clarity to the framework.

2.7.1 ACTIVITY LEVELS

The concept of activity levels is a useful tool for analysis, consisting of three activity
levels, each with their own characteristics. This can be seen in 2.4, but will be detailed
here.

• Activity - the primary unit of analysis, powered by amotive that drives the person
to complete the activity. The motive for the activity is backed by a need or a desire
and is the fundamental reason for performing the whole activity (Kaptelinin et al.,
1999).

• Action - a self-contained part of an activity, analogous to what is often referred to
as a task in HCI literature Kaptelinin et al. (1999). Each action has its own goal to
the ends of fulfilling the motive of the activity. Actions have purpose, to work on
the activity, and people are conscious of their goals. Actions can also be split into
further actions and sub-actions, each with their own conscious goals.

• Operation - the parts of the activity that have been fully internalised and are per-
formed without a clear goal of any sort, merely a near automated operation that
moves the action (the next activty level above) nearer completion.

Activity levels are not static, neither for the person(s) performing the activity or for the
researcher analysing the activity. The researcher may split actions into sub-actions as is
appropriate for that activity, as well as deciding the boundary of what should be included
in the activity. In addition to this, actions transform into operations when they have
been internalised to the point of being performed without conscious effort (Kaptelinin
et al., 1999; Rogers, 2012). This means that the skill of the person being analysed is
an important factor in the analysis, with the exact same activity requiring subtly differ-
ent dissection into activity levels based on characteristics that the person(s) involved in
the activity bring to it, as well as requiring changes in how the activity is split into ac-
tivity levels if the persons skill level changes significantly during study. That AT and
activity levels take into account changes in skill is consistent with ATs origin as a the-
ory concerned with learning and development (Halverson, 2002; Kaptelinin et al., 1999;
Rogers, 2012).
An example of activity levels in action can be illustrated by the activity of driving a car.
While the motive (of the activity itself) may be to transport ourselves from place A to
place B quite quickly and we may not put much thought into the act of driving and con-
trolling the car (having operationalised those actions into operations), this is very dif-
ferent when beginning our driving lessons when all actions are deliberate and have clear
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Figure 2.4: The original activity theory model showing the hierarchy of the activity levels themselves and
showing how each is affected by amotivation (activity), a goal (actions and sub-actions), or the conditions
of the environment (operations)(see Rogers, 2012, p.57, fig.5.1).

goals. An example of this is how the coordination required during a hillstart is immense,
and we focus on each action and sub-action. Here comes a choice for analysis as to what
is the unit of analysis, i.e. what is the activity itself. If we decide to view “getting the car
started and driving up the hill” as the activity then that sets clear limits for what will be
included in the analysis. In this case then the motive is at that point to drive up the hill,
starting at a standstill on the hill (an activity with a clear motive). To achieve that re-
quires completing multiple actions, fulfilling multiple goals. The first such action might
be seen to be starting the engine (the goal of this action and sequence of operations),
and to achieve this we press the clutch to disengage the engine from the drivetrain (sub-
actionwith a sub-goal) and press the brake pedal so as to not slide backwards (sub-action
with a sub-goal) and then start the car (highest goal of this action). We could go on to
illustrate the rest of the hill-start procedure, but the important contrast is really with the
experienced driver who may not even consider the hill itself as an activity at all. Rather,
the motive is to get to work on time (motive - activity), and the hill-start is merely a goal
consisting of a few actions and many internalised operations. The smooth operation of
pressing the brake and the clutch to start the engine without sliding backwards is simply
the near automatic operations performed to start the car (which is an action containing
the goal of getting the engine started), and the releasing the brake and the clutch in just
the right amounts while applying a suitable amount of throttle pressure is also a series
of automated operations performed to fulfill the goal of the action of getting up the hill.
This action exists to support the driving activity (which in turn exists solely to fulfill the
motive of getting to work on time).
The structure of activity levels bears similarities to the levels of granularity identified by
Iqbal and Bailey (2008) as being useful for identifying breakpoints for mediating inter-
ruptions through splitting an activity into its constituent parts based on the motivation
and goal behind each component part, although activity levels are more flexible for all
aspects of an activity as activity levels are not limited only to the analysis of breakpoints
for interruptions. While AT discusses activities, actions, and operations, Iqbal and Bai-
ley (2008) use the terms tasks and sub-tasks, which is a common nomenclature within
both cognitive science and HF/E when not using AT, but based on the descriptions of-
fered by Iqbal and Bailey (2008) their use of these concepts fits well with descriptions
of activity levels by Halverson (2002), and Rogers (2012) . The concept is illustrated
in figure 2.5 which combines the terms used in AT and the terms and structure sug-
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Figure 2.5: Activity levels combined with the terminology of tasks and sub-tasks as used by Iqbal and
Bailey (2008). The activity levels are highlighted on the vertical axis, while the horizontal axis contains
a time element. The task itself is seen here as the activity containing a motive, while the sub-tasks are
shown as actions containing goals, and operations involve the execution of the multiple small moments
required to achieve each sub-task and task. The white spaces between tasks and sub-tasks show breaks
in the action at that activity level. Figure by Ari Kolbeinsson.

gested by Iqbal and Bailey (2008). This highlights the granularity introduced by Iqbal
and Bailey (2008), suggesting that a larger gap (which represents a pause in that ac-
tivity) should exist between activities (tasks) than between actions (sub-tasks). This is
supported by results from Iqbal and Bailey (2008), which show larger pauses between
tasks than sub-tasks. These terms will be referred to from here on as activities, actions,
and operations, except where the terms tasks and sub-tasks are necessary to highlight
the tasks/sub-tasks themselves (as opposed to discussing the activity level at which they
occur). Gaps also exist between operations, but Kolbeinsson, Lindblom, and Thorvald
(2017) found that thesemay not be suitable for interruption breakpoints, being too small
be considered useful forminimising the negative effects of interruptions, aswell as based
on discussion of granularity by Iqbal and Bailey (2008).
What we find is then that activity levels are a viable way of splitting an activity into a
hierarchy that consists of levels of goal directed actions, which are then further split into
operations (Kaptelinin & Nardi, 1997), and can be visualised in such a way as to gain an
insight into the structure of the activity being performed, as well as themotives and goals
hidden within. Kolbeinsson, Lindblom, and Thorvald (2017) introduced a visualisation
(see figure 2.5) of this where activity levels are shown, and actions and operations can
be mapped out for analysis.
Savioja, Liinasuo, and Koskinen (2014) suggested that AT could be suitable for moving
research from the lab and into the wild when studying complex workplaces due to the
holistic nature of AT supporting an examination of the activity as a whole. This holistic
approach does not preclude the use of traditional practical elements such as measuring
task effectiveness and task errors as well as taking into account other aspects such as
emotions, “gut feelings” of expert operators, as well as supporting the use of observa-
tions and other qualitative approaches (Savioja et al., 2014). Taking into account the
emotions and gut feeling of operators may at first glance seem non-relevant, but with
AT having a developmental psychology background it bears remembering that trained
operators are experts at their tasks, and expertise sensitises operators to problems and
promotes problem solving (Dreyfus & Dreyfus, 1980). That said, the operator may not
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be an expert at understanding or communicating exactly where that gut feeling comes
from, which then falls to the researcherwhose task is tomake explicit the tacit knowledge
being expressed (Savioja et al., 2014).

2.8 STORYBOARDS
Here we change directions slightly, as a less theoretical aspect needs some introduction.
This element has been identified as an interesting support tool for the framework that
will be introduced later, and involves the concept of storyboards. Storyboards originate
from the film industry, and is originally a method for planning and understanding the
action of actors, props (items) in advance of committing to expensive work with many
people (Hardy, 2004; Simon, 2012; Stoller, 2008), and were adapted for use in usability
and UX design so that the whole usage context of a planned product can be evaluated
relatively thoroughly at different points of the design process (Buxton, 2007; Greenberg
et al., 2012; Hartson & Pyla, 2012). Storyboards are in effect a way of creating a series
of sequential still images that convey the important aspects of a story, and include im-
portant aspects of the context, any actors involved, any artefacts used or important to
the setting, as well as actions, movements, and thoughts (Hardy, 2004; Stoller, 2008).
Storyboards are like comic books, and indeed some of the techniques in storyboards
come from comic book artists, but as creating storyboards is not the main goal of the
activity but rather a support tool to support another activity then storyboards may be
rougher than traditional comic books, andmay include graphics that exist only to clarify
an aspect of the action in a frame that cannot easily be explained through the basic im-
age (Hardy, 2004; Simon, 2012; Stoller, 2008). Such graphics may include exposition
notes on what is happening or what the point of the scene is, arrows to show motion or
to highlight an element within the frame, and other markings (Buxton, 2007; Stoller,
2008). Many of these conventions come from storyboards’ original domain, the film
industry, where it was found that a script describing a scene, a funny face, or an action
often did not translate to film both because text has other attributes than the visuals
(we can imagine whatever we think is a funny face) and because not everyone was work-
ing towards the same end (Simon, 2012). Storyboards have their own vocabulary, and
many techniques exist for showing action both within a frame and between frames, as
well as having techniques for highlighting elements or providing an overview (Simon,
2012; Stoller, 2008). Those techniques include switching viewpoints, using establish-
ing shots to give an overview of the scene, incorporating action symbols within single
frames, as well as eliminating extraneous details when appropriate, what comics artist
Scott McCloud has dubbed “amplification through simplification” (in Buxton (2007, p.
296)).
Storyboards are aimed at telling a story, or highlighting parts of a story in detail, and
typically focus on a protagonist and detail his or her interactions with others or the en-
vironment (Bumcrot, 2018; Buxton, 2007; Stoller, 2008). The protagonist varies based
on the what that storyboard is for; in the case of films then the protagonist of each frame
of the storyboardwill commonly be the hero or the villain of the piece, while in the case of
UXdesign then the protagonistmay be the product being designed, the user, or someone
else affected by the product or the user (Bumcrot, 2018; Buxton, 2007).
What storyboards do that text based descriptions cannot do is giving the storyboard user
(film director, cinematographer, or usability analyst) the feeling of seeing the “action”
and allowing the user to imagine himself/herself in the action (Buxton, 2007; Stoller,
2008). Seeing the context, artefacts, and actors from these angles that highlight parts
of the action allows the user of the storyboard to easily use his or her body based imagi-
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Figure 2.6: A basic storyboard showing the progression of time and illustrating the basics of the experi-
mental task being performed. Figure by Ari Kolbeinsson.

nation to take part in the action, and see more of the action within the mind’s eye from
his or her own perspective, see figure 2.6. Another important aspect offered by story-
boards is clarity of communication between people involved in the analysis or creation
process, as storyboards allow the creator of the storyboard to explain not onlywhat they
want, but also highlights why it should be done that way (Bumcrot, 2018). This allows
designers, programmers, engineers, and UX professionals to communicate more clearly
between themselves so that each specialist is less likely to introduce additions or com-
promises thatmaymake perfect sensewhen examined from their specialisation, butmay
not support themain goals of the object being designed (Bumcrot, 2018). This same sup-
port for communication has been used for research purposes within usability and UXD
research, which is one of the earliest fields outside of domains focused on storytelling
to adopt the storyboarding tool (Bumcrot, 2018; Buxton, 2007). Storyboards have been
used in usability and interface design research for a while, with examples such as Landay
and Myers (1996) and Newman and Landay (2000) being widely used examples of this.
Product design has also used storyboards to support the design process, including com-
munication between the various domain specialists and other stakeholders, but also for
understanding the needs of the user as a part of designing the product (Bumcrot, 2018;
Buxton, 2007; Van der Lelie, 2006). Simon (2012) explains that storyboards should not
be judged on the visual quality (or fidelity) of the art, but that how good the sotryboard
is at communicating the story to all involved, in his example a film crew, is always the
focus.

2.9 SUMMARY OF BACKGROUND
Manufacturing focuses on the production of goods, and the manufacturing receiving
focus in this thesis has the efficient production of goods as a primary focus. This has
traditionally involved large volumes of identical products, but modern manufacturing
requires frequent customisation of products or switches between products on the man-
ufacturing line. This requires information about custom elements or new products, and
this is why manufacturing has turned to the use of ICT systems to make movement of
informationmore effective (Hermann et al., 2015), as well as giving access to sensor data
which can be integrated with other information. Updated information requires that the
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correct recipient gains access to that information at the correct time. Such information
may be routine, or due to unexpected changes.
Routine updates to information, such as details on variants on an assembly line where
most assemblies require custom components, may be a part of the ordinary workflow,
and may therefore not constitute an interruption at all. Other information, such as un-
scheduled changes to the assembly schedule, calls for meetings or calls for assistance
on another workstation, or unexpected parts shortages, may require that the assembly
worker be interrupted from the normal workflow. This requires alerting the assembly
worker that new information is available, and such an alert can require interrupting the
person from their current task so that the new information can be examined directly, or
switching to some other task thatmay require attention. Interruptions can cause costs in
the form of errors, longer assembly times, increases in cognitive load, and stress. This is
to be avoided as these costs increase risks in the manufacturing assembly environment,
as well as raising the literal cost of production. Interruptions have been researched for a
long time (e.g. Spiekermann & Romanow, 2008; Zeigarnik, 1927), but most research on
interruptions has focused on control room operations, office environments, and health
care situations (e.g. Brixey et al., 2007; Coraggio, 1990; Iqbal & Bailey, 2008; Iqbal &
Horvitz, 2007; McFarlane, 2002; Rubinstein et al., 2001; Sanderson & Grundgeiger,
2015; Spiekermann & Romanow, 2008; Walter et al., 2015; Warnock et al., 2011; Wick-
ens, 1992), as well as experiments in laboratory environments using artificial tasks. In-
terruptions in manufacturing have received less attention, and the context of a manu-
facturing environmentmeans that experiments can be difficult to perform in completely
authentic situations, as well as potentially unsafe and expensive. Simulating a manu-
facturing environment and tasks makes it possible to use an experimental approach on
interruptions in this environment, and this has been suggested as appropriate exactly in
cases which would otherwise be unsafe, expensive, or otherwise difficult to perform in
an entirely authentic manner (Rooksby, 2013). McFarlane (1999, 2002) andMcFarlane
and Latorella (2002) suggested a taxonomy of four interruption coordination methods.
These are immediate, negotiated, mediated, or scheduled interruptions. Iqbal and Bai-
ley (2008) found that interruptions sent at certain points when using the mediated in-
terruptions coordinationmethod caused less cost in terms of time or errors, and further-
more found that interrupting at coarse breakpoints (i.e. large breaks in the task) caused
the least cost, while interrupting at fine breakpoints caused less costs than interrupting
randomly, but more costs than interrupting at coarse breakpoints.
Analysing an active environment such as manufacturing, where tasks typically contain
multiple actions with fine movements and many small elements requires theories and
analytical frameworks that are compatible with these kinds of activities. Approaches
from cognitive science referred to as DEEDS (Marsh, 2006) or 4E (Barrett, 2015) views
on cognition are based on the fundamental notion that the evolutionary roots of cogni-
tion mean that cognition is for action and anticipation of action (Vernon, 2014; Wilson,
2002), and that cognition relies on a dynamic interplay between an individual and envi-
ronment. This is fundamentally different to traditional views of cognition that are based
on the computer metaphor of mind, where more focus is laid on processing performed
within the mind, the body is viewed more as an input/output machine, and the envi-
ronment is seen as a problem to be solved rather than a resource to be used for support
in cognitive activities. DEEDS and 4E views on cognition are useful for the analysis of
tasks and environments where the interaction between an individual and their environ-
ment is an element of interest (Hutchins, 1995). This means that DEEDS and 4E views
of cognition require a larger unit of analysis than is typical of approaches that rely on
the computer metaphor of mind. The final concept introduced is that of activity levels,
which offer a way of splitting tasks into activities, actions, and operations, offering a hi-
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erarchical organisation of the activity being performed (Rogers, 2012). Activity theory,
from which activity levels originate, was originally formed as a developmental psychol-
ogy theory by Vygotsky, and thus takes into account skill level (and skill acquisition) and
works well in conjunction with DEEDS and 4E approaches as AT is based onmore holis-
tic approaches to cognition, as opposed to the dualistic nature of the computermetaphor
of mind commonly used within HF/E.
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CHAPTER 3

RESEARCH DESIGN

The second half of the aim presented in section 1.4 is to provide an empirically backed
theoretical framework to support the management of interruptions in manufacturing
with the purpose of mitigating the negative effects of interruptions. This requires re-
search into interruptions, and the current state of the art in interruption coordination
methods. The state of the art in interruption coordination research was identified as
being lacking when it comes to manufacturing and other manual tasks, and this meant
that the research conducted first had to empirically and theoretically characterise the
appropriate use of interruption coordination methods in manufacturing assembly work
and to compare and contrast the results obtained in this research into the existing state
of the art.
As such, the objectives introduced earlier lead to the synthesis of a theoretical framework
that supports the development of interruption coordination systems for ICT systems for
use in a manufacturing assembly environment, with the mindset that future work might
lead to the creation of easy to use methods for supporting the design process. An appro-
priate starting point for this was identified through the initial literature study as being
the adaptation of existing research by McFarlane (1999, 2002) as well as McFarlane
and Latorella (2002) which identified interruption coordination methods and collected
those into a taxonomy of interruption coordination methods, which can be viewed as
a framework of sorts. This identified research required adaptation as the experiments
used to test the efficacy of the interruption coordination methods were lab based and
used computer based and contrived tasks that are quite unlike those faced in manufac-
turing assembly. Additionally, the tasks used by McFarlane (1999, 2002) remove task
switching control from subjects inmost conditions, as well as removing the primary task
from the screen upon task switching, which is quite unlike what is encountered in more
authentic tasks and environments. This is in no way a criticism of the approach used
by McFarlane (1999, 2002); indeed his research reduces confounding factors and effec-
tively isolates factors. However, McFarlane’s work does not aim for ecological validity,
choosing instead to focus on identifying interruption coordination methods that work
under a difficult cognitive situation. The existing research that is used for reference re-
quires the use of an experimental approach for validation, and the limitations already
identified in that reference research, as well as the attempt to apply the research in an-
other domain, suggest combining an experimental approach with a more naturalistic
approach to gain ecological validity. Rooksby (2013) suggests the combination of an ex-
perimental approach and more authentic tasks and environments, so that the task and
environment are simulated to an appropriate degree to adequately represent the context
being simulated. Rooksby calls this “wild in the laboratory ”, as the goal is to simulate
the target context to a degree so that the simulate tasks and environments elicit simi-
lar responses as would be elicited in the authentic context, i.e. to create an appropriate
level of fidelity (Sanderson & Grundgeiger, 2015). The adaptation of existing research
presented in detail in paper 2 (Kolbeinsson, Thorvald, & Lindblom, 2017) found that
much the taxonomy provided by McFarlane (1999) was applicable to manual assembly,
but that some additions should be made. Central to these additions is that immediate
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interruptions caused less negative effects than predicted and that all interruptions were
seen as requiring a sort ofnegotiation element (i.e. that the person being interrupted has
some choice inwhen to respond). A further effect was observed but not quanitified in the
study detailed in paper 2 in that some of the pre-selected breakpoints used for mediated
interruptions (a smart interruption) weremissed by participants, prompting a follow-up
study. The follow-up study is presented in paper 4 (Kolbeinsson, Lindblom, & Thorvald,
2017), where it was found that the finer of the pre-selected breakpoints (i.e. during a
small pause in the activity) was indeed missed by participants, and it was found that
this was due to the participants preparing for the next action (or anticipation of action).
Both these studies shared a common design, of being experiments using a quantitative
approach, conducted in a simulated manufacturing facility.
The simulation environment used for the experiments detailed in papers 2, 3, and 4 can
be seen in figure 3.1. This used a pedal car assembly facility normally used for train-
ing assembly workers in work optimisation, and the tasks used in the experiments were
designed to approximate the complexity of tasks observed in actual manufacturing as-
sembly plants. The use of a simulated environment imposed some limitations on the
research design, as variable control is more limited than in traditional laboratory ex-
periments which increases the risk of confoundings (Drews & Bakdash, 2013; Sander-
son & Grundgeiger, 2015). On the other hand, this same limitation is a part of the in-
creased ecological validity offered by the simulation environments. Those limitations of
researcher control include such factors as leaving control over task switching and task
management in subjects’ hands.
Finally, paper 5 (Kolbeinsson, Lindblom, & Thorvald, 2018) details a qualitative study,
which was conducted in a live manufacturing facility with purpose of identifying how
interruptions are currently handled in an authentic setting and to characterise how in-
terruptionmanagement systems using the previously performed studiedmight be intro-
duced into an assembly setting. This final study was also aimed to use the theories al-
ready identified for analysing the assembly activities from an activity theory (AT) stand-
point and to understand how well the early framework published in Kolbeinsson (2016)
supports a messy, fully authentic environment. This qualitative study was ethnographi-
cally inspired, using an open observational approach (i.e. participants were aware of the
observations), and included contextual interviews. The findings of this study were that
interruptions as they are commonly defined are uncommon in assemblywork, partly due
to the design of the assembly activities, and partly due to operator skill (or task familiar-
ity). Further findings were that (mostly more experienced) workers voluntarily engaged
in conversation during assembly, exhibiting a mutual form of negotiation that allowed
both parties to participate in the conversation when their assembly task allowed. This
was dubbed ebb-and-flow negotiation style, and was seen to rely heavily on worker task
familiarity and knowledge of each others’ tasks.
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Figure 3.1: Upper left: An overview of the assembly station. The pedal car at the assembly stations does
not have front wheels mounted. Upper right: An overview of the assembly station, disassembly station,
and camera mount. The pedal car at the assembly station has its front wheels mounted. Middle: A more
detailed view of the assembly station. The pedal car can be seen, as can the stationary terminal and the
control station used by the author to control the messaging systems and data recording system. This
pedal car is fully assembled. Lower left: A detail view of the markings on a wheel. This is a “front-right,
Hard” wheel. Lower right: A detail view of the stationary terminal.
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CHAPTER 4

THEORETICAL FRAMEWORK

A definition of what a theoretical framework is has already been introduced and ex-
plained a little, but now it is time to go deeper. A very short and to the point explanation
as to what is meant here is that a theoretical framework can be a loose collection of the-
ories that work together to provide an understanding of some phenomenon. This use of
the concept of a theoretical framework can be traced back to Crick and Koch (2003) who
state that:

...framework is not a detailed hypothesis or set of hypotheses; rather, it is a suggested
point of view for an attack on a scientific problem, often suggesting testable hypothe-
ses... good framework is one that sounds reasonably plausible relative to available
scientific data and that turns out to be largely correct. (Crick and Koch (2003), p119)

This suggests that a theoretical framework is a tool to be used by the researcher to com-
bine theories in a newway to support the problemat hand, even if none of the component
theories are new (Lindblom, 2015). A good framework also needs to be understandable,
and should support the work at hand. Importantly, how such a collection of theories
is presented can be instrumental in how useful that theoretical framework is, and the
idea here is that the presentation and visualisations for the theoretical framework pre-
sented here should provide a skeleton of sorts to hang the theories from, resulting in
and intertwining of the theories and the visualisation, with the ultimate goal that this
should provide an intuitive way of performing analyses of activities involving interrup-
tion. Decortis, Noirfalise, and Saudelli (2000) explain that theoretical frameworks are
fundamental to what is seen by researchers during analyses, as the framework being
used provides a way of viewing the activities being analysed, as through donning a pair
of glasses that highlight theworld in a certainway. That being said, Decortis et al. (2000)
are careful to point out that theoretical frameworks are hard to compare to one another,
as different frameworks are useful for highlighting and understanding different aspects
of the activities being analysed and can thereby offer complementary viewpoints. Patel
and Groen (1993) explain that the dissimilar viewpoints afforded by theoretical frame-
works with differing foundational theories will result in analyses specific to that theo-
retical framework. This means that a theoretical framework built on situated and em-
bodied cognitive theories are likely to provide different results compared to a theoretical
framework based on cognitive psychology theories grounded in the computer metaphor
of mind. It is worth noting that Patel and Groen (1993) specifically state that results ob-
tained with one framework do not negate results obtained with another framework, but
rather can offer complementary results. This is the approach adopted by Decortis et al.
(2000). Patel and Groen (1993) also argue for combining theories which may support
different thoughts and viewpoints into theoretical frameworks to use the strengths of
each. If a theoretical framework is simply a tool for synthesising theories to construct
a useful point of view for analysis, then it becomes clear that the theories, frameworks,
and methods already introduced can be synthesised into a framework that will be useful
for exploring and analysing the manufacturing domain from a novel viewpoint. These
views are central here, as the point is not to invalidate the theories and research that is
used and discussed as a part of the framework, but rather to extend the theories and add
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to them from a new viewpoint. In addition to this, the theoretical framework presented
here is created to support interruptions research move into the wild, with an inbetween
point of creating experiments that rely on simulations of activities and environments.
The theoretical framework and included visualisations are aimed at the categorisation
and analysis of interruptions during manual assembly, and as such are expected to sup-
port the identification of factors that will support the simulation of a context and activity.

4.1 FOUNDATIONS FOR A FRAMEWORK
The starting point for the presented framework comes from the findings that the negative
effects of interruptions on performance (such as causing errors or slower work perfor-
mance) that have been found in laboratory experiments were not reproduced when test-
ing for the same effects in the experiments that constitute amajor part of this thesis. The
experiments detailed here are different from the laboratory experiments whose results
they sought to explore, mostly in that the environment and tasks were designed to “look
and feel” like assembly tasks in manufacturing. The experiments whose results were be-
ing explored were very different in that the tasks being used were performed completely
on a computer screen, and were designed to strain participants’ abilities. The reason for
this research design is that experiments commonly seek to avoid what is called a floor
effect, which would mean in this case that errors (or slowdowns) were too few or small
to be measured with the number of participants that the experiment will use. Avoiding
the floor effect oftenmeans designing the tasks to be performed in such a way as tomake
the tasks so challenging that introducing the problem that should be measured causes
the participant to make errors or slow down because they simply cannot keep in mind
everything they should be doing. This differs to any sort of study performed with an em-
bodied and situated standpoint in that such a study must by default take into account
the role of the body and the environment, and this is likely to lead to experimental tasks
that more closely represent authentic tasks as they commonly appear. Keeping the role
of the body and the environment in mind during research design as well as designing
the task to represent real tasks can lead to floor effects, e.g. not inducing errors in eas-
ily measurable numbers in common experiment sizes, and this can effect the usefulness
of the experiment for isolating and discovering core effects, but is useful for examining
already discovered effects more closely and validating their impact on fully authentic or
representative tasks and environments. This means that traditional experiments, such
as those performed by McFarlane (1999) and McFarlane (2002) are often useful start-
ing points that can be further explored and expanded upon, but should not be taken as a
holy truth, largely due to the limitations of the artificial tasks and settings used. This was
explored in two experiments that used a simulated environment to more closely repre-
sent manual tasks and environments that allow the use of the environment and physical
objects in the environment (artefacts) to support the person in resuming their task after
the interruption has been dealt with. These simulation based experiments are detailed
in papers 2 and 4, with the abbreviated findings that the taxonomy of interruption co-
ordination methods introduced by McFarlane (1999, 2002) provides predictive power
in general, but the artificial nature of the task design in the original experiment leads to
important differences.
Examining how theories based on embodied and situated viewpoints on cognition are
used for the purpose of analysis points to these theories being somewhat complex to ap-
ply, and in most cases only useful for researchers with a high degree of expertise and
a deep understanding of the underlying theories. This can be seen even when using
methods based on such theories, such as a distributed cognition (DCog) method named
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DiCoT, which was used by Lindblom and Gündert (2016) but found to be somewhat
impractical and hard to see the connection between theory and practice. Rybing (2018)
found that DiCoTwas difficult to use in practice, and did not fully support the researcher
in their task, which supports findings from Andreasson et al. (2017). Moreover, Rybing
(2018) focused on control room operations, largely in the field of emergency manage-
ment. Tools such as DiCoT then exist to use some DEEDS/4E theories for analysis but
many of these are difficult to understand and complicated to use, as has beenmentioned
before. While Andreasson et al. (2017) examined manufacturing, the facility chosen in-
volved computer based tasks, control room operations, and communications between
stations. This differs frompurelymanual assembly tasks, relying as it does on interaction
with computer systems with the user interfaces becoming major points of examination.
The findings in paper 3 highlight (Kolbeinsson & Lindblom, 2015) that separately look-
ing at actions and cognition is likely to miss problems, leaving designers with problems
finding answers as towhy their design fails under specific conditions. This further high-
lighted the need for an approach that can be used for analysing what is being done and
the context in which it is done in a holistic manner, including both the physical parts
of the task and the invisible parts of the cognitive aspects of the task. Focusing on the
activity allows the analysis to take into account any action being performed, whether
that is visibly physical in nature (including embodied aspects of cognitive activities), or
invisible to the naked eye (more classically cognitive aspects of the task). This drove
the selection of AT as an approach which was suggested in Kolbeinsson (2016) and then
tested for analysing activities at a production line (Kolbeinsson, Lindblom, & Thorvald,
2018). Adding to this, the traditional view of cognition as happening inside the brain
limits unit of the analysis of cognition, especially in manual tasks where DEEDS and 4E
approaches suggest thatmuch of the heavy lifting of human cognition is externalised and
the environment (physical, cognitive, and social) is used to provide aids or scaffolding
for cognition (Susi, 2006).
One realisation presented in earlier work (Kolbeinsson, 2016) was that AT does not pro-
vide an explicit time aspect (Susi, 2006), and anotherwas that AT’s complexity and focus
on theory makes AT based tools mostly inaccessible except to AT experts who immerse
themselves in said theory (Kaptelinin et al., 1999; Susi, 2006). This led to a major goal
with the design of the theoretical framework being to provide a practical tool that re-
moves the need for full immersion into theory, yet guides practitioners towards a new
way of thinking about the whole activity, including the task at hand, the physical envi-
ronment, the social environment, and the cognitive environment, and includes a time
aspect that helps practitioners lay out sequential aspects of the activity. This should
then be a tool that provides a useful way of thinking (often referred to as a mental model
when relying on traditional theories of human cognition) for supporting analyses that
take into account all agents, the entire context of the activity, what goes on “inside the
head”, as well as how the operations and actions are performed in sequence over time.
The framework is also expected to support the design and analysis of assembly stations
to support effective interruption of assembly workers, whichmay be of use for industrial
applications.
Kolbeinsson (2016) introduced a first “sketch” of this concept, but more development
and some validation were required. Kolbeinsson, Lindblom, and Thorvald (2018) pro-
vides the next steps, including a deeper dive into AT and an AT based analysis of a man-
ufacturing assembly line where the differences between interruptions the fully authen-
tic setting of the assembly line were compared against both the lab-based experiments
found in the literature and the simulation based experiments presented in Kolbeinsson,
Thorvald, and Lindblom (2017) and Kolbeinsson, Lindblom, and Thorvald (2017).
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The framework presented here has been created through work in the domain of assem-
bly work inmanufacturing, but as it is designed to cope withmanual activities in general
then the theoretical framework is expected to work with activities consisting of man-
ual work in general. As has been seen with other tools such as the activity checklist
(Kaptelinin et al., 1999), tools can be constructed in different ways to support different
aims. In the case of the activity checklist this involved two versions, one for analysis of
existing contexts/tools and one for the analysis for design of contexts/tools. The theo-
retical framework presented here will come in only one version, although it is entirely
possible that usage will suggest fine tunings for different purposes. The development of
the theoretical framework started with a focus on interruptions to the work, how to anal-
yse interruptions, and design to avoid interruptions, but has since expanded to general
analysis of an manual assembly activity from an AT perspective (and keeping in mind
DEEDS approaches to cognitive science such as distributed cognition).

4.2 FRAMEWORK INTRODUCTION
The studies that have been presented share a few commonalities, of which the differ-
ences between traditional laboratory studies, more realistic simulations using authentic
tasks and contexts, and research in the wild (RITW) can be argued as being particularly
important. What the studies have shown (and is evenmore clearly illustrated in the jour-
nal articles that form a part of this thesis) is that there is most certainly a large difference
between traditional laboratory studies and RITW, as was fully expected. These differ-
ences do not cast doubt on the laboratory based research, but instead highlight the need
for finding which parts of that research apply only in the laboratory and which parts
are more generalisable, which then allows the findings of the laboratory studies to be
appended with findings in more authentic contexts and brought together with comple-
mentary research. Keeping in mind that the point of both the existing research and the
research presented in this thesis is to provide an understanding of the phenomenon of
interruptions and to support the management of interruptions there is no reason to cast
aside theories or classificationmethods just because not all aspects are valid when tested
in another domain. To the contrary, such problems are to be expected, and the point of
the theoretical framework being developed here is to lift forth the strengths of various
theories and patch up any discovered weak areas. This means that one contribution
of the theoretical framework proposed here is to append the laboratory based findings
from relevant existing literature with the findings from more authentic contexts tested
in papers 2, 4 and 5, and synthesise those into a coherent and useful whole.
That there were differences between what was observed in the simulation studies shown
in papers 2 and 4 and the observations collected in a fully authentic environment (see
paper 5) was not suprising, as there were important differences in the context that ini-
tially forced the use of the simulation instead of testing in a real manufacturing facility.
The largest difference in the context included how the fully authentic setting has not yet
adopted any kind of digital interruption system. The fully authentic setting also has tasks
that have been designed to increase effectiveness and reduce the chance of errors, as well
as employing workers with thousands of hours of experience who perform the assembly
tasks very effectively and with little conscious attention. Some of these differences are
unavoidable, but othersmay stem from the design of the simulation studies being lacking
appropriate tools for designing such studies. Although the research has involved spend-
ing time in factories and studying methods for examining factories (Goodson, 2002), as
well as having studying theories and tools for cognition and design, no suitable practical
tools for combining this were identified. This is compounded by how relatively recent
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the focus on RITW and suggestions that simulation studies may be an effective step to-
wards more ecological validity are (Rooksby, 2013). There is, then, a need for tools that
support researchers in going more towards the wild, and provides easy to use (even in-
tuitive) support for analysis while being fully theoretically backed. More than one such
tool will be required, supported by different theories as well as being customised for the
various contexts and tasks.
One such tool is introduced here, in this case the tool is focused on simulation based ex-
perimental studieswhich are effectively themidwaypoint between traditional laboratory
research and RITW, with an initial domain focus on interruptions in industrial applica-
tions. As the framework and tool are designed for analysing manual tasks the possibility
exists that the tool may be useful for other analyses than interruptions inmanufacturing
after further validation of the tool and framework.
Sanderson and Grundgeiger (2015) discuss fidelity, control, and potential generalizabil-
ity of simulation based studies, explaining that potential generalizability requires that
the study be constructed in such a way that it must be possible to relate the effects of in-
terruptions to the interruptions concepts being explored. Generalizability as discussed
by Sanderson and Grundgeiger (2015) is an issue with all interruptions research that
should be “realistic” largely because the level of control is in most cases in direct oppo-
sition to the realism or authenticity of tasks. More authentic or representative tasks and
contexts commonly lead to lower control over the experiment, becausemost contexts al-
low humans freedom in their actions. This is a relative strength of simulating assembly
activities from the manufacturing domain because these activities are already relatively
structured, thus affording an avenue for testing activities in such a way that a moder-
ate level of researcher control over the activity is an authentic part of the scenario. This
effectively suggests the manufacturing domain as an interesting place to perform these
sorts of simulations before tackling domains where activities are generally less rigidly
controlled, such as the health care domain. Building an appropriate level of fidelity into
the simulation is also relatively simple within the manufacturing domain, as the setup
for assembly stations commonly requires limited tools, a linear space, and specific light-
ing and sound environments that are well understood and can easily be duplicated. This
means that a highly authentic environment can easily be constructed, aiding immersion.
Although the simulation may be highly immersive the characteristics of the assembly
line allow the researcher to easily simplify or complicate the assembly activities and any
interruption tasks as required for the purpose of exploring a particular element of inter-
ruptions. This suggests that constructing the simulation is simple, which in a way it is.
The other side of this is that for representativeness (i.e. for the simulation to represent a
certain assembly activity) then a deeper understanding of that particular assembly line
is required, which is one of the analytical aspects that the theoretical framework should
support.
The framework is anchored in two main directions, the direction of interruption re-
search, and the direction of cognitive science theories from the DEEDS and 4E stable
of approaches. A third central approach that is included is that of activity theory (AT)
which is not really a part of the DEEDS/4E approaches but comes instead from develop-
mental psychology yet AT is compatible in many key ways with DEEDS/4E approaches
as was shown in the background chapter.
Starting from the interruptions research that provided the inspiration for this line of
research we find that the taxonomy of interruption coordination methods proposed by
McFarlane (1999) and fine polished in McFarlane (2002) and McFarlane and Latorella
(2002) introduces typical (although high quality) laboratory research on interruptions
which suffers from the problem that the same results are not seen inmore authentic set-
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tings ranging fromexperiments in an environment simulating amanufacturing facility to
observations in a running manufacturing facility (Kolbeinsson, Lindblom, & Thorvald,
2017, 2018; Kolbeinsson, Thorvald, & Lindblom, 2017). In addition to Kolbeinsson,
Lindblom, and Thorvald (2018) did not observe traditional interruptions as defined by
Coraggio (1990) as being common, and found that strict immediate interruptions as de-
scribed byMcFarlane (1999) were seen to be unlikely to occur at all in themanufacturing
facility being observed. Furthermore it was found (Kolbeinsson, Lindblom, & Thorvald,
2017; Kolbeinsson, Thorvald, & Lindblom, 2017) that all interruptions that were tested,
regardless of how they were presented or what instructions were given to participants,
had some form of negotiation to them. This means that in authentic tasks in which the
researcher does not have full control over all elements then participants can always (or
at least almost always) choose the time to respond to some degree, and will generally
finish the current operation or action, put away the tools that are being used, and then
respond. This was dubbed the negotiation element by Kolbeinsson, Thorvald, and Lind-
blom (2017), and was further seen in Kolbeinsson, Lindblom, and Thorvald (2017) and
in the real manufacturing facility in Kolbeinsson, Lindblom, and Thorvald (2018).
Immediate interruptionswere, as noted, not observed as being likely in simulation based
experiments or in authentic settings, but interruptions as defined by Coraggio (1990)
and with the anatomy of that kind of interruption illustrated byMonk et al. (2002) were
seen as being extremely uncommon. Kolbeinsson, Lindblom, and Thorvald (2018) sug-
gest that this may require a new approach to defining interruptions, one that has previ-
ously been suggested (Rissler et al., 2017)
One limitation of the framework proposed by Rissler et al. (2017) is that it takes into
consideration only IT mediated interruptions, therefore lacking the tools required for a
holistic look at interruptions where tasks are not computer based. That is a factor that
has been considered here, that the theoretical framework presented here should support
the analysis of interruptions during manual tasks, with or without IT mediation. The
goal is thus not to focus on creating a new program or computer system for managing
when to send notification signals for interruptions, but rather to holistically examine in-
terruptions in the environment in which they occur and support the design and creation
of systems (IT or non-IT) and processes/procedures to minimise the negative effects of
the types of interruptions commonly found in that context. The framework proposed
by Rissler et al. (2017) has another, much less obvious, limitation in that it lacks any
explicit theoretical grounding. This does not necessarily detract from the usefulness of
the framework, but as different theories provide different views (different glasses with
which to view the world) it can be helpful to knowwhich viewpoint a framework is based
on, and in fields where one theoretical view is dominant it might even be easy to miss
the value of using different theoretical views. Because of these issues a clear and explicit
theoretical grounding is seen here as a valuable asset.

4.3 THE FRAMEWORK
As we have seen, the theoretical framework to be presented is simply a selection of the-
ories and findings that exist in the interruption literature that have been found to be
useful, combined with the theoretical background of DEEDS and 4E approaches to cog-
nition, and then finally augmented by the findings of the research that has been con-
ducted as a part of this research. This section lists the elements that are being synthe-
sised, explaining both the identified theories that are seen as useful, how they change
due to being combined new theories and the findings of this research, and what that
means for using the theories as a part of this framework for future research. The ulti-
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mate goal of supporting the analysis of manual assembly tasks is in this case to support
interruption management in the manufacturing domain by making it possible to under-
standwhy interruptions cause problems at certain points in the assembly process, and to
thereby assist in interruptionmanagement throughmaking available themost appropri-
ate approach to interruption management. This may involve ICT systems incorporating
interruptionmanagement systems, and/or processes and procedures forminimising the
negative effects of untimely interruptions.
The framework introducedhere synthesisesmultiple strengths not commonly seenwithin
a single framework. A list of important properties of the theoretical framework follows:

• Supporting an expanded (and flexible) unit of analysis during the analysis of as-
sembly tasks and interruption tasks.

• Highlighting and supporting the analysis of the relationships between the pri-
mary task and the interruption task.

• Incorporating a time aspect in the analysis (unlike, for example, Distributed Cog-
nition), which is central to the DEEDS/4E views on cognition.

• Supporting the identification and analysis of when it may be appropriate to in-
terrupt a manual task (i.e. identifying breakpoints), as well as supporting the
evaluation of breakpoint appropriateness for the tasks (primary/interruption).

• Supporting analysis of the use of scaffolding and artefacts in both the primary
task and the interruption task.

• Taking into account operator skill, including task familiarity and changes in both
skill and task familiarity.

Startingwith the taxonomy provided byMcFarlane (1999, 2002) andMcFarlane and La-
torella (2002) we see that these taxonomies are very detailed, listing outmultiple factors
that are important in interruptions. Papers 2 and 4 suggest that the taxonomy forwarded
by McFarlane and Latorella (2002), while detailed and well supported by experimental
data, faces some difficulties supporting manual tasks in manufacturing assembly. The
two largest issues here are that immediate interruptions as they are used by McFarlane
and Latorella (2002) are not seen as being possible in the context, with all interrup-
tions being observed as having some form of negotiation by the worker, and mediated
interruptions did not offer the advantages that were predicted based on Iqbal and Bai-
ley (2008). While paper 5 further highlights how a natural environment consisting of
manual tasks may not contain traditional interruptions as defined by Coraggio (1990),
leading to a possible requirement for interruption research to bemore unitedwithmulti-
tasking research, as is suggested by Janssen et al. (2015) as one of six points in an agenda
for advancing interruptions research (see section 2.2.1.
Based on papers 2, 4, and 5 the taxonomy fromMcFarlane (1999, 2002) andMcFarlane
and Latorella (2002) is amended in the following central ways:

• A negotiation element is proposed that modifies all interruptions as needed,
adding in an aspect of interruptions common to tasks not performed on comput-
ers that primary tasks do not disappear (or get occluded) instantly outside of ex-
perimental tasks in the laboratory. Even most computer programs avoid switch-
ing users between tasks without warning or occluding users’ primary tasks, mak-
ing strong immediate interruptions uncommon even in IT mediated tasks. All
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interruptions are then seen as commonly having a negotiation element as soon as
experimental control is relaxed and less contrived tasks/contexts are used.

• Breakpoint selection for mediated interruptions should take into account antici-
pation of action, as well as action (see section 2.5.1). Breakpoint selection during
manual tasks cannot be based simply on observed breaks in the activity, as an-
ticipation of action makes the easily observable breakpoints “finer” than they at
first seem, and the difficulty of the following action can affect how much antici-
pation of action diminishes the available time.

• Breakpoint selection taking into account action and anticipation of action as
well as having to take into account task familiarity and task complexity. The
latter points must be included as higher task familiarity transforms actions into
operations, making finer breakpoints acceptable for interruption, while higher
task complexity increases the requirement for anticipation of action, requiring
coarser breakpoints. This is also important for novices as all breakpoints need
to be bigger due to less operationalisation of actions resulting from lower task
familarity. Analysis of the activity takes into account task familiarity and offers
customisation/personalisation of breakpoint selection based on task familiarity
and task complexity. To summarize:

– Higher task familiarity leads to finer breakpoints being acceptable.
– Higher task complexity leads to coarser breapoints being required.
– Breakpoints should be personalised for each worker based on the above

factors.

• Immediate interruptions (with negotiation element) do not cause the large ef-
fects shown by McFarlane (1999) in manual assembly due to the tasks being de-
signed for simplicity, the process that assembly workers are trained in avoiding
abandoning a task and effectively adding negotiation to all interruptions, and the
environment and work design affording easy resumption points for activities.
This effectively means that immediate/negotiated interruptions can be appropri-
ate in many cases in assembly, obviating the need for complex interruption man-
agement systems (although notificiation systems still need to be designed with
usability in mind), but instead making the requirement that workers are trained
in a work process that takes into account interruptions from work (including IT
mediated interruptions) all the more important. Designing tasks, environments,
and processes to assist workers in dealing with interruptions is thus seen as be-
ing more critical than high-tech solutions (such as interruption management
systems).

• Allowing workers to indicate non-critical interruptions, or even silence those
notifications entirely when desired is seen as positive for worker satisfaction,
and prioritisation of interruptions is seen as useful for this. Any interruption
not deemed as time-sensitive (i.e. requiring immediate response) should be an-
nounced in a way that makes the priority clear. While participants in the study
in paper 2 responded with high accuracy and speed to immediate interruptions
when instructed to respond directly (and with a very clear signal that clearly indi-
cated high priority for the received message) workers showed a clear preference
for negotiated interruptions, where the notification signal was more subdued and
they were allowed to respond when they deemed it appropriate. This means that
although immediate interruptions do not cause the negative effects predicted by
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McFarlane (1999) then care must be taken in the design of the interruption sig-
nal so that non-critical interruptions do not add to decreased worker well-being.

After taking into account these additional factors then it is possible to use the taxonomy
from McFarlane (1999) where the method of interruption coordination (i.e. type of in-
terruption) is just one factor, as McFarlane and Latorella (2002) also includes multiple
other factors supported by the taxonomy such as defining the source of interruption, the
meaning of the interruptions, channel of conveyance, and the human activity changed
by the interruption. This taxonomy (McFarlane & Latorella, 2002) is then quite detailed
and can support the analysis of the interruptions in many ways, but is currently not laid
out in such a way as to make that support simple. Concatenating elements from the tax-
onomy andmaking a tool out of it that easily fit into the theoretical framework presented
here is a future step for creating a tool out of the framework.
Activity theory lacks an explicit time aspect, as has beenmentioned, and oneway of rem-
edying this is to couple ATwith amodel that implements a clear and explicit time aspect.
Storyboards provide this explicit time aspect on a visual timeline, and can be used tomap
out and analyse how the activity is performed. An example of this is given in 4.4 where
the breakpoint granularity (Iqbal & Bailey, 2008) in the assembly activity is mapped out
and the activity levels of the assembly operation are also taken into account. Mapping
out the action aspect of the activity as performed as well the anticipation of action as-
pects allows for a more complete analysis of the activity and is likely to better support
breakpoint selection for mediated interruptions, as anticipation of action shortens the
breaks that can be analysed purely based on the physical activity that can be observed.
This allows the researcher or designer to identify both periods of high workload/intense
activity where both action and anticipation of action are active, as well as areas in the
activity where there are pauses in the action or anticipation of action. Uniting the story-
board approach with its time aspect and activity theory for analysis, integrating activity
levels with the storyboard approach, and mapping out action and anticipation of action
leads to a new concept that is named activity board.

4.3.1 ACTIVITY BOARD

The goal with using the acitivity board is primarily to support researchers or other prac-
titioners in applying theories that support the analysis of interruptions to manual tasks
in assembly through the use visualisations that support using the environment to sup-
port both understanding the theories and the analysis of the interruption and scenario
through off-loading of cognition to the environment. This is sometimes referred to as
“dog fooding” (Microsoft, 2000), or using your own product yourself, which in this case
is that the visualisation should take into account the foundational theories, with an inter-
pretation of the six views of cognition (Wilson, 2002) suggesting that our understanding
of abstract theories can be supported by taking into account the limitations of human
cognition as well as the evolutionary roots of human cognition. The goals being sup-
ported by the visualisations are as follows:

• Using a visual medium for supporting an embodied viewpoint of the tasks being
analysed.

• Visually splitting activities into components based on motive/goal/manual oper-
ation.

• Visually supporting a full analysis of both the primary task and interruption task.
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Figure 4.1: An overview of the activity board concept. The horizontal axis shows progression in time, and
the vertical axis shows activity levels. Note that the “operations” activity level is split into two sequences
of storyboards, with one showing the operations being performed, and the uppermost showing the an-
ticipation of action. The size of frames should be modified to the requirement of each operation/action.
Figure by Ari Kolbeinsson.

• Including action and anticipation of action in a clear manner that highlights how
action and anticipation of action are interrelated.

• Keeping the expanded unit of analysis visible and highlighted in such a way that
the researcher takes into account the context, tools, artefacts, and social inter-
action during the whole analysis. This effectively merges aspects of DCog (see
section 2.5.2)

• Supporting an off-loading of cognition from within the analyst’s head to the en-
vironment, in accordance with the six views on cognition (Wilson, 2002), see
section 2.5.1.

Based on this it is suggested that an activity board is sketched out as a part of the analysis
process. This does not have to be perfect, far from it. For easy to use methods of sketch-
ing scenarios, activities, and actions then shortcuts such as sketching on top of photos or
using copy-paste approaches, suggested by Buxton (2007) can be recommended. These
approaches are useful because the activity board is not being used for artistic value or
to show off artistic skill, but rather to map out a social and material world and its con-
nections with the activity, through a selected viewpoint (such that of a researcher or a
first-person view from the assembly worker’s viewpoint). The activity board, see figure
4.1, is useful for identifying what parts of an activity fit into which activity level, as well
as adding the time axis into the whole activity.
Identifying appropriate breakpoints formediated interruptions comes from the activity
board approach, which should by itself easily highlight gaps in action and anticipation
action, and following findings from Iqbal and Bailey, 2008 as well as Kolbeinsson, Lind-
blom, andThorvald (2017) the recommendation is that the larger/coarser the breakpoint
is the more appropriate it is for interruption. It is important that both action and antici-
pation of action are taken into consideration, with action being much easier to draw up.
If assumptions can be made about upcoming action complexity or the cognitive load of
a certain action is known then it is likely that harder or more complex new actions will
affect the anticipation of action to a larger extent. This was observed by Kolbeinsson,
Thorvald, and Lindblom (2017) and is in accordance with the memory for goals model
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(MfG) by Altmann and Trafton (2002) which states that the activation of a new goal (for
an action) takes time and resources, and the complexity of the goal and action affect the
effort required.
Exploring how identifying appropriate breakpoints by examining action and anticipa-
tion of action requires some visualisation, which leads to figures figure 4.2 and figure 4.3.
These show the basic activity board, 4.2 illustrating with a grey line how action traverses
levels, and shows the ebb and flow of action during the activity, actions, and operations.
This structure of activity, actions, and operationswere seen to be useful for designing the
tasks and selecting breakpoints for mediated interruptions in the experiment detailed in
paper 2 (Kolbeinsson, Thorvald, & Lindblom, 2017), and were further analysed in pa-
per 3 (Kolbeinsson & Lindblom, 2015). The additional analysis performed in paper 3
found that anticipation of action needed to be taken into account as well, and figure 4.3
adds anticipation of action into the visualisation as a blue line. This changed the size of
the breaks between tasks and sub-tasks, and supported the analyses that had been per-
formed on the first experiment, reported in papers 2 and 3, as well as being instrumental
in the analysis of the second experiment (see paper 4) which explored the unexpected
effect of subjectsmissing interruptions sent during the pre-selected fine breakpoint. The
fine breakpoint can be seen in figures 4.2 and 4.3 as the white space between sub-tasks
A and B, while the coarse breakpoint, which did not turn out to be as problematic is seen
as the larger white space between tasks 1 and 2 .
This white space, showing the breaks between tasks or sub-tasks change between fig-
ure 4.2 and figure 4.3. Figure 4.3 shows both a grey line representing action and a blue
line representing anticipation of action, and these lines illustrate how a task or sub-task
has begun as soon as the anticipation of that action has become active. A task has then
effectively begun when anticipation of action has become active, and ends when the ac-
tion itself ends. Anticipation of action starts taking into account the next task as soon as
that becomes possible, but due to the start of the experimental task involving examining
the instructions for what components to select then this becomes effectively limited to a
point, and anticipation of action cannot progress, causing a much larger break becom-
ing possible between tasks than between sub-tasks. That is to say, participants can only
anticipate the next task as involving checking the instructions, and cannot progress fur-
ther in their anticipation. Figure 4.2 shows the activity board filled in with an example
task, in this case the experimental task from papers 2, 3 and 4. Note that this is just an
example for illustration purposes and operation level frames have not been modified in
size in this case.
It is worth noting that the visualisations of the activity board are not in effect the frame-
work, but rather a visual representation of the framework, and that the theories being
synthesised can be used without drawing anything. The activity board and its accom-
panying visualisations are meant as a way of externalising the thoughts and can be a
useful tool for supporting an easier way of understanding how the theories are intercon-
nected, as well as how that interconnectedness can be used to analyse an activity and its
constituent actions and operations. These visualisations are created to match the the-
ories being synthesised and the embodied and situated nature of the tasks, as opposed
to commonly used visualisations such as flowcharts and other diagrams that are quite
abstract in nature. Furthermore, the activity board visualisation highlights how antici-
pation of action is not the same as any sort of a traditional planning phase, but rather a
part of an active perception-action loop that relies on interaction with the environment,
as opposed to relying on the abstract planning of activities followed by executing that
plan.
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Figure 4.2: Activity levels are shown on the vertical axis, and time on the horizontal axis. The grey, solid
line denotes action. The boxes show the task, and the sub-tasks, while the gaps between boxes illustrate
breaks in action. Figure by Ari Kolbeinsson.

Figure 4.3: A blue, dotted line denoting anticipation of action is added here. The blue (dotted) line shows
when anticipation of action begins and ends for a task or sub-task, while the grey (solid) line shows when
action begins and ends. This illustrates how an activity begins when anticipation of action begins (i.e.
before the action begins), and ends when the execution of the manual action ends (i.e. after anticipation
of action ends). This makes the breaks between tasks or sub-tasks (white areas between tasks or sub-
tasks) smaller than is seen in 4.2, and may make breaks between sub-tasks too small to be useful. Figure
by Ari Kolbeinsson.
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4.3.2 TASK FAMILIARITY

Task familiarity (Kirsh, 2001) is important to take into consideration, with the level of
expertise (Dreyfus & Dreyfus, 1980) of the assembly worker greatly affecting the analy-
sis of the activity. In AT terms, an activity with which the assembly worker has gained
a high level of competence (i.e. a high level of familiarity) is likely to include parts (or
actions) that have been operationalised, i.e. are performedwithout explicit focus on that
action and no longer requiring explicit goals. Taking this into account is important for
analysis of the activity, as well as being critical for building authentic tasks for exper-
iments using the simulation approach described previously. Indeed, this is one of the
major differences between common experimental tasks and the tasks performed in au-
thentic settings, that participants get a fewminutes of task familiarisation for quite novel
experimental tasks while they may have thousands of hours of experience with the ac-
tivities they perform in their assembly work. This is important for many reasons, one
of which is that familiar tasks allow the worker to identify strategies for supporting the
task, or scaffolding (Kirsh, 2001). Taking task familiarity into account in the theoretical
framework relies on the activity level concept in large part, and is referred to as opera-
tionalising an action, whichmoves the action from the action level to the operation level.
This can be easily visualised in the activity board. Visualising level of familiarity in this
way means that the observations from multiple skill levels may need to be drawn up, so
multiple copies of the activity board may need to be created for a single activity. One
reason for operationalisation of actions is the use of scaffolding during operationalised
tasks (Kirsh, 2001; Susi, 2006) which involves effective use of both cognitive structures
end environmental features to simplify the activity. Scaffolding can then involve effects
such as chunking of familar patterns to ease the load on working memory, or placing
tools in a particular place to denote current activity status. This is harder for unfamiliar
tasks, as it is difficult to know what is appropriate, as well as being difficult to recognise
whether the pattern (whether it is the pattern to be remembered or the pattern of the
configuration of the assembly station) is correct or appropriate for the current or future
actions. Operationalising tasks is something that can happen due to performing an ac-
tion repeatedly duringwork, or due to explicit practice, as in the case of playing amusical
instrument, but more complex task are harder to operationalise than simple tasks. Task
complexity is then another factor that must be taken into account.

4.3.3 ACTIVITY CHECKLIST

The activity checklist (Kaptelinin et al., 1999) is a useful tool for the analysis, and is here
suggested for use before starting any data collection to sensitise the researcher to im-
portant concepts, but can also be used after breaking the activity up hierarchically on
the activity board. The activity checklist is a handy tool for identifying and grouping
concepts, and the activity board supports an initial organisation of the activity and helps
with understanding which part of the activity should stay in focus. The inclusion of both
an acitivity checklist for design and an activity checklist for evaluation highlights that one
size may not fit all, but the activity checklist is helpful as a starting point to understand
how elements applicable to the analysis being performed may be identified during ob-
servation/analysis. The activity checklist for evaluation includes four categories, which
are:

• Means/ends

• Environment
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• Learning/cognition/ articulation

• Development,

Each of these categories contains statements. Examples of these statements include:

• People who use the target technology

• Tools, other than target technology, available to users

• Time and effort necessary to master new operations

• Users’ attitudes toward target technology (e.g. resistance) and changes over time.

Kaptelinin et al. (1999) explain that these statements should be used to create questions
that apply to the context being examined. A sample question provided by Kaptelinin et
al. (1999) that is applicable to the interruptions research included here is:

Is it necessary for the user to constantly switch between different actions or activi-
ties? If yes, are there “emergency exits” which support painless transition between
actions and activities, and, if necessary, returning to previous states, actions, or activ-
ities?Kaptelinin et al. (1999), p39)

Using questions in this waymake it much easier to view an activity through an AT “lens”,
simply through sensitisation to how the activity can be understood from an AT perspec-
tive.

4.3.4 ARGUING FOR A VISUAL APPROACH

Theoretical frameworks such Distributed Cognition make use of theories of embodied
and situated cognition, yet rely heavily on the written word and methods such as DiCoT
(Distributed Cognition for Teamwork) make use of abstract visualisation forms such as
flowcharts and other relational or hierarchical charts to support analysis. While these
abstract charts are useful for mapping out and explaining basic concepts, they suffer
from an incompatibility problem of sorts, in that embodied and situated theories of cog-
nition suggest that people’s cognitiondoes not function in this kind of abstractway, being
evolved for action (Wilson, 2002). This, in turn, suggests that frameworks, models, and
methods created to support analyses using embodied and situated viewpoints on cog-
nition should be made in a manner compatible with their own view on cognition. The
structure and presentation of any framework, model, or method being used influences
the analysis being performed (Gedenryd, 1998), which suggests that the mode of think-
ing used for the analysis, and the framework being used should be compatible. This
can be seen to be taken into account within the design community, both within HCI
and within traditional product design. These fields advocate the use of specific meth-
ods, which rely on theory and experience, for idea generation, and other methods are
relied upon for more analytical parts of the design process. This is done to keep the de-
signer in a creativemindset that supports thinking in concepts and using actions (such as
sketching) and the environment to support that (e.g. Buxton, 2007; Cross, 2006, 2008;
Greenberg et al., 2012; Hartson& Pyla, 2012). It can be argued that some designmethod
practitioners such as Cross (2006, 2008) argue quite intuitively for an embodied and
situated standpoint, but without much underlying theoretical argumentation. A more
theoretical viewpoint comes from researchers, with Gedenryd (1998) having explicitly
argued for the value of an embodied and situated standpoint in design.
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Traditional analyses using hierarchical trees, word and concept classification, and pro-
cessmodelling are all compatiblewith amindset based on a computermetaphor ofmind,
but do not necessarily lend themselves as well to the embodied and situated viewpoint.
The activity theory pyramid created by Engeström (1987) is, on the other hand, created
explicitly for understanding the component elements of activities from an activity theory
standpoint, but is hard to understand and even harder to apply to analyses, as it relies
on mentally linking together the abstract concepts being used, rather than linking to-
gether the components of action using our embodied and situated understanding of the
activity.

4.3.5 CORE CONCEPTS FOR ACTIVITY BOARDS

The vocabulary to explain the framework uses existant terms from the theories that have
been introduced in chapter 2, accepted terminology from the use of storyboards, as well
as coining a few new terms to clarify how the concepts link together.
Photographs or sketches can be used, although sketches should be preferred because
they only contain the most important elements, as well as the act of sketching having
positive effects. Sketches may be made from photographs, this makes it possible to re-
duce the level of detail and skip items that are unnecessary, and allows people who are
not artists to more easily create usable activity boards. If photos are used then they
should be taken from an appropriate angle, and contain all elements of importance. This
suggests the use of action cameras that can be chest mounted or helmet mounted, as the
hands of the “doer” can often be central elements in frames, and can support the analysis
of that frame. Buxton (2007) finds that simplified images work better than photographs
containing the full visual complexity of the subject, dubbing this “amplification through
simplification”, which entails ensuring that the focus remains on relevant elements of
the scene. This suggests that even if photographs are used then they should be simpli-
fied in some manner, either through the use of filters or effects, or through tracing the
main elements by hand. Any sketch may be simple, and artistic training is not required
to make useable activity boards, or storyboards, for that matter.
The activity board can start by employing an establishing shot, which is a larger overview
figure that sets the scene that can include some descriptions of the primary task and the
interruption task in text form, an introduction and explanation of themotivations, goals,
and context. In traditional UX design then the establishing shot would often be the first
frame of the storyboard timeline (Greenberg et al., 2005), but here it is more useful and
makesmore sense to keep the establishing shot separate from themain timeline because
the establishing shot has a very different purpose to the rest of the timeline, i.e. to give
an overview of the situation without a clear focus point or people centred perspective,
whereas the main timeline has the goal of separately visualising each activity level, as
well as visualising the flow of the operations in terms of action and anticipation of action.
Note that no establishing shot is provided in figure 4.1.
After the establishing shot then the visualisation consists of a type of storyboard, which
will be referred to as the activity board, see figure 4.4. An activity board differs from
a storyboard in some important ways. First off, the activity board consist of multiple
simultaneous storyboard timelines consisting of frames. The timeline advances on the
horizontal axis, and frames can vary in width to denote the time taken to complete that
frame, either based on estimates (during design) or measurements when evaluating an
existing activity. The vertical axis denotes activity levels, with activity being lowest on
that axis, action on top of that, and operations occupying the top two rows. Operations
are split into two rows in this way so that action and anticipation of action can be vi-
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Figure 4.4: The experimental task used in papers 2, 3, and 4, and illustrated in figure 2.6 has been in-
serted into an activity board, as introduced in figure 4.1. The motivation for the activity is displayed with
red wheels, the goals for each action are likewise highlighted. Figure by Ari Kolbeinsson.

sualised separately, with the flow between the two being clarified in classic storyboard
style by the use of lines and arrows. Other symbols may be used to mark and highlight
elements of interest in each frame.
Frames for corresponding anticipation of action and the action that follows most com-
monly show similar images, even using exactly the same images in many cases, but may
have different highlights. Also, anticipation of action may lead to more than one action
without a new anticipation of action in between. This is most likely in the case of ac-
tions that involve fully embodied tasks such as threading a screw and tightening, where
the action consists of multiple operations where parts of the operation can be argued to
be fully embodied in nature, consisting only of a perception-action loop. The level of
operationalisation (or task familiarity) as well as task complexity also affect this, with
anticipation of action often reaching to multiple operations in an action. The anticipa-
tion of action would involve “thread screw and tighten”, but the actual operation would
involve highly detailed work with relatively precise finger work, and tightening to an ap-
propriate tightness level, where incorrect insertion or too much tightening may damage
the screw or the threads, and insufficient tightening may cause components to fall apart
or fail quality control inspections. It is vital to understand that such an operation is not
“unthinking”. On the contrary, such operations are heavily reliant on skill and task fa-
miliarity. Action-perception couplings form one part of the explanation for how such an
operation can seem so simple yet may require knowledge, understanding, and skill. An
assembly worker with years of experience has thousands of hours of experience, and has
developed a good sense for how much friction on the threads (when mounting a nut on
a screw) is normal. The assembly worker moves the nut, feels the movement, and the
assessment of the friction is thus a part of the operation, not a separate step, and the
insertion of this screw is an operation that belongs to the higher level action of mount-
ing the entire object (e.g. mounting a compressor onto an engine requiring four screws,
each of which is fully operationalised). A slightly more abstract version of this kind of
action-perception loop, one that is quite appropriate for the activity board concept and
highlights well how a part of the activity becomes a part of the environment, involves
the activity of sketching. Gedenryd (1998) examined sketching, finding that designing
through sketching externalises not only the output (the finished sketch) but that the ac-
tivity of sketching involves an externalisation of the thinking process involved in the
design activity. When seen from this viewpoint, which is DEEDS based, then sketching
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(the verb, involving the activity) is externalised cognition, and the sketch is an artefact
that supports communication both of the finished concept and of the process of going
from a partial solution to a full solution, as well as being an intrinsic part of the cognitive
process of finding a solution.
When analysing an activity using the activity board and theories of this framework then
a first step is to understand the activity motive of the entire activity, and start breaking
the activity into goals/actions and operations. This requires gauging the skill level of
the assembly worker as that greatly affects what goes into each level. This is best done
by first observing the activity andmarking how each action/operation is performed, and
then discussing with the operator what actions require conscious thought and which are
done by “feel”. Note that if the operator is interrupted or disturbed during the assembly
activity then itmay be possible to observewhen theworker slows down and speeds up, or
“ebb and flow”, as it was named by Kolbeinsson, Lindblom, and Thorvald (2018). This
ebb-and-flow style of working when multi-tasking clearly indicates available cognitive
resources, signalling how operationalised an action has become. Remember that ac-
tions that have been fully operationalised no longer have explicit goals in the same sense
as the actions do, but commonly involve perception action loops (action, and anticipa-
tion of action), and can in some cases be done entirely by feel and without any obvious
attention being directed to the operation. Operations that are performed without ob-
vious attention go into the activity board as operations causing very little anticipation
of action, while actions that clearly high levels of attention require more anticipation of
action, in accordance with the MfG model (Altmann & Trafton, 2002).
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

An interesting observation surrounding interruption research is that the original re-
search by Bluma Zeigarnik (1927) that is heralded as the first known interruption re-
search was performed before the creation of the computer metaphor of mind and other
ideas about cognition that became dominant a few decades later. This naturally means
that Zeigarnik held other views on cognition than those that have been foundational to
most of the interruptions research performed, as the field of interruptions research blos-
somed in the late 1970s and 1980s. This later interruptions research came largely out
of the HF/E discipline which is founded in cognitive psychology, and it is worth noting
again that HF/E had at this time adopted the computer metaphor of mind, which domi-
nated the view of cognition of the time. A contrast to this is that when Zeigarnik’s (1927)
theoretical background is examined it becomes clear that Gestalt psychologywas amajor
aspect of that, but moreover she studied under pioneers of Gestalt psychology (such as
Max Wertheimer and Kurt Lewin), that her supervisor Kurt Lewin founded psychologi-
cal field theory (published in 1946), and became a close friend of the founder of activity
theory, Lev Vygotsky (Zeigarnik, 2007). Zeigarnik’s implicit background for her semi-
nal 1927 paper can be argued to likely be mostly Gestalt psychology, while the research
and writing was performed in a research setting where the latest theories of the time
(such as Kurt Lewin’s field theory) were being developed. Gestalt psychology is, how-
ever, not explicitly mentioned in Zeigarnik (1927), and the short biography offered by
her grandson (Zeigarnik, 2007) highlights how her studies were conducted in a vibrant
and cutting-edge academic environment in Germany. Zeigarnik’s background may be
of interest here, because different theoretical viewpoints lead to differences in how re-
search is conducted and analysed, and this may greatly affect what results are obtained
(Gedenryd, 1998). Moreover, the importance of the manual tasks employed in the orig-
inal research may be deceptively large, and if differences in the theoretical background
are ignored then this importance may be missed.
The research presented in this thesis can then be seen as a closing of the circle, or at
least a first step towards finding that although the computer metaphor of mind is indeed
a useful way of categorising human cognition, like anymodel it also brings with it limita-
tions andmakes the practitioner relying on that model think about the problem in terms
dictated by the model being used.
A goal with the work presented here is to offer another way of viewing interruption prob-
lems and more importantly, showing that there is another way of thinking about the
problems. This is important because practitioners use the tools available to them, but
may not dig down deep into the foundations of the tools being used. Some practitioners
of HF/E, for example, may thus be unaware that the computermetaphor of mind or cog-
nitivism are some sort of foundation for the tools they are using as well as having been
a foundation for the theories learned during their education. Showing the DEEDS/4E
approaches to cognition is useful, but not enough. The depiction of the approaches, the
theories, and the tools must be made at appropriate levels of complexity and abstrac-
tion for the purpose. For practitioners of a field that means that the theory should be

63



UNIVERSITY OF SKÖVDE

put forward in practical terms and tools should have a clear way of use. Therein has the
problem lain! DEEDS and 4E approaches have been discussed in a very complex and
convoluted manner so that even theoretical researchers have had problems with under-
standing them. Paper 3 was a first attempt to address this, but anyone reading paper
3 will agree that it is a quite complicated read. Paper 5 is a second attempt at work-
ing through this problem, and is simpler to read, but extremely long. This is the next
challenge, to get the message across clearly to practitioners as well as researchers.

5.1 MAJOR CONTRIBUTIONS
The discussion of Zeigarnik’s theoretical approach leads directly to the major contribu-
tions of the research conducted as a part of this thesis. This is namely on the broader
scale a re-introduction of approaches to cognition that do not rely on the computer
metaphor of mind into interruptions research and HF/E, including AT and DEEDS/4E
approaches.
Other contributions include:

• Adding the negotiation element to all interruptions from McFarlane’s taxonomy
of interruption coordination methods adapts the taxonomy to manual activities
in authentic contexts. The negotiation element means that humans can almost
always to some degree select when to abandon their primary task and respond to
an interruption. The negotion element is seen as the largest single contribution
in this work.

• Introducing anticipation of action into breakpoint selection for mediated inter-
ruptions. This allows practitioners to understand what breakpoints are appro-
priate for interruptions, as well as how task familiarity (operationalisation of ac-
tions) allows for the use of finer breakpoints.

• The application of interruption research on manual assembly tasks within man-
ufacturing, moving interruptions research to a domain that requires more inter-
ruptions research due to the large scale introduction of ICT systems in manufac-
turing.

• Simulation based validation of traditional laboratory based interruptions re-
search, which led to the identification of aspects of interruptions that make labo-
ratory research on interruptions applicable to activities containing manual tasks
in authentic environments.

• The synthesis of embodied, situated, and distributed theories on cognition with
the organisational and learning elements of activity theory (AT) into a theoretical
framework.

• An embodied theoretical framework that supports the analysis of interruptions
in activities that can involve only manual activities or mixed manual/computer-
based activities, focused on manual assembly activities in manufacturing.

• A visualisation that supports the understanding of how theories within the the-
oretical framework support the analysis of manual tasks as well as interruptions
during manual tasks.
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• Advancing and supporting the use of simulations for conducting experiments,
that is, providing suggestions on what to take into account when designing an
experiment that aims for a higher ecological validity than is common in multiple
fields, with the example of McFarlane (1999) being most appropriate here.

5.2 LIMITATIONS
Important to note is the small number of empirical studies performed as a part of this
research, and noting that the findings presented in papers 2 to 5 all point to a large and
significant knowledge gap existing. Quite simply (and somewhat predictably) put, more
research is required. Although (or maybe because) this approach to examining inter-
ruptions both in simulation based experiments and in the wild have not been seenmuch
in existing literature it is expected that there are flaws, as well as areas that have not
yet been explored nearly sufficiently. The research presented in this thesis is also quite
narrowly focused on manual assembly in manufacturing, which is the domain on which
the research projects were centred. This means that the research is focused on one do-
main, and no attempts have been made to generalise the research to other domains.
Indeed, this is one of the weaknesses of most research that attempts to increase ecologi-
cal validity, exactly as the laboratory based research fromwhich this work startedmakes
a compromise in the other direction to isolate cognitive factors that should exist in all
people at the cost of not necessarily applying in authentic scenarios commonly faced by
humans in their daily lives. These kinds of compromises are inevitable in research. Al-
though the research cannot be said to apply to other domains without validation there
are still aspects that are expected to be applicable to other domains where manual tasks
are prevalent, as well as domains where the context of work is expected to rely heav-
ily on embodiment and situatedness. This is largely due to the identification of issues
with existing theories and taxonomies of interruptions that made it clear that they could
not apply to naturalistic tasks and scenarios. An example of an interesting domain to
examine whether the framework and activity board could be of use is the health care
domain, where nurses and doctors are interrupted frequently (and negative effects of
interruptions can have large consequences), but the activities are not performed in a
single location (i.e. these professionals are in constant motion between patients as well
as other areas of the workplace).
Whether the required level of engagement, representativeness, and immersiveness were
achieved in the simulation based experiments detailed in papers 2, 3 and 4 (Kolbeinsson
& Lindblom, 2015; Kolbeinsson, Lindblom, & Thorvald, 2017; Kolbeinsson, Thorvald, &
Lindblom, 2017) is an interesting discussion, but unsolicited reports made by subjects
with experience from manufacturing in the first experiment suggest that this was in-
deed the case. One subject with experience from assembly work half jokingly stated that
the work felt like a flashback to his time working in manufacturing, and another com-
mented specifically on how real the task and environment felt, mentioning the sound-
scape specifically. Other subjects with less manufacturing experience also commented
on the task feeling realistic, and feeling much more work-like than expected when en-
rolling in an experiment. Two subjects commented on the scenario being quite stressful,
and comments were received on the added stress created by having a tight assembly time
allowance and then receiving a notification involving an extra task. The chosen level of
fidelity is further supported by Drews and Bakdash (2013), who explain that simulations
for the purpose of research must support a high level of engagement and be easy to ma-
nipulate rather than focusing on ultimate fidelity through perfect recreation of the target
domain.

65



UNIVERSITY OF SKÖVDE

Aside from these general areas where limitations must be discussed there are also more
clear technical limitations with the work presented in this thesis. A first concrete limita-
tion to mention is that the theoretical framework has not been validated in its entirety.
Although elements of the theroretical framework have been developed under the course
of the previous five years and many of those parts have then been applied to any stud-
ies and analyses performed after each element has been developed then the completed
framework lacks validation. Most of the tools, such as the activity board, the taxonomy
by McFarlane (1999), breakpoints from Iqbal and Bailey (2008), and the activity check-
list (Kaptelinin et al., 1999) have been tested, and modifications such as the negotiation
element, activity levels including action and anticipation of action, and of course exper-
iments in a simulation study have been used in conjunction with the identified theories.
The limitations largely arise because a coherent tool has not yet been developed based on
the theoretical framework, and thismakes any sort of testing the framework on an analy-
sis difficult. The order of the studies performed can also be discussed. More observation
of assembly inmanufacturingmight have benefitted the simulation studies presented in
papers 2, 3, and 4. Although workers with industrial experience praised the perceived
realism and engagement provided by those studies it became clear afterwards that the
rate of productionwas on the higher side, and the interruption taskmay have been overly
complicated. Although that task attempted to simulate the difficulties created by badly
designed user interfaces the actual task used would have benefitted from lookingmore
like typical such interfaces. Both these limitations might have been averted by an early
observational study in actual assembly tasks. The research did involve spending time
in various assembly facilities and studying how to read a manufacturing plant, but for
the purposes of deeply understanding an activity observing that activity in detail gives
insights that cannot be obtained with a shorter and more cursory glance. That said, the
theoretical aspects of studying activity theory and DEEDS/4E approaches led to the ob-
servational study presented in paper 5 being conducted using a new focus and viewpoint,
leading to observations that would not have been possible at an earlier stage. A guide
on what to look for both to analyse assembly activities from an AT/DEEDS standpoint
could give valuable insights (and tools) for practitioners, and a guide to quickly reading
a manufacturing facility using these approaches could also be of great worth.
Simple technical limitations and difficulties are discussed in each of the papers, with
paper 2 going into depth about how to deal with data collection problems in one factor
of a repeated measures experiment being an example. This is sufficiently discussed in
the papers, so for a review of technical problems with experiments and their solution see
articles 2 and 4.

5.3 IMPLICATIONSFORTHEMANUFACTURINGDO-
MAIN

The manufacturing domain has ever increasing information flow due to the introduc-
tion of ICT systems, and this increases the risk of interruptions within industry from
one source. That said, people interrupting people can still be expected to be an even
larger source of interruptions within assembly, whichmeans that theories and tools that
support the analysis of interruptions from multiple sources will be useful. That is the
major implication and contribution of this work to the manufacturing domain: a frame-
work (and possible tool) with a clear theoretical grounding that supports the analysis of
activities involvingmanual activities using of a wide range of interruptions research that
was originally developed for contrived tasks in a laboratory setting. The typical cost of
interruptions seen in traditional laboratory experiments involves increased time and an
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increased number of errors on the primary task, and this is something manufacturing
seeks to avoid as the cost of errors can be high. Applying interruptions research onman-
ufacturing facilitieswhen the interruptions research has only involved tasks and contexts
that are not representative of manual assembly tasks would lead to a risk of any inter-
ruptionsmanagement systems not actually helping. This could, in a worst case scenario,
even increase the cost of interruptions through the choice of inappropriate interruption
coordination methods or the choice of inopportune moments for interrupting. Validat-
ing and extending classical interruption research to work in an assembly context and on
manual assembly tasks typical of manufacturing is therefore an important contribution,
even though this may merely be a first step. The size and nature of the discrepancies
between what was expected based on laboratory based studies compared to what was
measured and observed in the studies presented in papers 2, 3 , 4, and 5 highlights the
difference between manual assembly tasks in a simulated or real manufacturing sce-
nario.
Another contribution to the manufacturing domain is that access to multiple theories
and tools allows researchers and practitioners to select the most appropriate tool for the
task to be solved, which offer clear benefits for both researchers and practitioners work-
ing on interruptionmanagement research or development. Moreover, if the theories and
tools can be packaged in an accessible manner then this work can add to the repertoire
of HF/E practitioners and researchers in general, not only those involved with interrup-
tions research. Having the tools to analyse either current or projected production lines
allows developers to see withmore clarity what should be taken into consideration when
designing processes and information systems for production lines. The same tools also
highlight to researchers how to structure the development of experiments where simu-
lation of the context is used for ecological validity, which further allows companies in-
volved in manufacturing to examine interruption management in their production lines
in more detail than has generally been possible.

5.4 IMPLICATIONS FOR RESEARHERS AND PRAC-
TITIONERS

Although the introduction of a tool for analysing interruptions in manufacturing (and
hopefully other domains incorporating manual tasks) might be seen as the most impor-
tant thing for practitioners, a case can be made for the introduction of DEEDS, 4E, and
AT in an easy to understand manner as being more important for practitioners. This is
because of how the theories andmodels that are used as a foundation for tools shape the
mental models of the users of the tools, limiting problem-solving to the solutions that
should fit that models. This makes it important for practitioners to have more that one
option in what theory will be used but more importantly, when one theoretical approach
has been completely dominantwithin awhole field since the field started expanding then
there is a risk of practitioners not even realising that there is a theoretical approach being
used with themental models afforded by that approach being accepted as truths instead.
The visualisation in the theoretical framework (the activity board) is also seen as having
the potential to change how the theories are viewed by practitioners, as these theories
have been said to be hard to understand and hard to use except by specialists in that par-
ticular theory. Offering a visual way of understanding both the scenario being analysed
and the theories with which the analysis is being performed has the potential to make
these theories much more accessible to practitioners in fields such as HF/E and UXD
and possibly even making the theories easier to understand and discuss by researchers.
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5.5 FULFILLING OBJECTIVES AND AIMS
The papers which form the backbone of this thesis are presented in the following pages,
but before these are examined it may be useful to re-examine the aim and objectives
of the thesis, as well as seeing what each paper should contribute to fulfilling each ob-
jective. Figure 5.1 illustrates how the research within each paper supports some of the
objectives. The objectives are written out in a concatenated form in the figure, but are
written out in full in 1.4. As has been discussed, interruptions have been studied exten-
sively, with interruptions to tasks performed on computers having received much of the
focus. Much of the existing research also uses computer based tasks and computer based
interruptions that are custommade to test the effect of interruptions on humans. These
commonly used tasksmay not represent the tasks commonly performed by humans out-
side of laboratory experiments, withmanual tasks in particular often being overlooked in
interruption research. This thesis contains work to rectify that through identifying rele-
vant literature on interruptions, validating identified relevant findings on typicalmanual
assembly tasks in manufacturing, and creating a theoretical framework that synthesises
the already identified research with modifications found to be necessary for that work to
support manual assembly tasks. As a theoretical foundation the theoretical framework
uses recent theories on human cognition such as embodied, situated, and distributed ap-
proaches to cognition as well as AT adding useful analysis tools to the framework. The
theoretical framework is bound together with a visualisation, dubbed the Activity Board.
The activity board supports an intuitive understanding of complex concepts, provides an
embodied, situated, and distributed cognition viewpoint to the analysis of interruptions
to manual assembly activities, and provides support for breaking down the assembly
activity into appropriate parts. Supporting an embodied viewpoint during analysis has
the purpose of facilitating the design of interruption coordination systems that take into
account the embodied, situated, and distributed nature of the cognitive elements that
form a part of manual tasks such as assembly in manufacturing.
To achieve the goal of creating a theoretical framework for the analysis of interruptions
from a holistic standpoint a literature study was conducted, followed by two studies us-
ing an experimental approach in an environment that simulated amanufacturing assem-
bly context, and finally a qualitative observational study conducted in a manufacturing
facility observing assembly workers’ strategies for managing interruptions to their ac-
tivities.
The simulation based experiments used tasks designed to be representative of manufac-
turing assembly tasks. The results of the studies are presented in five appended papers,
while the body of the thesis itself introduces the theoretical framework developed based
on the studies. 1.
The aim of the thesis has been to:

• Theoretically and empirically characterise the appropriate use of interruption
coordination methods in manufacturing assembly work

• Provide an empirically backed theoretical framework to support the design of
tasks and assembly stations that are optimised to take into account interruptions
as they can occur in that context

The first part of the aimhas beenmet by testing existing theories and classificationmeth-
ods for interruptions in a simulated manufacturing facility, finding the limitations of
those laboratory developed theories and amending them to function better in a messy
world where the humans being interrupted have control over their own actions and
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Figure 5.1: The objectives are shown on the top, and the title of each paper shown on the left side, with
the table highlighting how each paper should support various objectives. This is made by the author to
show in a concise way the contribution of each paper.
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where activities do not change instantly from one to another, occluding the primary task.
The second part of the aim has beenmet by uniting the identified theories and empirical
work performed, and synthesising these into a theoretical framework that uses a visual
approach to mapping together the disparate theoretical bits (the activity board), using
AT, activity levels, and supporting a DEEDS/4E approach by e.g. mapping out action
and anticipation of action providing and taking into account the scaffolding available to
experienced operators.
This theoretical framework would benefit from further validation and development if it
is to support an easy to use tool, but an important aspect of the theoretical framework
is that it should support HF/E and UX practitioners unfamiliar with the way of thinking
provided by DEEDS/4E approaches to cognitive science a way into these useful theories.
As such, a hope is that the framework can be further refined and disseminated to the
experts who would most benefit from a new and fundamentally different tool in their
toolbox to what they have had access to.

5.6 FUTURE WORK
As has beenmentioned, further refinements are required, and the theoretical framework
should be packaged in a more simple manner for ease of understanding and ease of use.
This involves creating shorter articles that contain only the focus of the framework, as
well as any tools based on the framework. Validation of the usefulness of the framework
in its entirety would also be useful, as would an analysis tool based on the framework. A
validation of the framework can be suggested as a reasonable next step, and one sugges-
tion for how this could be achieved is through:

• Using the framework to evaluate and analyse a real assembly line or assembly
station.

• Using identified central characteristics from the real assembly scenario that must
be included in a simulation to create a simulated assembly line or station.

• Evaluating the control activity (one that is designed based on the identified fac-
tors).

• Comparing and contrasting the analyses for the two different settings. Findings
from each should be similar for the “control activity” in the simulation if the
analysis of the real assembly line accurately identified the most important fac-
tors.

• Examining anticipation of action further through an experiment where task fa-
miliarity is used to gauge when interruptions are appropriate, and manipulate
the exact point of interruption to test whether a slight change in interruption
points can make breakpoints match the action/anticipation of action gap.

This would support the validation of much of the framework, as well as providing tools
for creating simulated assembly environments where factors can be tested that cannot
easily be tested in the real assembly environment due to risks to manufacturing (risks
to personnel still need to be taken into account). Creating such an analysis tool could
be the next logical step, as validating the usefulness of the theoretical framework could
most easily be done through using it for a full analysis of a workplace containing manual
assembly.
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In addition to this, the work presented in paper 4 on breakpoint selection has clear av-
enues of further research, as the action/anticipation of action explanation of the missed
interruptions suggests that timing notifications to avoid interference with anticipation
of action as a possible way forward. Task familiarity is important to this, with task famil-
iarity making the periods of anticipation of action smaller, and this adds an interesting
dimension to further pursuing this avenue of research.
Another avenue of future research is the unification of interruptions research intomulti-
tasking research. In the study presented in paper 5 (Kolbeinsson, Lindblom, &Thorvald,
2018) it was found that interruptions as observed in that context were not of the kind
suggested by any of the more common definitions of interruptions, but rather were like
a form of multi-tasking using a negotiation style quite similar to what is referred to as
negotiated interruptions tominimise the negative effects of themulti-tasking on the pri-
mary task. This fits well in with comments from Janssen et al. (2015), who suggest that
interruptions and multi-tasking are very related (possibly even with interruptions be-
ing a sub-category of multi-tasking), with much research standing to benefit from these
fields working together or even unifying completely. Working towards this would be an
interesting prospect, with any future work certainly taking into account the strong link
between these two fields.
Examining how much of the theoretical framework applies to other domains consisting
of manual tasks, or even mixed manual/digital tasks, is yet another interesting line of
inquiry to pursue, requiring validation similar to what is described above, but in other
domains such as health care. Such a validation requires care, as each domain may pro-
vide unexpected challenges, so a qualitative observational study similar to that presented
in paper 5 is suggested as a first step, adding an analysis of the observed activities using
the activity board and its related theory, followed by simulation-based studies that pro-
vide levels of fidelity and representativeness identified as appropriate through the prior
observational study. Explaining the usefulness of DEEDS and 4E approaches, as well as
uniting that with AT, is a major goal of the research presented here, and is something
that should be continued. Papers with that as a central goal should be submitted to pub-
lications targeted at practitioners of HF/E and UXD so that practitioners may update
their own view as to what cognition can be seen to be, as well as to have access to new
toolsets for applying those new views on cognition. As always it is important to note that
DEEDS and 4E provide a useful way of viewing cognition, but are by no means the only
view.

5.7 CONCLUDING REMARKS
The hope is that by now the reader has a clear view ofmultipleDEEDS views on cognition
and how those views can provide useful ways of viewing any human activities in a holistic
manner. That research on interruptions has much to offer should also be clear, as well
as the limitations of much of the research on interruptions in that the focus has tradi-
tionally been on specialised tasks and environments where normal embodied, situated,
and distributed coping tools and artefacts commonly used by humans are disallowed.
Adding DEEDS views of cognition back into interruptions research (we remember that
Zeigarnik’s 1927 paper relied on views on cognition somewhat similar to the modern
DEEDS views) should then clearly be one sensible way of rectifying those limitations
and providing support for interruption management during more manual tasks.
Making interruptions research more applicable to manufacturing (and manual tasks in
general) adds a dimension to interruption research with clear implications for worker
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well-being, as interruptions are known for increasing frustration and stress. Further-
more, the introduction of Industri 4.0 based systems in European factories is aimed at
increasing the competitiveness ofmanufacturing in Europe, which includesworker well-
being. Taking into account aspects such as stress, cognitive workload, and usability, are
central to ensuring both worker well-being and competitiveness, and are required to
fulfill this aim. Reducing the negative effects of interruptions, with a clear eye to the fu-
ture of manufacturing systems, highlights a clear societal relevance of the work that has
been presented. Improving competitiveness of manufacturing while increasing worker
well-being is a complex undertaking, but necessary to keep manufacturing in Europe
comptetitive, affecting the individual, the organization, and society. Taking into account
interruptions is, of course, just piece of that puzzle, but an important one.
Providing a visualisation that supports linking together the multiple theories and ap-
proaches being used in the resulting framework is hopefully then just a final “cherry on
top”, highlighting the synthesis of practical analysis and theoretical framework in a way
that the author hopes is useful and intuitive to more people than himself.
Thank you for reading, and good luck in your own future analyses, research, and devel-
opment.
Skövde, 2019
Ari Kolbeinsson
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ABSTRACT 

Companies in various fields are developing information systems that are supposed to show information in a context 
sensitive manner. This involves modifying user interfaces based on the current activity and location of the user. The 
research that exists for context aware, task aware, and location aware systems come mostly from research in the 
office environment and using stationary work computers using standard mouse and keyboard-operated systems. 
Other environments, such as manufacturing environments, have not received the same research attention, and 
therefore research is required to see whether existing theories and frameworks apply to the manufacturing domain. 
Adding to this, context aware systems are now being created for new classes of devices such as mobile and wearable 
devices, to be used in multiple domains. All this requires an investigation and validation of older research, and 
shows how the research of the basic human factors surrounding new devices and domains has fallen behind the 
development of the devices themselves. This paper examines shortly how recent changes advances in technology 
affect what is required from the field of interruption research, as well as what is needed to support other domains 
than the office environment.  

Keywords: Interruptions, interruption management, context aware, user interfaces, manufacturing 

 

INTRODUCTION  

The use of mobile devices has increased greatly in recent years, with these devices having become near ubiquitous 
in parts of the world. These handheld devices make possible instant communications at all times, as well as 
automated notifications of all sorts. This happens during people’s time off, during working hours, during their 
commute, and while they sleep. Some of these devices are privately owned and used for personal communications, 
while others are owned by the workplace and are in some cases specially designed for supporting information 
services within the company. Yet these devices, and commonly available consumer devices in particular, mostly fail 
to take into account the cost of interruptions. Interruptions cause a loss in effectiveness on the task being performed 
when the interruption strikes, the primary task, and this loss in effectiveness may range between annoying to 
dangerous, dependent on the criticality of the primary task (McFarlane and Latorella, 2002). The interruption task 
may also have its own requirements. Some interruptions can be critical, others may require response of some sort in 
a timely manner, but most interruptions can wait for a short time. Current mobile devices are now being expanded 
through the introduction of wearable devices, which are finally coming to the mass market, but these suffer from the 
same limitations as mobile devices in that interruptions are not effectively managed. 

All this raises a question: why are all these new devices using decades old notification/interruption methods? 

The answer to that lies in the current state of research, especially research on notifications/interruptions.  
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Interruptions have been formally researched since the late 1920’s when it was discovered that people who were 
interrupted from their primary task could better recall the details of the interrupted primary task than the details of 
task that was not interrupted (Spiekermann and Romanow, 2008). Research on interruptions then increased with the 
rise in research on human factors after some highly publicised disasters in fields such as aviation and nuclear power 
stations.  

When examining existing research on interruptions it becomes clear that there is a focus on information workers in 
an office environment, which has been both the area where computer systems have been most likely to be used as 
well as an area that is relatively easy for researcher to gain access to or simulate. Offices have thus received much 
attention, and the stationary desktop machines that have been the staple of offices have likewise received the 
majority of attention. Bjelica, Mrazovac, Papp, and Teslic (2013) state that research into interruptions in the field of 
human-computer interaction (HCI) and context-aware computing only started with McFarlane (2002), which seems 
surprisingly recent. Earlier examples can be found in specialist domains such as the Fokker 50 aircraft cockpit where 
systems changed interruptions based on the current requirements as early as 1987 (Fokker, 2012), but these were not 
referred to as context aware systems at the time, and are highly specialised. 

Keeping the focus only on the office environment is not a strategy that supports current or future uses of technology, 
as the landscape of information services and information dense environments has changed in the last decade. 
Miniaturisation of computing devices affects more than just the size of the device; miniaturisation fundamentally 
changes the possible context of use from being stationary at a desk or standing at a workstation to being anywhere 
and in any position. This changes how users can interact with the device and places new cognitive demands on the 
user; demands that require research that is specifically aimed at examining the effects of interruptions by mobile 
devices on users' cognitive facilities. As mobile devices become more prevalent it becomes necessary to examine the 
effect of those, and this should preferably be done in multiple settings as mobile devices are permeating almost all 
aspects of work and play. 

This change due to mobile devices also reaches to many workplaces. Work has increasingly become non-linear and 
non-exclusive, meaning that people have to hop between tasks and juggle multiple tasks at a time, even juggling 
information between multiple computing devices. Office environments have been designed at least in part around 
this, and office computers, both desktop computers and notebook computers, incorporate task-switching 
mechanisms (Speier, Vessey, and Valaich, 2003). Handheld devices are only partly supported, even in the office 
environment, and mostly do not cooperate with the desktop systems. The quick change in information services due 
to mobile devices is clearly portrayed by Speier et al. (2003) who mention mobile devices only being a source of 
interruptions due to ill-timed or unwanted phone calls. 

Manufacturing environments have not had the same level of information flow to workers, which stemmed from 
production environments focusing on mass production of series of identical units. With current requirements of 
product diversity, customization, and quality control it has become more important than before to effectively 
communicate changes in products to line workers. This requires either paper manuals, which must be manually 
retrieved from some sort of storage area and is inefficient in a quickly changing product line, or a stationary 
computerised solution. Foremen must also respond effectively to quickly changing conditions and all manner of 
problems, and so can be supported by an effective mobile solution to replace less technical solutions such as 
shouting or searching for a foreman or using a klaxon or a blinking light at the workstation. 

This suggests some technical solutions that are in many ways simple to implement, but there are many other factors 
that must be solved to make an effective and agreeable solutions. While being instantly notified of problems is an 
effective for the message, it may not be effective for the task that the receiver of the message is working on at the 
time. Current systems offer audio, video, and vibration as notification signals while stationary devices can also use 
connected peripherals, and future systems such as head mounted heads up displays or augmented reality displays 
may incorporate all of these in some manner. One of the problems faced is then one of how interruptions by 
information systems affect workers in non-office environments, such as a manufacturing environment. 

What Is Meant By “Interruption”? 

An interruption is any event that breaks a person’s attention to their current activity (primary task) and either 
requests or forces the user to focus on a new task (interruption task). Corraggio (1990, p. 19) provides a definition: 
“an interruption is an externally generated, randomly occurring, discrete event that breaks continuity of cognitive 
focus on a primary task". Interruptions can cause increases in errors on the primary task and induce errors on the 



Proceedings of the 5th International Conference on Applied Human Factors and Ergonomics AHFE 2014, Kraków, Poland 19-23 July 2014       
Edited by T. Ahram, W. Karwowski and T. Marek 

!
interruption task, but McFarlane and Latorella (2002) argue that this can be minimized through taking into 
consideration the requirements of the person, the primary task, and the interruption task. 

What Is Meant By “Notification”? 

The terms notification and notification system, as used here, come from computer system makers who have called 
their interruption systems notification systems (Apple, 2012; Microsoft, 2012). Although notifications are widely 
discussed in research, a clear definition of what a notification or a notification system is was not found in the 
literature, which is why a definition is proposed here. A notification is the product of an interruption mechanism (the 
notification system) that interrupts a person’s current (primary) task and provides information that another task 
requires attention. The notifications themselves can be information rich or information sparse. A simple bell sound 
from a mobile device may notify the user that a message has been received, but gives no information about the 
content of the message or whether this message requires immediate attention. This paper refers only to notifications 
from information systems, which use systems that are specifically designed to interrupt the user. Notification system 
design has been identified as a major component in mitigating the costs of interruptions when using information 
systems (McFarlane and Latorella, 2002) 

What Is Meant By “Context Awareness”? 

The words context aware user interface can cause some confusion due to their being used for multiple purposes. 
This paper discusses context in its widest meaning. A context is: “the circumstances that form the setting for an 
event, statement, or idea, and in terms of which it can be fully understood” (New Oxford American Dictionary, 
2005). An early definition of context aware computing comes from Schilit, Adams, and Want (1994) who explain 
that context aware systems adapt according to multiple factors in the system’s environment, such as the location, 
people present, other devices, and changes over time. Schilit et al. (1994) further explain that context encompasses 
such things as the sound and light levels, communication bandwidth, and even the social context, i.e. who may be 
present. This shows context as being a very wide concept that can include almost whatever the designer wants, but it 
also suggests that any system billing itself as being context aware should take into account all factors that affect the 
task at hand, or a clearly defined subset of those factors. This means that just making a UI that changes does not 
mean that it is a context aware system. The UI has to change and adapt to the users’ needs and abilities, and 
cognitive abilities have to be taken into account from the very beginning. This is where many systems fail. Some of 
the systems discussed in this paper, for instance, take into account technical needs and in some cases also what the 
designers think that the user might want to see, but fail to take into account what the user actually needs and what 
the user’s cognitive facilities can actually handle. The lack of research that supports the design of context sensitive 
systems outside of well defined situations using desktop computers must be considered a factor in this. 

THE CURRENT SITUATION IN RESEARCH 

McFarlane and Latorella (2002) mention that it may seem absurd that people may actually want interruptions to their 
work, but that normal work requires access to updated information and recreational time can be well supported by 
access to social information. Research on interruptions is nothing new, with some of the oldest known research 
harking back to the late 1920’s when it was found that a person who was working on one task (the primary task) and 
got interrupted by another task wound up remembering the details of the interrupted primary task better (Zeigarnik, 
1927). This is referred to as the Zeigarnik effect (Spiekerman and Romanow, 2008). Research on the effect of 
interruptions then took off in the later half of the twentieth century (Spiekerman and Romanow, 2008), and with 
research increasing much with the rise of research into human factors and ergonomics (Hawkins, 1987). Yet 
McFarlane and Latorella (2002) also point out that information systems at the time of their research had in general 
not been designed with interruptions taken into account and that interruptions often have dangerous effects in 
workplaces such as aircraft cockpits where pilots were much more likely to make mistakes on interrupted tasks. In 
fact, research on interruptions was found mostly in psychological research until the mid 1970s’ when interruption 
research started appearing in ergonomics. The 1980s’ saw interruption research starting to appear in information 
systems research, , but the field grew immensely in the late 1990s’ (Speikermann and Romanow, 2008). It may seem 
prudent to ask why information systems design did not take the effect of interruptions into account, but by now the 
answer has become apparent. Zijlstra, Roe, Leonora, and Krediet (1999) state that little research had been done by 
1999 on the effects of interruptions on workers’ performance, which is in line with Bjelica et al. (2013) who 
discussed the lack of research on interruptions in HCI and context aware computing up until 2002. Examining 
existing literature shows this to contain a grain of truth. Even though the earliest research stems from 1927, and 
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research has expanded greatly after computers and information systems became a part of everyday life in the 1990s 
(Spiekermann and Romanow, 2008), there is still a lack of basic research on interruptions in most domains, and 
what research exists consists of standard psychological testing methods using paper cards, or uses stationary desktop 
computers. Both these approaches fail to take into account the dynamic nature of today’s information landscape, 
where activities and information flow can coexist simultaneously in all forms of work or recreation. This can be seen 
in work such as Altman and Trafton (2007) and Jones, Gould, and Cox (2012) that use stationary computers, as well 
as in Warnock, McGee-Lennon, and Brewster (2011) and Morgan and Patrick (2013) that use puzzle based 
psychological research methods that do not reflect real world situations and may therefore lack ecological validity. 

There are, of course, exceptions. Some organisations such as the US Navy are reported as having become aware 
quite early that the complexity of their shipborne systems was increasing in such a way that future systems would 
not be fully mission capable in the future without a major UI redesign that would take interruptions into account in 
notification systems (McFarlane and Latorella, 2002). Although this example uses workplaces with large 
consequences for mistakes, the same is likely to apply to other fields. Even though the consequences of mistakes 
may not be fatal, they may still be harmful or even disastrous to the individual or company that suffer these 
problems. Yet other mistakes may lower the operational efficiency of a workplace, for instance through distracting 
workers from their tasks unnecessarily often or at inopportune times. Table 1 shows a small selection of interruption 
research from the last few years, with a short explanation of what the point of the research is and a short explanation 
of the primary task used. 

Table 1. A selection of recent papers on interruptions, with authors, year, the context of the research (i.e. what technology was 
used and/or what environment was used), and the focus point of the research, i.e. what effect the author(s) were examining. 

Researcher(s), Year Primary task and context Research focus 

Morgan and Patrick, 2013 Tower of Hanoi puzzle Can the solving of a puzzle be made more 
resilient against interruptions by adding a 
slight delay to accessing the problem 
(increased access cost) 

Baethge and Rigotti (2013) Nurses, self report into a diary Basic research into how interruptions affect 
irritation and perceived performance in a 
hospital environment 

Cane, Caughard, and Weger 
(2012) 

Reading a book, interrupted by 
spoken audio 

Does a slight lag in responding to an 
interruption help in resuming the task 

Jones, Gould, and Cox 
(2012) 

Specialised software, desktop 
computer 

Does a visual cue help with resuming an 
interrupted task 

Leiva, Böhmer, Gehring, 
and Krüger (2012) 

Mobile, app. Inferred from a 
provided dataset from a specialised 
app. 

Measuring the effect of interruptions in 
natural context. 

Arroyo and Selker (2011) Desktop, multiple software running Measuring the effect of using a disruption 
management framework when faced with 
multiple interruptions 

Warnock, McGee-Lennon, 
and Brewster (2011) 

A card-matching game of memory, 
using a notebook computer in a 
traditional office/lab setting 

The effects of multi-modal interruptions 

Altman and Trafton (2007) Computer game, desktop computer Building a model of how repeated 
interruptions affect performance 

Gonzáles and Mark (2004) Desktop computing, multiple tasks in 
multiple software 

Observing how users manage multiple tasks 
and multiple task groups 
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An interesting point to be taken from table 1 is that artificial tasks bearing no relation to real world tasks still 
account for almost all research on interruptions. This is not a criticism of the use of artificial tasks, as these can be 
very useful for observing and modelling basic elements surrounding human cognition and behaviour, which is often 
necessary for basic research. This only shows that research on interruptions is in its infancy, and that the research 
needs to branch out into modelling modern contexts if it is to be of use in practice. This highlights the constant 
struggle between basic research and applied research, but in this case there is precious little practical research to be 
found. Moreover, the research that exists is in many cases contradictory, and in many cases does not show a clear a 
theoretical grounding. Some exceptions to this can be found, and frameworks exist that can be used as a basis for 
research. This includes the goals-activation model (GAM) (Altmann and Trafton, 2002), which has been widely 
used, as well as the distraction conflict theory (DCT) (Speier, Vessey, and Valaich, 2003). DCT suggests that 
different levels of task complexity create different levels of tolerable stress, with simple tasks allowing for higher 
levels of arousal before performance begins to drop. The goal activation model suggests that interruptions are dealt 
with through suspending the primary task after encoding the current state and rehearsing that while dealing with an 
interruption (Altman and Trafton, 2002). 

When examining relevant and recent papers found on managing interruptions in a modern computing environment, 
such as Arroyo and Selker (2011), it becomes apparent that the lack of state of the art research creates problems for 
researchers, as most references in the papers introduced in table 1 are to papers written between 1999 and 2005. 
Arroyo and Selker (2011) are not thus alone in this, and those that make use of newer material, such as Leiva, 
Böhmer, and Kruger (2012), mostly reference papers on usability and user interface design, as opposed to papers on 
the effects of interruptions on people in modern computer usage contexts. Jones, Gould, and Cox (2012) include a 
number of more recent references, which shows that there is work being done, but even much of that work uses the 
kinds of artificial tasks that have already been discussed. Memory-game tasks, card sorting tasks, and highly 
artificial office tasks need to be complemented with real-world tasks as well as measurements and observations from 
real-world use of systems. This makes Leiva, Böhmer, and Kruger (2012) stand out, as the use of a large dataset 
sampled from mobile devices using an app that runs in the background and records user activity is a prime example 
of data about real behaviour. The problem for Leiva, Böhmer, and Kruger (2012) is that this was an externally 
sourced database, and the authors had no way of verifying quality of the information sampled. This is still an 
obvious step in the right direction, and suggests interesting methods of sampling data in the future. Of course, 
sampling massive datasets that show task performance does lack any information about affective states, or reasons 
behind changes in task performance. More research is required for that, with observational studies being one 
candidate for useful research that can be combined with data-driven research, even if that is a work intensive 
approach. 

Older research exists that examines interruptions in general or in the workplace, but when seeing the word 
workplace being used it is most often possible to replace it with in an office environment. Noteworthy is also work 
that has been done on classifying interruption methods, such as McFarlane and Latorella (2002) who created a 
classification scheme for interruption coordination methods that take into account the requirements of both the 
primary task and the interruption task, and Spiekermann and Romanow (2008) who give a very thorough account of 
the state of interruption research up until that point. There exists good quality research on the effects of interruptions 
on people, but this research has largely been confined to older types of computer systems and has mostly used 
research methods that are artificial in nature or have a strong focus on the office environment. This kind of research 
is not likely to support the current generation of mobile devices, which support other usage models, and will be 
examined more closely in the following section. 

CURRENT DEVICES AND INTERRUPTION METHODS 

Having looked over existing research, it is also necessary to examine what the devices and interruption/notification 
systems that are currently in use are like. This is done in some detail here, and starts of with an overview of sensor 
technology and then goes into current interruption/notification system design. 

An important change in the last decade has been the rise of mobile devices of all sorts, which all incorporate 
communications technologies and advanced sensors. Many of these technologies only became sufficiently 
miniaturised in the past decade or so, and were until that point difficult or impossible to incorporate into handheld 
devices. These communication technologies include, but are not limited to: Wi-Fi, Bluetooth (BT), Near Field 



Proceedings of the 5th International Conference on Applied Human Factors and Ergonomics AHFE 2014, Kraków, Poland 19-23 July 2014       
Edited by T. Ahram, W. Karwowski and T. Marek 

!
Communications (NFC) for very close range communications, Infra-red, Bluetooth Low Energy (BTLE), and 3G 
and 4G cellular connections. The sensors incorporated include, but are not limited to: gyro sensors that sense 
orientation, three-dimensional magnetic flux sensors that work as a compass, accelerometers that sense motion of 
the device, light sensors, sound sensors, position sensing equipment such as GPS receivers, camera sensors, air 
pressure sensors, and more. It is important to understand that miniaturisation does not just mean that a sensor will be 
used for the same purpose as it was in the past, and that putting together a complex sensor array that can be made to 
work together also changes the possibilities. An application for taking panoramic photos is an example of this. This 
kind of application uses a mixture of relative orientation and motion of the device (gyros, accelerometers), absolute 
orientation (magnetic flux sensor), and location (GPS) to make seamless composite images that may even identify 
elements in the surrounding based on database information. This is a use that shows how miniaturisation can 
effectively change what can be done, as without having all these sensors working in unison then this type of use is 
simply impossible. 

The current trend in the design of user interfaces for mobile devices or wearable computing devices is veering 
towards minimalism and clarity, and away from the more highly skeuomorphic designs that have dominated the last 
decades. This comes about at least partly because of the need for displaying information in otherwise crowded 
environments and with a limitation on the size of the displays in use. One result of this is that symbols such as icons 
are getting more simplified, even as the hardware capabilities of the devices increases. Modern phone displays can 
show detail above the limit of the human eye for distinguishing the pixels at typical viewing distances, yet instead of 
adding more graphic details the opposite approach is increasingly being taken, as can be seen with both the 
Windows Phone 8 system (Microsoft, 2013) and the iOS 7 system (Apple Inc., 2013a). As such, icon design is at its 
simplest when identifiable objects are to be represented; a simplified picture of that object can be displayed. As soon 
as more abstract concepts or cognitive actions are to be displayed the design of an understandable icon becomes 
more complex (Cooper et al., 2007). The current design approach seen in Windows Phone 8, iOS 7, Windows 8, 
Ubuntu, new additions to Mac OS 10.8, and more show that designers are aware of this.   

Then there are other interfaces where simplicity is necessary because of hardware restrictions or cognitive issues. 
One example of this is the Google Glass system of wearable glasses that show a persistent heads up display that has 
to be made in such a way that it does not distract the wearer from his environment (Google, 2013a). The notification 
system used in Google Glass will be examined in more detail after examining general notifications in desktop and 
mobile operating systems. 

Examining current operating systems gives clear indicators of how much attention has been put on improving 
notifications in recent years, how far notifications still have to go, and what computer users have come to expect 
from their systems. The most common notifications used are popup balloons of some sort, also commonly referred 
to as toasts. These toasts are commonly used by programs that give alerts as to their status, and can also have 
interactive elements. This solution is used in Windows XP, Windows Vista, Windows 7, Ubuntu, and other forms of 
Linux in such a way that the toasts pop up or down from a global menubar that covers the width of the monitor. 
MacOS X (10.8 and onwards) uses toasts that appear without a link to a menubar, but give access to a unified 
notification centre that resides off the right hand edge of the screen (Apple Inc., 2013). Toasts are described by 
Microsoft (2013b) as:  

“A toast notification is a transient message to the user that contains relevant, time-sensitive information 
and provides quick access to related content in an app. It can appear whether you are in another app, the 
Start screen, the lock screen, or on the desktop. Toasts should be viewed as an invitation to return to your 
app to follow up on something of interest. Toast notifications are an optional part of the app experience 
and are intended to be raised only when your app is not the active foreground app.” 

Toasts are thus appropriate for showing notifications on large screens where the information presented in the toast 
does not obscure the task that the user is working on, but are more problematic when used on small mobile devices 
such as smartphones. 

Operating system makers try to make their operating systems easy to use, which means that programs need to have 
similar behaviours and interaction methods. The organisations behind supporting the carious operating systems each 
have some form of guidelines that are freely available and aim to support software engineering on that platform. 
Apple and Microsoft both make extensive guiding documents both for their desktop operating systems and for their 
mobile operating systems (Microsoft, 2012, 2013; Apple Inc., 2013, 2013a) while Google has a less formal and less 
detailed approach for Android (Google, 2013a) and Google Now (Google, 2013) in the form of web pages, and 
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Canonical makes available only programming guidelines and lacks any detailed usability design guidelines for the 
Ubuntu operating system. Microsoft provides guidelines as to how to use notifications, and suggestions in the 
Microsoft Windows UX guide show that the company’s interface designers are acutely aware of the problems 
associated with notifications: 

“Don't abuse notifications:  
Use notifications only if you need to. When you display a notification, you are potentially interrupting 
users or even annoying them. Make sure that interruption is justified. 
Use notifications for non-critical events or situations that don't require immediate user action. For critical 
events or situations that require immediate user action, use an alternative UI element (such as a modal 
dialog box).  
Don't use notifications for feature advertisements! “  

(Microsoft Windows UX guide, 2010, pp. 13) 

and:  

“Notifications inform users of events that are unrelated to the current user activity.”  

(Microsoft Windows UX guide, 2010, pp. 35)  

The official Android notification design guide is interesting in that it shows very graphically how a notification 
should be visually designed on an Android device and explain the technical side of how to display a notification, 
when to display a notification, and how different levels of priority can be set, but the interesting part is that no 
mention is made of what a notification actually does to a user. That notifications are an interruption mechanism that 
disturbs the user is not discussed except as a practical issue in the “When not to display a notification” section, and 
this sets the Android notification guidelines (Google, 2013a) in stark contrast to those from both Microsoft and 
Apple who both discuss extensively and explicitly that notifications are an interruption mechanism that interrupt the 
user’s current task. 

Apple, to our current knowledge, has the only desktop operating system that has a full notification system built in 
that integrates all aspects of notifications, yet even this system does not go much beyond pre-selecting whether a 
certain type of notification is permanently displayed in the centre of the screen (modal dialog), permanently or 
temporarily shown in the corner of the screen, or selecting which notifications can use sound to garner attention. In 
short none of the notification systems in use in general operating systems take into account even research from 
before the year 2000 (McFarlane, 1999) about user notification coordination, and certainly no attempt is made to 
have these notification systems interrupt only at appropriate moments. An example of this is that the notification 
system in Mac OS 10.9 does not take into consideration that a user is watching a film expanded to fill the screen 
(full-screen mode) and only display critical notifications, but rather pops any old notification onto the screen unless 
the user specifically disables the notification system. This is true for the do not disturb feature both on Apple’s 
desktop operating system, OS X 10.9, and their current mobile offering, iOS 7. 

Other human interface guidelines (HiG) for operating systems are thin on the ground. Ubuntu, the most popular 
Linux distribution, has no HiG document, nor does the Unity desktop environment used by Ubuntu. The desktop 
environments KDE and GNOME both have some human interface guidelines, but these are very limited when it 
comes to notifications. Gnome, for instance notes that “Using the status notification area applications can notify the 
user of non-critical events” and goes on to give a few examples of how to implement notifications for some tasks 
(The Gnome Project, 2012). KDE provides somewhat more detailed information that explains what each provided 
notification method should be used for (The Gnome Project, 2012). KDE similarly has limited information, with 
only minor technical listing of functionality provided (McBride, 2013). This is somewhat indicative of the problems 
with UI design for Linux, seeing as how the current KDE system (KDE 4.x) was released in 2008. 

Notifications in current operating systems can thus currently all be considered extremely intrusive and “rude” in that 
they do not take the users’ activity into account in any meaningful way, but rather all use what McFarlane and 
Latorella (2002) refer to as immediate interruption for all notifications, regardless of what the user is doing. This 
goes counter to the concept of considerate user interfaces (Cooper et al., 2007). This is what is going on at the 
operating system level, and the recommendation of each operating system maker is that the built-in notifications 
should be used for system-wide notification. Indeed, even if notifications are customised when using a program the 
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operating system may still force the use of the its own notification system when an application is running in the 
background. This then needs to be taken into account. 

CURRENT CUTTING EDGE IN THE CONSUMER SPACE 

Special mention should be made of Google Now, which is a mobile, context aware, and smart notification system 
made by Google, is available on both Android and in limited form on iOS operating systems, and a version of 
which, called Live Cards, works on the Google Glass wearable system (Google, 2014). When comparing available 
notification systems to what can be found in research literature then Google Now looks to be the closest to the state-

 
Figure 1: Examples of three different Google Now Cards. Flight information, a location based notification of nearby events, and a 
birthday notification. Note that all these cards offer direct interaction. Google 2013, Creative Commons Attribution 3.0 License 
 
of-the-art that is currently available. Google now uses standard notification message templates called Cards, which 
allow applications to send information to these standardised cards for display to the user. Cards can be interactive, 
and there are a number of different Card templates that are formatted to support different classes of data, see figure 
1. As a Card showing a birthday notification does not have the same information display needs as a card notifying 
the user of nearby events, these templates then allow for a simple API for developers that also support the needs of 
the user. As this is integrated with Google’s various information services as well as using location services it is 
possible to implement interesting notification systems in Google Now. However, Google Now does not use 
notification suppression, aggregation, or any other tools for creating considerate user interfaces (Cooper et al., 2007) 
and is in this regard no more advanced than the other available notification systems. Google now is integrated with 
the notification centre in Android, as well as being integrated with the Google Glass system wherein the Cards are 
used to display notifications on the persistent heads up display offered by Google Glass. The Google Glass system is  
notable in having the potential to change how user interfaces in the general population as well as in industry can be 
used. In its current incarnation, Google Glass has a screen resolution of 640x360 pixels, and has a 3-axis gyroscopic 
sensor, accelerometers, a magnetometer (compass), proximity sensor, microphone (for voice commands and audio 
recording), Bluetooth, ambient light sensor, and audio output through bone conductance (so no in-ear device is 
required) (Google, 2014). Google Glass has recently been updated to incorporate wink (a long blink of the eye) 
controls for taking pictures (BBC, 2013), which shows an example of how eye movements can be used in a 
computer system. This combination of audio/video input and output, coupled with the advanced motion and 
environment sensing capabilities allows for exciting future development of head mounted information systems for 
industry. One such possibility would be to integrate a worker’s (line worker or foreman) information flow, or even 
to show assembly instructions in a worker’s field of view based on what custom assembly is currently required at a 
certain workstation. If such a system were to be developed it would require very careful design of the information 
management system, particularly any kind of interruptions such as notifications, or the system could become a 
liability. Any system designed for more current computing paradigms such as mobile handsets, desktop machines, or 
touch terminals would also benefit from such careful interruption design, and if well executed then an information 
system designed for these current devices is likely to support can easily be adapted to next generation computing 
systems such as head mounted displays. 

It is clear from looking at the current state of technology that research on interruptions and research into the effects 
of the current technology in general has fallen far behind. 
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TECHNOLOGY TRENDS OF THE NEAR FUTURE  

Mobile devices have already become ubiquitous, and can hardly proliferate much further, and their capabilities are 
likely to evolve during the next few years.  

Wearable Computing 

Wearable computing looks like an obvious group of new devices that must be mentioned. Notable among those are 
heads-up displays that can worn all day and can display information in users’ fields of vision such as Google Glass 
(Google, 2014), and smart watches which can be used as computing devices or as satellite displays/interaction 
device that work in conjunction with another device which functions as a primary computing device (Pebble, 2014; 
Samsung, 2013). Less obvious is the use of smart textiles that can be integrated into clothing and can gather sensor 
data about the wearer, or even provide feedback through the use of light emitting fibres  (Jansen, 2013). 

New requirements 

The new devices that either already exist or are on their way bring their share of new problems. Some of these 
problems may even be truly new and not just a repackaging of an old problem. Having dynamic information visible 
in the field of view at all times, for instance, is something that has never before been a possibility, except for limited 
amounts of time and in very specialised environments such as fighter aircraft cockpits. Yet the problems associated 
with this are at their root not technological problems, but rather problems of cognition. This means that examining 
existing basic research is necessary, but as this particular version of the problem may have special needs it becomes 
necessary to validate any existing research to make sure that it can be applied. The requirements for research created 
by current and coming devices are clear, and mostly unsupported. They include: 

Research into the effects of interruptions of multiple classes and cognitive difficulty levels of primary tasks in a 
natural context. The effects that must be researched include task-switching times, error rates on multiple classes of 
primary and interruption tasks, changes in affective states, user acceptance, and ways of mitigating negative aspects. 

Mitigating negative aspects is a cognitive and ergonomic issue that may need technical solutions, so a separate arm 
of research must develop systems for mitigating the cost of interruptions. This cannot be done effectively without 
having access to basic research into the effects of interruptions in a natural context, so the starting focus has to lie 
there. There is still nothing to stop developers from doing both concurrently, but that increases the risk of investing 
large amounts of time into system development that results in a far from optimal system. 

 

Required research 

It is hard to see any way that existing systems take human cognition into account when interrupting the user, and it 
likewise becomes clear that the research on interruptions is lagging behind the technical evolution that can be seen 
in both consumer electronics and specialised devices for various professional environments, such as in 
manufacturing. It is important to note that expanded research may also be required in the office domain, as there are 
massive changes there as well as in other domains. Although the lack of basic research in other domains means that 
it is required to first get the basic research from office to other domains, the introduction of all the same new classes 
of mobile devices into the office domain also creates new requirements for research in that domain. 

When talking about all these domains that require research it is important to include diverse workplaces, such as 
manufacturing, but it is also important to examine general use outside of work, such as recreational use of tech using 
interruption mechanisms. How does that affect the enjoyment of recreational primary tasks? This is interesting from 
a quantitative perspective, i.e. does it shorten the time spent on recreational tasks? Does the user make more errors?  
It is also interesting from a qualitative or user experience perspective, which can ask questions such as: Do 
interruptions decrease the enjoyment taken from recreation? Do different types of interruptions or interruption 
modalities affect enjoyment? There are many possibilities here, and the field is young and expanding. Not to 
mention exciting! 

Looking at McFarlane’s (2002) taxonomy of interruption coordination methods it becomes apparent that just to 
support existing models for interruption management there are a few areas that would benefit from research, as even 
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these interruption management methods are not supported in any system that is generally available. To be able to 
provide any management of interruptions, the system must first be aware of the user’s requirements, and the user’s 
requirements vary based on what the user is doing and where the user is located. This suggests some basic required 
research that is required, and some aspects of which are listed here. The listed aspects consist of components that 
can be argued to be a part of context awareness. 

Location awareness: Research is on-going for creating location aware devices and software. A major issue here has 
been creating the technologies required for a system to have high enough precision in the determination of location 
to be useful, both outdoors and indoors, as well as using low energy so that a device is useful for the appropriate 
length of time. Another factor is the range at which these location services should work.  

A particular problem here has been determining location indoors, due to signal interference from walls and other 
indoors objects. Determining location at long ranges adds imprecision when there is any form of interference, such 
as indoors. A ten metre range indoors can thus be seen as a long range, while a hundred metres outdoors in an open 
field can be seen as a short or medium range. 

The questions facing the UI and cognition part of research must therefore take into account some possible 
limitations and examine different levels of support for context aware interruptions based on location with regards to 
different levels of location precision. What this means is that different precision levels in determining a user’s 
location may give different possibilities for modifying notifications. An example of this could be an industrial 
workstation that can tell that the worker is 2 metres away from the workstation when it is appropriate to show a 
notification, and therefore enlarges the notification and minimises all other information on the screen. This 
presupposes a high precision of location awareness, at least in selected locations. There is also an ethical aspect to 
this, with personal information being sensitive and many people possibly wanting to avoid being tracked. This 
effectively means that any location determination that can be done on the user’s own device is more likely to gain 
acceptance than location services that rely on sending data to external systems. 

Distance (proximity):  Proximity can be treated as a part of location awareness, but can also have a separate 
component. Proximity can be determined without actually determining location, although if location has been 
determined then proximity has also been determined. This means that proximity can be a superset, with proximity 
services being usable to find whether a user is close to an item or far from it, which allows for customisations of UIs 
to support that. Uses for this are especially apparent for industrial application, such as workers in a manufacturing 
facility, where a UI could be customised to show appropriate information at appropriate scales based on worker 
proximity. The requirements for this are sensors for proximity, which can be done in a simpler manner than actual 
location sensing which needs a triangulation of sensors. Proximity sensing can also be done with low energy use.  

Research into this is something that was not found in the literature, and requires both basic UI research and research 
into the effect of interruptions if used in this way, such as what the effect is of having large scale notifications 
appear on workstations. 

Task awareness: One aspect in creating a system that minimises the impact of interruptions involves identifying the 
task that the user faces and the interruption task.  

Activity awareness: An altogether more tricky proposition is the task of developing activity awareness. This entails 
understanding what the user is doing, based on sensor input. This might use gyro sensors, sound sensing, location 
sensing, and more. 

Preference and requirement classification: Determining user requirements and user preferences is the subject of 
on-going research and is required for effective management of interruptions. 

Environment awareness: Having the system be aware of the environment is linked to activity classification, but 
also quite separate. This entails having the system take into account requirements imposed by the environment, as 
determined by sensors (audio, video, motion) and location.  
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Discussion 

The communications and information devices that are available today are without precedence; never before in the 
history of humankind has it been possible to communicate across vast distances wirelessly and receive those 
communications in multiple ways, almost wherever we are. What sets this form of communication apart is not just 
the power of the communications systems, but also that messages are sent without the sender having any 
understanding or feeling for the appropriateness of the timing of the message. This is new from a social and 
cognitive aspect as well as a technical one, and provides new and exciting possibilities for research from multiple 
perspectives. This short paper focuses on a limited subset of this, that is, only on what is missing in supporting the 
cognitive aspects of interruption management in information and communication systems. 

Possibilities for research exist both for creating systems that will clearly be useful right away, as well as more 
abstract research with a less clear focus on current needs. That latter class of research is necessary to have a 
foundation for creating the next generations of communications systems, while the former are necessary just to make 
the current generation of communication systems less troublesome. An important factor to bear in mind when 
performing any such research is have a clear theoretical approach from the outset, and not reinventing the wheel 
every time. 

The main suggestions from this examination of research into interruptions are that the current research needs to be 
on basic research to set up a theoretical foundation so that the coming generations of technology can be made to 
support human cognitive limitations. The effects of interruptions on human cognition are not going to change, as the 
limit is created by the human cognitive system. Research therefore needs to focus on basic human cognitive abilities, 
coupled with specific use cases, not on specific devices or device categories. If interruptions can be adequately 
managed in any pervasive computing paradigm, then the research backing that is likely to support other pervasive 
fields to a certain degree. This is in contrast to the current research that mostly focuses on limited work tasks with 
low risks associated with errors or failure, such as can be seen in the office environment.  

The research has fallen behind the available technologies and the research suggested in this paper suggests some 
directions to catch up, and other directions to get ahead of technological advances. The scientific community must 
attempt to anticipate the needs of society, and are in many ways the best equipped to do so due to having access to 
the latest research. 
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Abstract 
This paper examines how interruptions from information and communications technology systems 
affect errors and the time to complete tasks for assembly workers. Interruptions have previously 
been examined in laboratory experiments and office environments, but not much work has been 
performed in other authentic environments. This paper contains the results of an experiment that 
was performed in a simulated manufacturing assembly environment, which tested the effects of 
interruptions on a manual assembly task. The experiment used existing interruption coordination 
methods as a basis, and the results showed a difference in the effect of interruptions and interruption 
coordination between cognitively complex laboratory tasks and manual assembly tasks in an 
authentic environment. Most notably, the negative effects of interruptions delivered without 
consideration were smaller in this experiment. Based on these findings, recommendations were 
developed for designing interruption systems for minimizing the costs (errors and time) imposed by 
interruptions during assembly tasks in manufacturing.  
 
1. Introduction 
The use of information and communications technology (ICT) has expanded greatly in recent years, 
having become near ubiquitous in people’s personal lives and workplaces, including manufacturing 
facilities. This is exemplified by industrial frameworks and strategies such as Industrie 4.0 (e.g. 
Hermann, Pentek, & Otto, 2015), which focuses on the smart factories of the future, including both 
Internet of Things and Internet of Services. Smart factories inherently include extensive amounts of 
information flowing to and from users and one key component for successful utilisation of this 
information flow is the ability to know when and where information is needed as well as when and 
where additional information is not desirable. A key challenge in the smart manufacturing 
environments of today and tomorrow is to assess the current state of work and send various kinds of 
information to a user accordingly, as well as making a user aware of updated information that 
requires notifying the user that new information is available. This involves interrupting the user in 
some way and has been researched in many fields and domains for a long time, with the human 
factors advances in aviation being a prime example (e.g. Hawkins, 1993; Mirlacher, Palanque, & 
Berhaupt, 2012). This has not been the case in assembly work where little research can be found on 
mitigating the effects of interruptions delivered by ICT systems on assembly workers. Manual 
assembly work on a production line often involves short and relatively simple tasks, with each 
workstation focusing on a minimum rational work element (Groover, 2010) as well as having an 
established time (takt time) in which each unit should be assembled (e.g. Womack & Jones, 2003).  
Generally speaking, an interruption is anything that breaks into a user’s current activity and 
demands a person’s attention be shifted to another activity (Coraggio, 1990). It is of major 
importance to consider in what ways information interrupts and notifies workers in their assembly 
tasks in order to optimise work performance. Interruptions have been extensively investigated in 
several research areas (e.g. human-computer interaction (HCI), cognitive psychology, human 
factors) and differing domains (e.g. aviation, healthcare, office work) and potentially have large 
impact on work performance and output (e.g. Coraggio, 1990; Wickens, 1992; McFarlane, 2002; 



Iqbal & Horvitz, 2007; Iqbal and Bailey, 2008). However, it is notable that interruption research has 
not been applied to the manufacturing domain to any larger extent (but see Andreasson, 2014; 
Kolbeinsson, Thorvald, & Lindblom, 2014), given its effect on work performance and work output. 
Interruptions can greatly affect workers’ cognitive and mental load (e.g. Norman, 1993; Bannert, 
2002) on both the primary task as well as the secondary task, depending on how and when the 
notification for the interruption is delivered (McFarlane & Latorella, 2002). Potential consequences 
of this include increased human errors, reductions in work output and a disregard for safety 
guidelines due to cognitive overload (e.g. Norman, 1993; Bannert, 2002). 
The aim of this paper is to characterise the appropriate use of interruption coordination methods in 
manufacturing assembly and to highlight any differences from existing recommendations that have 
been developed using contrived and artificial tasks and environments. The main research question 
addressed regards what types of interruption coordination methods are suitable for use in manual 
assembly situations in manufacturing.  
Much of previous interruption research in HCI has been carried out within controlled situations 
using contrived tasks and environments where the tasks are all manual, or tasks wherein the user 
sits in front of a stationary computer and both the primary as well as the secondary task happen on 
the same screen (e.g. McFarlane, 1999; Adamczyk & Bailey, 2004; Iqbal & Bailey, 2008; Grandhi 
& Jones, 2015). These studies also often use contrived, artificial tasks that are designed to set the 
difficulty, i.e. how much skill or effort is required to complete the tasks, of the primary task and 
interruption task high enough so that any increases in difficulty due to interruptions will result in 
errors being made (e.g. McFarlane, 1999; Adamczyk & Bailey, 2004; Grandhi & Jones, 2015). 
Iqbal and Bailey (2008) question whether results obtained using their contrived tasks can be applied 
directly to what they refer to as “authentic” tasks.  
The contrived setups that have been described are useful for identifying fundamental interruption 
processes, but there is also a need for conducting applied research to complement the fundamentals 
in order to find a proper way to handle interruptions in other situations such as manufacturing and 
assembly where tasks are often simplified and optimised to avoid errors (e.g. Freivalds & Niebel, 
2009; Brolin, Bäckstrand, Thorvald, Högberg, & Case, 2012). Based on the research performed by 
McFarlane and Latorella (McFarlane, 1999, 2002; McFarlane & Latorella, 2002), where the 
fundamentals of interruption coordination methods were proposed and investigated, this work will 
elaborate on their findings and attempt to apply this on a more authentic scenario set in a simulated 
assembly context.  
The intended contribution of this research is to identify and explore when, where and how to notify 
assembly workers of interruptions so as to minimise the negative consequences of interruptions. An 
over-arching goal for this work is more efficient management of assembly workers’ cognitive load. 
Based on the obtained results, some recommendations for design of notification systems in 
manufacturing are provided that minimise increases in cognitive load due to interruptions. 
 
2. Background 
As research on interruptions has gone on for many decades within multiple fields (e.g. Coraggio, 
1990; Wickens, 1992; Rubinstein, Meyer, & Evans, 2001; McFarlane, 2002; Iqbal & Horvitz, 2007; 
Iqbal and Bailey, 2008; Sykes, 2011; Warnock, McGee-Lennon, & Brewster, 2011; Sanderson & 
Grundgeiger, 2015), this paper focuses on a subset of existing research, in particular on research 
that is relevant for work with mobile information devices used within the manufacturing domain. 
Most manufacturing environments focus on the efficient mass production of products that requires 
supporting communications between managers, team leaders, and assembly workers (e.g. 
Bäckstrand, 2009). Timely dissemination of information can be vital for workers to complete their 
tasks, but unnecessary interruptions can have negative effects on performance and errors on the 
current task, and if the interruptions contain a new task to perform then interruptions at 
inappropriate times can also cause the interruption task to be completed with errors (e.g. Baron, 
1986; Gillie & Broadbent, 1989; McFarlane, 1999; Zijlstra, Roe, Leonora & Krediet, 1999). 



2.1. Interruptions and notifications 
Coraggio (1990) defined an interruption as any external event that breaks into a user’s current 
activity, the primary task, and demands the user’s attention be shifted to another activity, the 
interruption task, or event (Coraggio, 1990). Interruptions are thus a very wide class of events, and 
can be anything from a random noise in the environment that causes the user to shift attention from 
the current task, to something that is specifically directed at a user for the purpose of diverting the 
user’s attention through notifying that another task requires attention (Kolbeinsson, Thorvald, & 
Lindblom, 2014). Interruptions may convey necessary information or superfluous information. 
Interruptions are referred to as distractions when they incur a measurable cost but do not result in a 
full switch from the primary task (Sanderson & Grundgeiger, 2015), which would include the 
example used of a random noise in the environment. 
Interruptions can lead to more errors and longer time required to complete the primary task, as well 
as increasing stress and irritation due to increases in cognitive load (e.g. Wickens, 1992; McFarlane, 
2002). These increases in cognitive load, stress, and irritation can also lead to more errors being 
made on both the interruption task and on the primary task (McFarlane, 1999). Directed 
interruptions commonly have the aim of supporting either the primary task or another task, and can 
thereby also be beneficial, bearing updated information so that the primary task can be completed 
correctly or supporting another task that must be completed. Interruptions can also be beneficial 
through raising cognitive load from a low state that may otherwise negatively affect performance 
through inducing boredom and inattention (Scerbo, 1998; Jackson, Kleitman, & Aidman, 2014). 
The first known research on interruptions was published by Zeigarnik in 1927, but research on 
interruptions was sparse after that until the rise of human factors research in the late 1970s 
(Spiekermann & Romanow, 2008). Increases in computing power and the development of more 
advanced computer systems then led to more complex office work and more requirements for ICT 
systems to interrupt workers (Speier, 1996). A consequence of this was a need for research on 
interruption management, which has mostly been conducted in lab environments (e.g. McFarlane, 
1999, 2002; Altmann & Trafton, 2002; Iqbal & Bailey, 2008) as well as some observational studies 
performed to see what happens when interruptions occur in an authentic environment (e.g. Iqbal & 
Horvitz, 2007; Walter, Dunsmuir, & Westbrook, 2015). Speier, Vessey, and Valacich (2003) found 
that interruptions have a larger negative effect on more complex tasks than on less complex tasks. 
Zijlstra et al. (1999) found that more complex interruptions result in more negative effects on the 
primary task, and Monk, Boehm-Davis, and Trafton (2002) showed that the difficulty of the 
primary task increases when the speed of the task is raised, with corresponding increases in negative 
effects of interruptions. The use of external cues also diminishes with increased complexity, i.e. 
tasks that may be more intricate and consist of a larger number of operations, or when shorter time 
is available to complete the task (Speier et al., 2003). This can affect the difficulty of the task and 
the quality of the work performed, with Speier et al. (2003) finding that participants performing 
tasks with a tight deadline make a trade-off in the quality of their work against performing the task 
in a timely fashion. 
More research has been done on interruptions since, but as Brixey et al. (2007) as well as Walter et 
al. (2015) point out, this has mostly been carried out in laboratory experiments and may not be fully 
generalisable to authentic situations. Walter et al. (2015) have identified an interest in clarifying 
how interruptions affect occupational settings, and in particular stress the difficulty of quantifying 
the effects of interruptions in natural settings. 
One major challenge in mitigating the costs of interruptions has been identified in the seminal 
works of McFarlane and Latorella as incorporating appropriate interruption coordination methods 
that include the costs of interruption into ICT systems (McFarlane 1997, 1999, 2002; McFarlane & 
Latorella, 2002). 
2.2. Interruption management 
McFarlane (1999, 2002) and McFarlane and Latorella (2002) introduced a way of classifying 
different methods of interruptions with a taxonomy of interruptions that consists of four main ways 



of interrupting a user. They refer to these as the four methods of coordination, and are based on 
McFarlane’s 1999 experiment, with following work expanding upon that or further analysing 
results of McFarlane’s experiments. The four interruption coordination methods explain differences 
in the points at which the user is notified of the new information held by the ICT system, the time at 
which the notification system interrupts the user and how directly the user is expected to respond to 
the interruption. These four coordination methods are (McFarlane, 1999, 2002; McFarlane & 
Latorella, 2002):  

Immediate interruptions are delivered when the new information arrives and do not take 
into account current user activity. 

Negotiated interruptions make the user aware that there is an interruption that will 
require some action, and may inform the user of the importance level of the 
interruption, but the user has control over when to pay attention to the notification 
and examine the new information itself in full detail. 

Mediated interruptions use a mediator (a person or a ICT system) to gauge when it is 
appropriate to interrupt the user. There is a request that the user comes and 
performs an action, where this request is delivered via the mediator through the 
user’s information device at a time deemed appropriate. 

Scheduled interruptions are delivered at pre-scheduled times or intervals, which may 
take the importance of the interruption into consideration. Important interruptions 
might be shown every 5 minutes, while less important interruptions might be 
shown less frequently. 

These four interruption coordination methods were identified through experiments done by 
McFarlane (1999, 2002) that consisted of a primary task involving subjects playing a computer 
game that involved catching people that jumped out of a burning building, and an interruption task 
using a modified Stroop task, which is used to set the difficulty level of the interruption task to 
avoid a floor effect for errors. Both tasks were performed on a single computer screen, with the 
interruption task completely replacing the primary task (MacFarlane, 1999, 2002). The primary 
(game) task required participants to correctly place a stretcher below a falling person, with each 
falling person bouncing so that the person must be caught three times by the stretcher. Each 
participant faced 59 such falling people in each of 24 trials. The interruption task, or matching task, 
showed a form with a colour (e.g. a blue triangle) and required the participant to select another 
element on the screen that matched either by shape or colour. Whether the match should be based 
on shape or colour varied. This allowed for fine grained control of the difficulty levels of both tasks 
as well as a clear switch between tasks, which made unambiguous data relatively easy to obtain as 
well as clearly showing the effects of interruptions at their most extreme through having only one 
task or the other visible at any given time. The design of the tasks was designed to be easy to 
measure and to isolate well the factors being measured; the tasks were not designed for authenticity 
or representativeness. Indeed, McFarlane states that “the difficulty of the tasks had to be contrived 
so that it was complex enough to attack participants’ vulnerability to interruption, but simple 
enough not to cause participants to despair of performing well” (McFarlane, 1999, p.298). 
Immediate interruptions automatically switched to the interruption task when the interruption was 
sent, occluding the primary task. Negotiated interruptions flashed the screen to show that the 
interruption task was waiting and then allowed participants to select a time they felt was appropriate 
for switching tasks. Mediated interruptions gauged how many jumpers were on-screen and waited 
for a suitable time with a low number of falling people, and scheduled interruptions were sent on a 
pre-arranged schedule of once every 25 seconds. Note that only one task or the other was visible at 
any given time regardless of which interruption coordination method was being used.  
McFarlane's (1999) findings showed all interruption coordination methods resulting in slower 
performance on the primary task than the control condition, with negotiated interruptions second 
fastest, mediated interruptions third fastest, immediate interruptions second slowest, and scheduled 
interruptions resulting in the slowest performance on the primary task. Errors on the interruption 



task were fewest on the control condition and most errors came from immediate interruptions. 
Mediated, negotiated, and scheduled interruptions did not show a significant difference from one 
another regarding errors on the interruption task, but showed significantly more errors than the 
control condition and significantly fewer errors than immediate interruptions. An important 
conclusion is that there is no single “correct” method of interruption (McFarlane & Latorella, 2002), 
as each interruption coordination method places different priorities on the primary and interruption 
tasks. McFarlane and Latorella (2002) considered multiple other factors such as the source of the 
interruption, channel of conveyance, individual characteristics of the user receiving the interruption, 
which all have bearing on which interruption coordination method to select. 
Mediating interruptions was also shown by Arroyo and Selker (2011) to increase effectivity on a 
primary task as well as allowing a user to respond to more messages in the same time, thus 
providing a large gain in overall productivity. Knowing when to interrupt is clearly important, and 
ICT systems that know when to interrupt are important for safety, productivity, and human well-
being. Iqbal and Bailey (2008) used McFarlane’s (1999, 2002) taxonomy for reference, and 
explored the granularity needed to find appropriate breakpoints for mediated interruptions during a 
document editing task, showing that sending interruption messages at breakpoints in activity 
decreased the costs of the interruptions. Although Iqbal and Bailey’s (2008) results were clear, they 
note that the tasks used were artificial in nature and might not apply to “authentic” tasks, and even 
if the findings apply to more authentic tasks then that is likely limited to similar tasks that involve 
document editing. 
McFarlane’s (1999, 2002) and McFarlane and Latorella’s (2002) work has been widely used for 
reference in other work on interruptions, with the taxonomy of interruption coordination methods 
being used extensively (e.g. Iqbal & Bailey, 2008; Arroyo & Selker, 2011). Expanded taxonomies 
based on McFarlane (1999, 2002) also exist (e.g. Brixey, Walji, Zhang, Johnson, & Turley, 2004; 
Rukab, Johnson-Throop, Malin, & Zhang, 2004) but have not been as widely used. Minor concerns 
have been stated around McFarlane’s (1999, 2002) and McFarlane and Latorella’s (2002) 
taxonomy, arguing for its expansion to include additional factors, such as task switching and 
activity levels (e.g. Brixey et al., 2007). However, none of these concerns question the validity of 
McFarlane and Latorella’s obtained results. 
The same qualities that make McFarlane’s (1999, 2002) and McFarlane and Latorella’s (2002) work 
successful, i.e. the tight control of all variables, may create challenges in applying the results 
elsewhere (Rooksby, 2013). Many commonly performed tasks do not share the intrinsic difficulty 
level of a Stroop task, and additionally many common tasks are simplified as much as possible, 
with companies spending considerable resources on using production principles to simplify tasks, 
increase effectivity and decrease errors in assembly tasks in manufacturing (Bäckstrand, 2009). 
McFarlane (1999) stated that the difficulty of his tasks was designed to be just under what would 
make participants feel that the tasks were impossible. Likewise the task switching seen in 
McFarlane (1999) did not match many task switches in the real world, given that forcibly removing 
the task that is not in focus is not seen in most typical circumstances. For example, field 
observations made by Andreasson (2014) demonstrated how assembly workers that are interrupted 
select the time to respond to the interruption, and may even use their tools or protective gear as 
resumption points to assist in resuming their primary task. Baethge, Rigotti, and Roe (2014) 
addressed the need for more applied research on interruptions to complement contrived studies, thus 
broadening the scope of the field to also include the socio-technical environment. This suggests that 
some parts of McFarlane (1999, 2002) as well as McFarlane and Latorella (2002) have to be 
interpreted, re-examined, and validated for use in a more authentic environment. 
This paper differentiates between tasks and environments designed to isolate and identify relevant 
factors, and tasks and environments that are designed to elicit responses similar to those shown by 
people when performing tasks in their day-to-day lives, whether that is in their work or in their 
personal time. The prior is referred to here as a contrived task or environment, and the latter as an 
authentic, or more authentic task or environment. The use of these terms is inspired by Iqbal and 



Bailey’s (2008) note that the behaviours observed in experiments using contrived tasks may not be 
generalizable to more authentic tasks. 
2.3. Summary and hypotheses 
The controlled nature of McFarlane’s (1999) experiment suggest using authentic tasks and 
environments, as opposed to the contrived tasks used by McFarlane, to support the creation of 
systems for minimising the negative effects of interruptions on users. As the focus in this work lies 
on assembly workers in manufacturing then this suggests the use of either an experiment or a quasi-
experiment in a manufacturing facility. The complexity, cost, safety factors, and quality control 
factors make this unfeasible, leading to the use of a simulated factory environment where 
appropriate task and domain factors are simulated to create the level of engagement and realism 
required (Drews & Bakdash, 2013; Sanderson & Grundgeiger, 2015). The study investigates 
whether the interruption coordination methods as described by McFarlane (1999) as well as 
McFarlane and Latorella (2002) result in similar findings when performed in a simulated 
manufacturing environment using real assembly tasks. Differences in results from McFarlane 
(1999) are predicted to be that the authentic assembly tasks will not generate as many errors on 
either the primary or the interruption task, that errors will not be increased as much as shown by 
McFarlane (1999), and that immediate interruptions are predicted not to cause nearly as large 
negative effects as was observed by McFarlane (1999). Immediate interruptions are expected to 
generate less costs than predicted by McFarlane (1999) due to the task switching control being in 
the hands of the participants, as opposed to McFarlane’s use of task occlusion, where the primary 
task was removed from the screen and replaced with the interruption task which leaves task 
switching control firmly in the hands of the researcher. Other interruption coordination methods 
retain their primary characteristics when applied to the simulated manufacturing assembly tasks and 
environment. 
The hypotheses are as follows: 

• The interrelations observed between mediated, negotiated, and scheduled interruptions will 
correspond to those observed by McFarlane (1999). 

• Immediate interruptions will result in less relative costs than observed by McFarlane (1999). 
The anticipated differences from McFarlane’s (1999) work are all expected due to the nature of the 
more authentic tasks and environment, including the lack of task occlusion, as compared to the 
artificial tasks used by McFarlane (1999), task switching control residing more with the 
participants, as well as the difference between the cognitive complexity of the artificial lab tasks 
used and more common tasks which may be optimised for lower cognitive complexity. 
 
3. Method 
To test the hypotheses, the original 1999 experiment by McFarlane was adapted through the use of 
a more authentic scenario and environment than that used by McFarlane (1999). The tasks and 
context were both designed specifically for this experiment but McFarlane’s (1999) basic approach, 
aim, and results were used for reference. This means that the experiment in this paper was not a 
replication, but rather an adaptation that used McFarlane (1999) and McFarlane and Latorella 
(2002) as a starting point. The purpose here was thus not to replicate McFarlane (1999), but rather 
to expand upon McFarlane’s (1999) detailed findings. The experiment involved participants 
performing a repetitive manual assembly task involving mounting the two front wheels onto pedal 
cars, receiving an interruption on a mobile device which involved having to go to a stationary 
information system to read error messages, interpret those, and sending the correct response to the 
correct person as indicated by the message on the mobile device. 
Performing the experiment in an actual manufacturing assembly facility would have been ideal, but 
was found to be impractical due to the level of control required to manipulate the variables. This led 
to the examination of relevant alternatives, with the chosen approach using a simulation of the task 
and context being studied. 



3.1. Research design 
In this paper, the concept of simulation is aligned with the complementing views proposed by 
Rooksby (2013) as well as Sanderson and Grundgeiger (2015), focusing on recreating a context and 
task to an appropriate degree of realism (accuracy of the physical and psychosocial environment) 
and fidelity (the visual and technical accuracy of the simulation). Other forms of simulation exist, 
but will not be further detailed here. Rooksby (2013) argues the use of simulations allows 
laboratory studies to be performed in such a way as to elicit similar behaviour as would be observed 
in a real task and context through designing laboratory tasks and environment to take into account 
human practice. Drews and Bakdash (2013) further explain that simulations for the purpose of 
research should support a high level of engagement and be easy to manipulate, pointing out that this 
is more important than focusing on ultimate fidelity through perfect recreation of the target domain.  
An appropriate level of fidelity was achieved in this study through designing the primary task to 
closely resemble tasks observed in manufacturing assembly situations, and through making the UI 
for the interruption task resemble flawed communications systems which have been observed by the 
authors in several industrial/manufacturing applications. The background story, the configuration of 
the locale, as well as visual and auditory aspects of the context were created to support the validity 
of the research through increasing the immersiveness of the context, as suggested by Tolmie and 
Crabtree (2008). This is further supported by Sanderson and Grundgeiger (2015) who refer to 
immersiveness as the representativeness of the task and context. Feedback from a small pilot study 
supported that the tasks and context achieved the desired effect. 
 
3.2. Experimental design 
As the experiment examined effects seen in McFarlane and Latorella (2002), the independent 
variable was known from the beginning to be the interruption coordination method, and the 
dependent variables for the experiment also had to be comparable to McFarlane and Latorella 
(2002) yet support the new scenario. The independent variable consisted of six levels that created 
the experiment conditions and included the four interruption coordination method treatments as well 
as two control conditions. The conditions were: 

• Immediate interruption (Imm.) 
• Negotiated interruption (Neg.) 
• Mediated interruption (Med.) 
• Scheduled interruption (Sched.), every third minute 
• No interruption, assembly only (Assem. only) 
• Only an interruption, no assembly (Int. only) 

The dependent variables measure the cost of the interruption, and were: 
• Assembly time (Assem. time): time to complete a single car assembly (seconds)  
• Assembly errors (Assem. errors): number of errors made on the assembly task 
• Message time (Msg. time): time to respond to the interruption task message (seconds) 
• Message errors (Msg. errors): number of errors made on the interruption message task 

A within subjects, repeated measures experimental setup as used, with participants assigned to one 
of six groups and balanced against training effects through the use of a Balanced Latin Square setup 
identical to that used by McFarlane (1999).  
The experiment was performed in an environment that is used for teaching production principles to 
industrial assembly workers and which was specifically modified for this experiment. The physical 
environment can be seen in figure 1. A slightly manipulated audio recording from a real 
manufacturing facility was played at high volume during the experiment to create a realistic aural 
environment. Hearing protectors and brightly coloured safety vests were worn to make the 
simulation as immersive and authentic as possible.  



 

 
3.2.1.The primary task 
The primary task (car assembly) involved mounting two front wheels onto a pedal car, with the 
small extra complication that each car required a specific setup of tire hardness (three levels) and 
each wheel had specific markings denoting hardness. The steps required to complete the task were: 
selecting and mounting the correct wheels onto the axle, threading a bolt and washer on the axle, 
fastening using a cordless drill. Each pedal car had a note on the back stating which hardness was 
needed for each front wheel. The note had the tire hardness written above and below one another, to 
increase the difficulty of translating to left and right through visual mapping. A confederate in 
another part of the facility was tasked with disassembly of the pedal cars and recording assembly 
errors such as wrong wheel hardness or errors on bolt/washer assembly or loose bolts. 
The design of the primary task was based on tasks observed in manual assembly work, and verified 
as being representative of the domain by researchers with experience from manufacturing assembly. 
It should also be noted that as soon as one car had been assembled, another car arrived at the 
assembly station immediately and more cars awaited assembly in line, see figure 1. The primary 
task had a similar time for assembly (takt time), complexity, and requirements for manual 
coordination as assembly operations observed in a white goods manufacturing facility. The short 
time allowed for the primary task affected the difficulty of the task (Monk, Boehm-Davis, & 
Trafton, 2002). 

3.2.2. The interruption task 
The interruption task involved a message sent to a mobile device carried by the participants, which 
asked for specific error codes to be sent to specific recipients, based on a cover story introduced at 
the beginning of the experiment. The message was sent using a pre-production version of a 
messaging system in development for commercial applications. The system contained a random 
timer, which prompted the researcher to send the message and create a timing event in the software. 
When responding to a message, participants were required to walk to a stationary terminal (situated 
approximately four meters away from the assembly station), read error information from the 
message on the mobile device, find the correct error code for that error on the stationary screen, 
select the matching symbols on the stationary terminal, and send to the correct recipient. The error 
codes as displayed involved a sequence of four basic shapes written out as words and inputting the 
symbols into the system then required participants to press actual symbols matching the text. This 

Figure 1: The environment for the experiment seen from the same 
point as the video recordings. The assembly station and touch 
screen can be seen, as well as the cars awaiting assembly. The 
computer system and assembly station can be seen on the right side 
of the picture, and the disassembly station can be seen on the left 
side. 



was originally inspired by the Stroop test (in a similar manner to McFarlane, 1999), but was 
redesigned to more accurately represent tasks faced by manufacturing assembly workers while 
remaining cognitively demanding. This task can be seen in figure 2. The discrepancy between text 
and symbols was used to hinder participants from using visual pattern matching to input codes by 
creating a requirement for participants to perform an interpretation between words and shapes and 
increase the memory requirements of the task (Floel et al., 2004). Messages were sent in a pre-
defined sequence, and participants’ responses were recorded by the system so that timing and 
correctness of messages could be verified. The interface for sending the error codes was designed 
based on the interface problems observed by the authors in multiple manufacturing facilities in 
several countries. The design of the user interface was performed by a user interface specialist, and 
broke against best practices for the reasons outlined above. The interruption messages were slightly 
abstracted, but were designed to be thematically related to the frame of the study, which Sanderson 
and Grundgeiger (2015) suggest as an appropriate approach for use in simulations to maintain the 
appropriate level of fidelity in the simulation. 
Careful consideration was taken to structure both the primary task and the interruption task in a way 
similar to what is seen in manufacturing facilities, and control over task switching was left in 
participants’ hands. This was done to ensure that the tasks were as authentic as possible within the 
simulation to maintain representativeness. 
3.2.3. Equipment 
The facility used had multiple assembly and disassembly stations, each with the correct manual 
tools or power tools as required. A single assembly station was used by the participant, and a single 
disassembly station was operated by a confederate. Custom computer programs were used to record 
data from the primary task, the interruption task, to send interruption messages, and to customise 
the messages that went with the interruptions.  
The messaging system controlled the messages sent to the mobile device in the participants’ pocket, 
including intensity and persistence of both audio and vibration. Immediate interruptions used a loud 
continuous sound and vibration which had to be dismissed by the user while all other interruption 
coordination methods used a single notification in both sound and vibration.  
A touch screen controller (see figure 2) was used for the input of participants’ responses to the 
interruption task. This was used to simplify the physical part of the data entry by giving direct input 
so as to eliminate any confounding factors arising from a user interface (UI) using a relative and 
translational interface such as a mouse (Cooper, Reimann, Cronin, & Noessel, 2014). 

 

 

Figure 2: The touch screen interruption task system. The 
instructions must be found in the text and then input through 
the symbols and selections on the bottom half of the screen. 



3.3. Participants 
Participants were recruited through advertisements in the university and in the surrounding town. 25 
people participated. Close proximity to major manufacturing facilities meant that nine participants 
had work experience within manufacturing, ranging from a few months of experience to 26 years of 
experience. Participants’ age ranged from 18 to 53 years, with a majority, 17 participants, between 
the age of 25 and 40. The participant pool was deemed as being fairly typical of new hires in local 
manufacturing, where many locals work for some periods of time before pursuing further education 
or specialisation. Seven participants were female and 17 male. Gender comparison was not the 
focus in this experiment, and was deemed impractical due to small sample size. Gender difference 
was further deemed unlikely to affect results as McFarlane’s work (1999, 2002) showed no 
significant difference between genders. Risks were explained, safety equipment used, and consent 
obtained both for participation and for using video recordings. The experiment ended with a 
debriefing that included a post-test questionnaire for recording participants’ subjective experience 
from the experiment. Each participant received a practice period until the participant performed the 
primary and interruption tasks without procedural errors at least three times in a row. 
As the experiment examines a task involving unskilled labour using only basic tools, the training 
period was deemed as being sufficient to maintain a fidelity high enough to support the aims of the 
study. This was controlled through prior testing of the tasks by the researchers and verification 
through the use of a pre-study that used unskilled participants. The behaviour and performance of 
participants with assembly experience versus those without was also observed throughout the 
experiment. No behaviour differences or performance deviations were observed based on 
experience levels. 
3.4. Procedure 
Each interruption coordination method was tested separately, having each participant perform the 
assembly task until six interruption measurements were verified as having been successfully 
recorded, which involved a minimum of six assembled cars per participant for each condition. This 
took approximately 45 minutes for each participant, during which time participants could not leave 
the assembly station as a constant flow of assembly tasks simulated authentic manufacturing 
environments. The assembly only (assem. only) control treatment involved a participant performing 
the primary task (assembling cars) without interruption, and the interruption only (int. only) control 
treatment involved a participant standing without the primary task (assembly) in a designated area 
that matched the distance that participants had to walk from the primary task to the touchscreen 
system, acting upon a message of the same type as in other treatments, and walking back to the 
designated area. 
Immediate interruptions were sent based on a signal from the random timer in the experimental 
software. Immediate interruptions were loud and persistent, that is, continued until participants 
pressed a button on the phone. Participants were instructed to respond immediately to these 
interruptions. 
Mediated interruptions were sent at one of two pre-defined breakpoints: after mounting one wheel 
but before starting on mounting the second wheel (between wheels), or after the assembly of one 
pedal car was complete but before starting the assembly of the next pedal car (between cars). These 
breakpoints were selected based on Iqbal and Bailey’s work (2008) who showed that interruptions 
between tasks or sub-tasks are less deleterious than random interruptions, and that coarser 
granularity of breakpoints results in better performance. The random timer was used to select which 
breakpoint was used. 
Negotiated interruptions were sent at random times using the random timer, but participants were 
instructed to respond at a time of their own choosing. 
Scheduled interruptions involved messages being sent at random times using the random timer, but 
the notification message was sent every three minutes. A clock was also mounted in a highly visible 
position to the participants with markings showing the minutes at which interruptions would arrive. 



 
4. Results 
The data for each dependent variable was analysed using ANOVA for finding significant effects, 
effect sizes, and power. Visualisations were also extensively used to understand the data, as per 
Cohen’s (1994) and Tukey’s (1962) recommendations for avoiding common mistakes in 
interpreting results. Cohen’s (1994) advice to carefully examine effect sizes, confidence intervals, 
and observed power to minimise the risk of type II errors was also followed. 
Missing values for assembly time in the scheduled condition were found to be 10.5%. Other 
conditions had less than 1.5% values missing. This was due to an issue with how data was sampled 
during scheduled interruptions, which did not take into account the extra time required around the 
scheduling times, which were every third minute. This meant that fewer cars were assembled during 
scheduled interruptions. Imputation was used to fill in the missing values. Imputation maintains the 
variance as well as the means, thus affecting the results less than using the means in the case of 
many missing values (Donders, van der Heijden, Stijnen, & Moons, 2006). The use of imputation to 
fill in missing values lowers the robustness of the results for assembly time in scheduled 
interruptions, but increases the number of valid measurements that could be used from all other 
conditions. One participant was removed from the data as the participant made systematic errors 
accounting for over one third of all errors in the entire experiment, as errors were otherwise 
infrequent. All effect sizes (ηp2) shown in table 1 take into account the appropriate correction for 
sphericity. 
4.1. Effects of interruptions 
Overall effects of interruptions (see table 1) were observed, and were examined for both the primary 
task and interruption task as well as for each interruption coordination method. Pairwise 
comparisons were used for identifying effects between individual interruption coordination 
methods. 
 

 
Main effect significance table  P value partial eta squared 

(ηp2) 
F Fcrit Obs. 

Power 
Assembly time 0,000 0,272 42,929  2,600  1,000 
Message time 0,000 0,688  254,095 2,640 1,000 
Assembly errors 0,101 0,017 1,951 2,480 0,588 
Message errors 0,069 0,019 2,201 2,480 0,643 
 
4.1.1. Primary task (Assem. time and Assem. errors) 
Assembly time (figure 3a) showed a significant main effect between the control condition (assem. 
only) and others in the pairwise comparison. All interruption coordination methods were seen to be 
significantly slower than the control, but no significant difference was thus observed between 
interruption coordination methods. 
No significant effects were observed for assembly errors. Figure 3b shows the means and the error 
bars show the upper and lower bounds of the 95% confidence interval. The means may seem to 
suggest an effect and show exactly what was expected, i.e. that the assembly only (assem. only) 
control treatment resulted in the fewest assembly errors, and scheduled interruptions were similar, 
but the high variance and low total number of errors made means that these differences are not 
statistically significant. Assembly errors thus show no effect based on interruption coordination 
method.  

Table 1: Statistics for the main effects of the four dependent variables. 



 

 
4.1.2. Interruption task (Msg. time and Msg. errors) 
Significance was observed on the message time (figure 3c) variable between all interruption 
coordination methods and the control except between immediate interruptions and the interruption 
only control treatment (int. only). Immediate interruptions were thus as fast as the interruption only 
control condition, confirming that participants did respond immediately, as instructed. 
Significance on the message error (figure 3d) variable was only observed between the immediate 
and negotiated treatments (p=0,037, α=0,05). This was only seen after performing imputations, but 
was seen reliably in imputed data. The data also suggests that an effect may exist between 
immediate and mediated, as well as possibly between immediate and scheduled interruptions, but 
the high variance and low number of total errors mean that no significance was observed and no 
claims can be made based on this.  
4.2. Results of hypotheses 
The first hypothesis was: 

• The interrelations observed between mediated, negotiated, and scheduled interruptions will 
correspond to those observed by McFarlane (1999). 

As has been demonstrated by the data, mediated, negotiated, and scheduled interruptions do not 
differ significantly from one another on assembly time, assembly errors, or message errors. 
However, there is a significant difference between the three when it comes to message time. This 
does not correspond with McFarlane’s (1999, 2002) findings. Thus the hypothesis is rejected. 
The second hypothesis was: 

• Immediate interruptions will result in less relative costs than observed by McFarlane (1999). 
As has been demonstrated by the data, immediate interruptions do not differ from the other three 
interruption coordination methods on assembly time or assembly errors. Immediate interruptions 
differ significantly from all other interruption coordination on message time, as well as showing 
significantly fewer message errors than negotiated interruptions. Thus the hypothesis is supported. 
4.3. Further findings 
In addition to the results of the hypotheses above, this section presents further findings relevant to 
the overall research question. 
Firstly, immediate interruptions were observed to not affect performance on the primary task to any 
similar degree as observed by McFarlane (1999) as well as McFarlane and Latorella (2002), and 
resulted in fast and accurate responses to the interruption. Contrary to expectations, immediate 
interruptions were seen to perform extremely well, with no obvious effect on primary task 
performance, no significant increase in errors on either primary or interruption tasks, and the fastest 
response times to the interruption task. This is a stronger effect than expected, but still along the 
lines of the second hypothesis. However, immediate interruptions were reported by participants as 
being stressful, and a participant suggested these might become difficult to handle if used for a 
longer time due to their stressful nature. 

Figure 3: Means and error bars showing the 95% confidence intervals for the four dependent variables. 



Secondly, mediated interruptions were observed creating unexpected issues. The mediation was 
controlled by using pre-selected points in the assembly that were expected to minimise the cost of 
interruption, using a random timer to select which pre-selected point to interrupt at, and sending a 
message at that point. The pre-selected points were (1) after finishing the assembly of one wheel but 
before starting work on the second wheel, or (2) after both wheels had been mounted but before 
starting work on the next pedal car. These two points are referred to as between wheels and between 
cars. These points were selected as being between tasks, which should, according to Adamczyk and 
Bailey (2004) as well as Iqbal and Bailey (2008) result in participants being disturbed less and 
performing better than when being interrupted during a task to make resuming the primary task 
easier. It was observed that when interrupted between wheels, a large number of participants missed 
the interruption notification entirely, while messages between cars did not suffer this problem. This 
observation suggests that mediated interruptions are heavily dependent on selection of appropriate 
interruption points and requires further examination. These missed notifications were counted as 
errors, and thus increase the message error rate measured on mediated interruptions. This results in 
mediated interruptions showing a worse performance in both time and errors than if interruptions 
had been sent at optimal breakpoints. 
Furthermore, an element of negotiation was observed regardless of which interruption coordination 
method was used. The use of immediate interruptions resulted in the fastest response to the 
interruption, but participants still responded after finishing their current operation, which is a form 
of negotiation. Mediated interruptions attempted to interrupt at convenient times and when that was 
successful, i.e. between cars, participants responded quite fast but still often looked at the car to see 
that it was finished and pushed the car away to the next station to prepare for the next car before 
responding to the message. When faced with scheduled interruptions, participants would check the 
clock to see how long they had, and plan their assembly in accordance with that, to a degree. Even 
so, response to the interruption was delayed so that participants could finish their current task. 
Moreover, negotiated interruptions were mentioned as preferred by participants in the debriefing. 
Finally, scheduled interruptions resulted in the longest response time for the interruption task, but 
less expectedly, scheduled interruptions were not rated positively by participants in the debriefing. 
This was, according to participants’ comments, due to the complexity of having to deal with 
multiple messages at the scheduled times. 
 
5. Discussion and conclusions 
The aim of this paper was to characterise the appropriate use of interruption coordination methods 
in manufacturing assembly and to highlight any differences from existing recommendations that 
have been developed using contrived and artificial tasks and environments. 
The main research question addressed regards what types of interruption coordination methods are 
suitable for use in specific assembly situations in manufacturing. In order to do that, we adapted 
McFarlane's (1999) research to the manufacturing domain. Findings indicate that the more authentic 
setting of the experiment has an effect on the outcome, giving different results to those obtained by 
McFarlane (1999, 2002). 
5.1. Discussion 
The obtained results mostly support McFarlane’s (1999) original claims, with the exception of the 
lower negative impact of immediate interruptions than observed by McFarlane (1999; 2002), as 
hypothesised. Based on the obtained results, the first hypothesis is rejected, as the difference in time 
to complete the assembly task showed no statistically significant difference between interruption 
coordination methods. A possible explanation for this finding is that physical nature of the tasks 
used allow for the use of spatial orientation and other salient cues to resume the assembly task, i.e. 
that participants could remember and see where to continue, thereby creating an easy resumption 
point for what to do next.  



The second hypothesis is supported by the obtained results, but the unexpected findings 
encountered require further examination and discussion. Although the second hypothesis predicted 
that immediate interruptions would not cause as much disruption as seen by McFarlane (1999, 
2002) the results showed immediate interruption not causing a measurable cost in time or errors at 
all when compared to other interruption methods on the primary (assembly) task. This supports the 
reasoning behind the second hypothesis, although the effect is stronger than expected. The 
hypothesis was formed on the grounds that more authentic tasks would require less complex mental 
work than the lab based tasks used by McFarlane (1999, 2002), as well as immediate task switching 
in more authentic tasks working in a different manner to that employed by McFarlane (1999, 2002). 
This is supported by the stronger than expected results. 
A second factor that may have contributed to immediate interruptions performing well is the 
participant controlling the task switching during authentic tasks as compared to lab-based tasks, 
where the experimenter controls the task switching. Task switching in more authentic contexts 
commonly involves becoming aware that it is necessary to change tasks, changing tasks, completing 
the secondary interruption task, and switching back to the primary task to complete it. This differs 
in a central way to McFarlane’s (1999) approach, which essentially instantly removed the primary 
task in the immediate condition, i.e. used task occlusion. As previously explained, this is not a 
problem with McFarlane’s (1999) approach, but should rather be viewed as a feature that allowed 
McFarlane (1999) to better isolate the independent variables of the experiment. However, the same 
feature may not translate to many more authentic tasks, which is a reason for the more authentic 
tasks and environments used here being more appropriate for supporting the design of interruption 
coordination systems for the manufacturing assembly domain. 
The difference between McFarlane’s (1999, 2002) lab experiment and the approach used here is 
further highlighted by an effect that we have named the negotiation element. Most authentic tasks 
allow a user some time to finish or suspend a task before switching to another. Negotiated 
interruptions are an example where this is the overriding principle, and the observations made in 
this experiment is that most authentic tasks allow for some amount of negotiation. The amount of 
negotiation can vary, but tasks where people instantly let go of the task (and tools) they are 
currently performing are rare and usually have to do with emergencies rather than repeated tasks. 
This effect should be considered when creating interruption systems for real tasks. The negotiation 
element requires more study, as this may affect resumption and errors in authentic tasks. 
Unexpected findings observed during mediated interruptions were interesting, as prior research 
conducted by Adamczyk and Bailey (2004) as well as Iqbal and Bailey (2008) suggests that 
breakpoints at the end of a main task minimise task-switching costs, and that breakpoints between 
sub-tasks reduce task-switching costs slightly less. The problems observed saw participants missing 
interruption messages sent “between wheels”. This suggests that something more is going on in the 
tasks tested, as participants frequently missed interruption messages sent between sub-tasks 
(“between wheels”). One possible explanation for this is that the physical task switching and mental 
task switching are performed asynchronously and that the breakpoint for participants’ mental task 
switching may have already passed at the physical task breakpoint that was selected. This requires 
further study.  
The experiment and its results clearly show the differences between testing for an effect using 
artificial tasks that are designed to elicit a certain response compared to using more authentic tasks 
and environments that support human practice. As such, the experiment supports Rooksby’s (2013) 
view that there is a need for adding the use of simulations to the research toolbox, as traditional 
experiments may not accurately predict performance in many cases. Furthermore, Rooksby’s (2013) 
support for the use of simulation is supported, so long as the tasks and environments are designed 
with an understanding of the required fidelity and realism (Smallman & St. John, 2005; Sandersson 
& Grundgeiger, 2015). 
McFarlane’s notes on the tasks used in his experiment vividly highlight the difference between the 
tasks used in his 1999 experiment and the simplified tasks more commonly faced in assembly work. 



This supports our claim that neither task was representative of everyday tasks that people do, and 
thereby not representative of most work activities such as assembly tasks in manufacturing. 
McFarlane increased the task complexity in his experiment by increasing the cognitive requirements 
of the tasks involved through setting the speed of the primary task (catching people falling out of 
windows in a computer game), and through the use of a task known for its cognitive complexity (a 
modified Stroop task) for the interruption task (McFarlane, 1999). 
An important lesson learned is that building any kind of interruption coordination mechanism into 
an ICT system is optimally based on research that uses a similar or identical task to that which 
should be supported by the system, and that the negotiation element that is present in most types of 
task switching should always be taken into account. This lack of a negotiation element is offered 
here as a tentative explanation for the good performance observed when using immediate 
interruptions. 
Participants reported the experiment as being immersive, and two participants with prior experience 
from assembly work in manufacturing made unsolicited comments stating that the experimental 
setup felt like being back at work. Observations supported this, as participants were seen to do their 
best and responded as if the tasks were real, suggesting a high level of engagement, which was 
further observed when participants noticed themselves making errors. Unsolicited comments made 
by participants suggest a high level of representativeness of the tasks and environments, and further 
support assumptions made by the authors at the outset. The authors noted that the environment felt 
representative of a manufacturing assembly facility from the standpoint of their role as observers 
and confederates, with the context feeling immersive for the authors and participants, and the 
soundscape in particular adding to the illusion of a fully functioning manufacturing assembly 
facility. 
This supports the chosen approach of using a simulated assembly line with artificial tasks that 
emulate tasks seen in manufacturing. The primary task might be seen as being simple, but the task 
was designed to represent common assembly tasks in manufacturing. Assembly tasks in 
manufacturing are generally kept as simple as possible, but still differ considerably based on what is 
being manufactured. Assembly of car engine parts may thus have a higher level of complexity in its 
minimum rational work element, than the assembly of a washing machine vibration damper. 
Experimenting with different levels of complexity of primary tasks may therefore give different 
results. According to Sanderson and Grundgeiger, (2015) potential generalizability refers to two 
things, the potential for depth of insight, and breadth of application of conclusions. The level of 
engagement, and the apparent representativeness of the simulation used in the study suggest that the 
potential for depth of insight is high, which allows us to create guidelines for the design of 
interruption coordination systems for use within manufacturing assembly situations. The limitations 
on potential generalizability, specifically in terms of breadth of application, are that we cannot 
claim that the results of this study can be applied to other domains or other forms of tasks. 
The low number of participants, 24, is partly offset by the repeated measures design used, but more 
participants would make the results more robust. The problems seen in sampling data for the 
scheduled interruption condition also affected the robustness of that condition, but these problems 
do not affect other conditions. Any replication of this experiment, or further work, should therefore 
approach data sampling for the scheduled condition in a slightly different manner, ensuring that the 
appropriate number of samples is recorded each time instead of allowing time limits to impinge on 
the data sampling. 
5.2. Conclusions and Recommendations 
The main contributions of this work are firstly the finding that immediate interruptions result in 
much less negative effects when these interruption coordination methods are used in more authentic 
assembly tasks than was seen in prior research that relied on more artificial tasks. The stressful 
effects of immediate interruptions that have been observed in prior research were also reported here, 
but did not translate to participants’ performance. Secondly, mediated interruptions were seen to be 
vulnerable to the selection of breakpoints, with notifications being missed or ignored if sent at an 



inappropriate time. Thirdly, we have introduced the concept of a negotiation element, which is 
arguably present in authentic situations but may be absent in artificially contrived situations. 
Limited research exists using authentic tasks, which means that finding research that matches the 
intended context of use for an intended ICT system is rare.  
Based on these contributions we have developed a set of recommendations for the design of 
interruption systems for supporting assembly work in manufacturing, which in the long run may 
reduce assembly workers’ cognitive load. 
• Immediate interruptions are an acceptable choice for manual tasks and when interruptions are 

infrequent, as well as for when interruptions should be prioritised over performance on the 
primary task. Only scheduled interruptions resulted in less negative effects on the primary task. 

• Mediated interruptions are only useful if interruption points have been identified and verified as 
being appropriate for the task at hand. Mediated interruptions should be selected when 
interruptions are more frequent and when the interruption task priority is lower than the primary 
task priority, i.e. when the interruption task does not require immediate action or response. 

• Negotiated interruptions are appropriate when interruption task priority is low, but primary task 
priority is medium (not critical). Reminders should be used to avoid workers forgetting to 
respond. 

• Scheduled interruptions should be used for low priority messages or where the time to respond to 
the message is not a factor and where primary task performance is prioritised high or critical. 
Scheduled interruptions are, for example, appropriate for sending messages shortly before or after 
a scheduled worker break. 

These recommendations are a first step in creating an integrated interruption management 
framework for minimising errors and assembly time increases through managing cognitive load in 
manufacturing assembly situations.  
5.3. Further research 
Follow up studies have been planned based on the unexpected observations made on mediated 
interruptions. Some further analysis of the obtained results has been conducted from an embodied 
cognitive science perspective (Kolbeinsson & Lindblom, 2015), but this is only a first step and 
requires further work. 
Furthermore, a need has been identified to introduce other explanatory concepts and frameworks 
that incorporate a larger unit of analysis, rather than separating the primary and secondary tasks 
from the actual work situation environment (workstation design and work environment), including 
trigger analysis (e.g. Dix, Ramduny, & Wilkinson, 1998; Kirsh, 2001), distributed cognition (e.g. 
Hutchins, 1995; Hollan, Hutchins, & Kirsh, 2000) and activity theory (e.g. Kaptelinin & Nardi, 
2006) in order to consider the broader socio-technical context, in which interruptions and assembly 
workers are situated in manufacturing. There are huge costs associated with neglecting cognitive 
and user perspectives within manufacturing, but on the other hand, there is a vast potential to 
improve both the workers’ cognitive load and an increased production outcome simultaneously if 
interruptions are handled properly. We propose that an integrated socio-technical approach for 
handling and coordinating interruptions of assembly workers may provide promising and necessary, 
but not sufficient, steps towards realizing the smart factories of the future.   
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Abstract

Embodied cognition can provide human factors and applied ergonomics practitioners with better embodied cognition design 
principles. This paper investigates and analyzes observational video-recorded data from an experiment that simulated a 
manufacturing environment. The operator was interrupted during a primary assembly task via a handheld computing device 
which delivered different classes of notifications. The focus is on the embodied aspect of notifications in an active environment, 
and why one class of notifications called mediated notifications failed at a specific point previously thought to be suitable.
Guidelines for analyzing tasks from an embodied cognition perspective that complements and expands traditional human factors 
and applied ergonomics approaches were developed and are included.
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1. Introduction

The interest in cognitive aspects of human performance has dramatically increased in recent years within
manufacturing, something that may have great impact on production process in manufacturing. The embodied 
cognition approach to the human mind can provide human factors and applied ergonomics with novel ideas about 
how tasks are done and how the human mind works. It has been pointed out by several researchers that the physical 
body has a fundamental role and relevance for our interactions with the social and material world (e.g. [1, 2, 3, 4, 5 
6, 7]). Consequently, the way we interact with the resources in our environment affects and changes the ways in we
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perceive, act and think. Hence, we do not just think with our brains but through our bodily interactions, and there are 
times we actually ‘think’ with and through our hands and with accompanying tools (e.g. [4, 8, 9, 10]). 

The embodied cognition approach offers complementary perspectives to the area of physical ergonomics, which 
has been successfully investigated for a long time, to also include cognitive aspects of embodied actions may offer 
significant insights and contributions to the fields of human factors and applied ergonomics. Generally speaking, in 
the past, physical ergonomics had to worry about fitting technology to human bodies, but today’s technology must 
also fit humans from an embodied cognition perspective. It should be noted, however, that the idea of putting the 
mind and body together, providing an integration of physical and cognitive dimensions of task operations, has been 
addressed lately in ergonomics [10]. At a first glance, this human-systems approach seems to take a embodied 
cognition approach, but taking a closer look, we argue that this is just ‘old wine in new bottles’, namely putting an 
embodied icing on the traditional “mental gymnastics” [2] cake of internal information-processing. We want to 
highlight that addressing the role and relevance of the body-brain-environment system, characterizing that cognition 
is for action, may be of major practical importance in manufacturing where operators still perform many manual 
tasks.

This paper investigates and analyzes some observational video-recorded data from an experiment that simulated a 
manufacturing environment. The operator was interrupted in the primary assembly task at different intervals, via a 
handheld computing device, that delivered different kinds of notifications (notifications are, in the context of this 
paper, a way of presenting information or data to a user to interrupt the user, and a notification system is the 
underlying apparatus that transfers and presents notifications [11]) . The focus here is on the embodied interaction 
aspect of an assembly task that was interrupted by a mediated coordination method. The primary guiding question 
for our analysis was - why did subjects miss notifications at a particular point in the assembly task when faced with
mediated interruptions?

The obtained finding from the observational study has been analyzed with influence from Wilson and Golonka’s 
[7] four key questions to fully engage with the implications of embodiment, and then generalized to some design 
implications for handling the effects of embodiment in manufacturing.

2. Background

2.1. Interruptions research

An interruption is characterized as any event that breaks a person’s attention from their current activity (primary 
task) and either requests or forces the user to focus on a new task (interruption task). Corraggio [12], for example, 
provides the following definition: “an interruption is an externally generated, randomly occurring, discrete event that 
breaks continuity of cognitive focus on a primary task" (p.19). Interruptions can cause increases in errors on the 
primary task and induce errors on the interruption task, but McFarlane and Latorella [13] argue that this can be 
minimized through taking into consideration the requirements of the person, the primary task, and the interruption 
task.

Despite the wide academic literature in fields such as cognitive science, aviation, and human-technology 
interaction concerning interruptions research, the synthesis and application of these theories in industrial domains 
like manufacturing, has not yet reached its full potential. Interruptions have a high cost for the person being 
interrupted in many cases. Switching between tasks, even when done in a controlled manner, incurs a cost in terms 
of time and performance on both tasks [14]. The performance loss can be mitigated through preparing for the task 
switching, as well as through having easy ways of “entering” the new task. The same goes when switching back to 
the primary task; if the task can be left in such a state that it can be easily resumed and/or if the primary task is set 
up in a manner that allows easy resuming of the task then the performance cost of task switching is greatly reduced
[15].

There are several ways proposed for managing interruptions. McFarlane [15], for example, suggest a taxonomy 
of interruption coordination methods that focuses on two main factors: the type/priority of the task being interrupted, 
and the type/priority of interruptions. McFarlane [15] presents four forms of interruption coordination methods, and 
these are referred to as; (1) negotiated, (2) mediated, (3) scheduled and (4) immediate interruption coordination 
methods. Due to space restrictions, we focus mainly on mediated interruptions, which is described as having a 
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system acting as a secretary that judges whether interruptions are appropriate, but also the most complicated to 
implement in a notification system.

McFarlane [15] and McFarlane and Latorella [13] find the nature of the primary task to be of paramount 
importance for selecting what type of interruption coordination method should be used. Research exists on 
notification systems that respond to the context and user activity and shows notifications at natural breakpoints in a 
person’s activity [16] instead of just popping up notifications at any time incurs a lower cost in both errors and 
switching times. This kind of system needs to use automatic sensing of task breakpoints. Bailey and Konstan [17] 
found that interruptions that are presented at more natural breakpoints between tasks affect users’ anxiety and 
annoyance significantly less than when interrupted in the middle of a task, so that should be the goal, but when that 
is not possible then directing interruptions towards the end of a sub-task is better, and best of all if it is possible to 
present interruptions between well-defined and clear tasks [18].

2.2. Embodied cognition 

The enactive and embodied view of human cognition starts with the idea that humans are action oriented; i.e. 
cognition is primarily for action and anticipation of action. Our ability to make sense of the world comes from an 
active and pragmatic engagement with the world, along with our capacity to interact with other humans. A central 
issue here is how the human body, not only the brain, is the source to cognition, given that our bodies and their 
perceptually guided movements and actions in the world do much of the effort necessary to reach our goals (e.g. [2, 
3, 4, 5, 6, 7, 19]). This is contrary to traditional ideas of how the mind works, characterized by the so-called 
computer metaphor of mind, where cognition is considered as symbol manipulation of internal mental 
representations, designed to produce an outcome/behavior on demand, viewing cognition a kind of “mental 
gymnastics”, using Chemero’s [2] terms, where the body is reduced to an input and output device. It should be 
noted, however, that many traditional cognitive scientists disregard the embodied cognition approach completely, or 
interpret it more in line with how the body biases internal cognitive processes. The stance put forward in this paper 
is more radical, focusing on how brain-body-environment system works in cognition, which offers a radical shift in 
explaining and studying cognition. More specifically, it is the stance to study and characterize how cognition 
“emerges from real time interplay of task-specific resources distributed across the brain, body and environment, 
coupled together via our perceptual systems ([7] p. 1). Broadly speaking, taking the radical embodied cognition 
perspective, some issues that were totally neglected earlier, or placed in the background when describing and 
analyzing cognitive behavior as mental gymnastics, will now be of crucial importance and placed in the foreground. 
In what follows, we present some characteristics of how to describe cognition from an embodied stance that may be 
of relevance for assembly in manufacturing.

Wilson [19], for example, claims that “cognition is situated”, given that cognition takes place in the context of a 
real world environment, involving perception-action couplings running online. Clark [20] also discusses the situated 
nature of human cognition, arguing that “human reason is, we may say, disengaged but not disembodied” (p. 236). 
He argues there is no sharp line between so-called online versus offline cognition, given that both processes are 
running in parallel. He introduces the concept of surrogate situatedness in order to explain how humans create and 
use human-built structures in order to transform the space of higher-level cognition through offline cognition. 
Hence, he stresses that humans actively create restricted artificial environments that allow us to deploy basic 
perception-action-reason routines in the absence of their proper objects, which he dubs “surrogate situations” that is 
used in offline cognition [20]. Some examples provided by Clark are the use of a dotted line, a drawing, and when 
the target situation is the as yet non-existing door on a sketch, in which the surrogate situation is the context 
provided by the drawing. These surrogate situations both allow human cognition to be disengaged while at the same 
time offering a concrete place in which to organize action-perception couplings of an essentially real world-like kind 
of interaction. Surrogate situations provide a midpoint in the evolutionary past of human development, between 
completely offline imaginative modes of cognition and the more time-constrained real-world interactions ‘here and 
now’ as in online cognition [20].

Moreover, Wilson [19] claims that online “cognition is time-pressured”, stressing the fact that a living organism 
has to cope with changing situations ‘here and now’, dealing with time-pressure. Research conducted on 
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autonomous agents has emphasized the significance of time-pressure as a constraint for shaping behavior [5]. 
Despite the fact that these real-time activities in themselves cannot be considered particularly ‘intelligent’, she 
suggests that more advanced structures of cognition can be grounded in successive layers of environmental real-time 
interactions. Therefore, the agent (human or artificial) has to generate cheap and efficient tricks to handle the 
problem, in order to avoid a cognitive ‘break down’ or decreased cognitive performance [5]. Wilson’s claim that 
cognition is time-pressured does not mean that all cognitive activity in general is performed in the state of “being in 
a hurry”, but she emphasizes the great importance of sensorimotor co-ordinations in time-locked activities, such as 
object manipulation, and other manual skills. Furthermore, “the use of off-loading cognitive work to the 
environment” is stressed, as a way of handling the demands of real-time (online) cognition. Wilson [19] notes that 
although humans mostly run their cognitive processes ‘offline’, there are still situations that must be carried out in 
situ. Consequently, we have to consider our cognitive limitations when acting in real time and one strategy of 
reducing the cognitive burden is the use of so-called epistemic actions [21]. These actions are used to alter the 
surrounding environment in order to ease the cognitive work to be done. An example of using epistemic actions can 
be found in Kirsh and Maglio’s [21] study of the computer game Tetris. The goal when playing Tetris is to fit 
geometrical falling blocks as neatly as possible into the bottom row, which contains previously dropped blocks. 
Furthermore, the player can rotate the blocks during the fall in order to obtain an optimal fit. Kirsh and Maglio [21] 
pointed out that the players actually used real rotation movements to simplify the task, rather than mentally 
representing a solution and then executing it. Hence, humans may ‘think’ faster with the hands, than the brain [1].

Additionally, the claim that “cognition is for action”, stresses the role of the mind to guide action. Wilson [19] 
argues that perception and memory have to be considered from a situation-appropriate perspective. For instance, 
Wilson notes that empirical work in visual perception suggests the purpose of the visual system is not to construct 
an internal representation of the outside world. Instead, it has been argued that some sorts of visual input directly 
prime motor activity, without the need for an intervening ‘higher’ cognitive process to guide action [5]. In the case 
of memory, Wilson addresses the claim that the traditional approach to memory as a ‘storage’, should be replaced by 
the view of memory as “perceptuomotor patterns”, characterizing short-term memory as the undertaking of specific 
action skills. Finally, “offline cognition is body-based”, meaning that the use of surrogate situations has advanced a 
step further, by pushing this embodied activity inward, allowing only the priming of the motor action, but no overt 
motion actually takes place, that is, offline cognition [3, 4, 19]. Hence, this sort of cognitive strategy may open up 
for new explanations of how ‘offline’ embodied cognition functions, since it has been claimed many cognitive 
processes indeed utilize sensorimotor functions in this ‘hidden’ way. This means that structures that were initially 
evolved for perception and action ‘online’, seem to be able to run ‘offline’, supporting higher-level cognitive 
abilities [19, 20].

3. Method and performance

The data used here was part of the data gathering in a larger experiment that tested the four interruption 
coordination methods proposed by McFarlane and Latorella [13] in a simulated manufacturing environment. The 
experiment consisted of an assembly and an interruption task. The assembly task involved mounting two front 
wheels onto a pedal car, with the small extra complication that each car required a specific setup of tire hardness and 
each wheel had specific markings denoting hardness. The interruption task involved subjects receiving a message 
onto a mobile device asking them to look up information on a stationary computer and send a specified message 
based on the received message and the information from the stationary computer.  24 subjects participated, and each 
subjects performed each of the six conditions once. These conditions consisted of the four interruption coordination 
methods [13], one control condition to test performance on the assembly (primary) task, and one control condition to 
test the performance on the interruption task.

During their whole performance, audio-recorded sound/noise from a real manufacturing facility was played back 
in the lab. Quantitative and qualitative data were collected via computer systems and video-recordings. Some pre-
test and post-test questionnaires were also used to gather data. The notifications for alerting subjects that a message 
was awaiting response were auditory and tactile (vibration). These notifications had some different settings based on 
interruption coordination method used (for immediate interruptions it were load and intense signals, as a kind of 
alarm, whereas in mediated interruptions it was like an ordinary cell phone signal).
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Here is an example of how a single assembly and interruption task was performed: Subject started assembly, 
looked at the note on the back of the pedal car for which wheels were required, retrieved the correct hardness for the
left wheel, went to the mounting position, mounted wheel on axle, subject received an interruption message, looked 
at mobile device and read the message “please send error code for material shortage to X.X.”, walked over to a 
stationary computer, performed the task, sent the error code message, cleared information on the mobile device, then 
walked back to the assembly station, retrieved washer and bolt, threaded washer and bolt on the axle and hand 
tightened, then tightened bolt using a cordless drill. Subject then checked the note specifying wheel hardness again, 
retrieved the correct right wheel, and then repeated the same procedure on the other side of the pedal car, and when 
finalized, pushed whole assembly unit to the next assembly station (see Figure 1).

Figure 1. (left) Mounting a wheel on the axle; (centre) threading bolt and washer on the axle; (right) tightness using a cordless drill.

Mediated interruptions were a special case in that the notifications should be sent at appropriate times, which 
meant that pre-selected interruptions points were created based on the primary task and the notification was then 
sent at the next pre-selected interruption point after the random timer sent its signal. The pre-selected interruption 
points were after the subject finished mounting each wheel, which means that one interruption point was after 
completing mounting one wheel, while the second interruption point was after completing the whole assembly of 
that car. The random time signal was used for reference in the immediate condition and messages were triggered at 
the nearest pre-selected interruption point after the random time signal.

4. Findings: Analysis and results

Observing subjects’ actions in situ and through analysis of the video recordings resulted in the identification of a 
surprising finding during mediated interruptions (wherein interruptions points were pre-selected by the first author). 
Notifications sent after mounting of the first wheel, but before starting the assembly of the second wheel, were 
repeatedly missed by multiple subjects. Moreover, notifications sent after the completion of the whole car assembly 
(both wheels) were not missed by subjects at all. A similar finding was not observed by McFarlane and Latorella 
[13], which is likely due to the differences in research approach and experimental design, given that they used an 
artificial task that tightly controlled the interruptions and switching between tasks, but the tasks in the presented 
experiment were designed to allow subjects much more flexibility in exactly when to switch between tasks and how 
to prioritize tasks by themselves without experimenter intervention. The primary guiding question for the analysis 
was - why did subjects miss notifications at a particular point in the assembly task when faced with mediated 
interruptions?

In order to answer this guiding question, we took an embodied outlook, and were inspired by Wilson and 
Golonka’s [7] proposed four key questions in order to fully engage with the implications of embodiment. What is
the task to be solved? What are the resources that the operator has to access in order to solve the task? How can 
these resources be assembled so as to solve the task? Does the operator, in fact, assemble and use these resources? 
Instead of explaining “why a given behavior have the form that it does” in terms of traditional cognitive science 
ideas and concepts, we replaced it with concepts of embodiment, i.e. bodies that are perceptually coupled with its 
environment.
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The standard explanation of the mounting task goes roughly as follows. The overarching goal is to assemble the 
pedal car, which consists of several tasks requiring different kinds of sub-tasks, such as selecting and mounting the 
two wheels. The mounting task involves so many different motoric outputs on top of each other, and the time it 
takes for the sensory inputs to be translated to a ‘symbolic code’ in which the planning (or cognition in general) 
takes place and then decoding the outcome back into another format for motor response, takes a vast amount of time 
and requires too many resources [1, 2, 7]. Consequently, the computer metaphor for mind hinders rapid and 
demanding real-time interactions, since the operator does not have enough time to update the internal representation 
as a result of the manual complexity of the task and the time-pressure. In order words, the information-processing 
will fall outside the limitations of the cognitive abilities of attention and short-term memory, resulting in a ‘break 
down’ or decreased cognitive performance, i.e. not noticing the notification.

However, the embodied solution offers another explanation, arguing that the traditional solution above hinders 
rapid and real-time time demanding manual interactions, and instead the operator has to use cheap and efficient 
resources to handle the problem, i.e. the available kinematic information, the dynamics of embodiment (of  
perceptual-action couplings), and the “cognitive space” of manually mounting the wheels, as being characterized as 
the whole brain-body-tool-environment system [7, 8, 9]. The major resource here is the handedness, i. e .from an 
embodied cognition perspective of the human’s manual hand, and it has been argues that the hand is the organ of the 
mind [9]. Results from neurocognitive experiments demonstrate that the hand occupies a unique role in 
“determining a participant’s ability to detect, discriminate, or pay attention to visual or somatosensory stimuli”, 
(Holmes, cited in [9] p. 282).  It is pointed out by Holmes that most of these experiments have only studied the hand 
in passive situations, not considering the primary function of handedness, i.e. action-centred attention. Holmes 
argues that one of the most basic and evolutionary function of handedness is the action and desired-directed 
movements towards target objects. This handedness consists of a repertoire of appropriate grasps for manipulating 
objects and tools, and this repertoire is adapted according to contextual demands. It is argued that manipulating 
objects and using tools partly is to make changes in the environment, but also partly to manipulating the object (and 
using tools) to help create further opportunities for action in the environment. In other words, manipulating objects 
and using tools, such as in the actual assembly in the task, is an interplay between seeking a desired goal  and 
managing the affordances/cues arising from alterations in the object (e.g. bolts, washers) in the environment 
(resulting from the ongoing assembly task).  

This  interplay may include kinetic energy into detailed hands motions and grasps, given that the operator has to 
appreciate how much energy and force is needed in order to appropriately threading and tighten the bolt and washer 
on the axle, initially only manually and then with the use of the cordless drill. The brain-body-hand-environment 
system as a whole can be said to be emergent, shaping and constraining the assembly activity, given that the layout 
of the objects in the environment as well as in your hands when anticipating the assembly task, represents ‘here and 
now’ the anticipation of actions needed to mount the wheels. In sum, the deliberately and ongoing choices made by 
selecting the upcoming movements with the objects, becomes a part of structuring the workplace as a kind of 
“cognitive space” well as the doing the subtasks in arranging the mounting is a form of cognition [8].

Indeed, we stress that assembly, in the form of problem solving, becomes a “matter of thinking” as the cognitive 
space changes as a result of the actions done, and cognition is the process to enact appropriate manual actions and 
anticipates the following manual actions, and a means of acting upon the cognitive space to bring fourth new 
opportunities for action. The assembling of the wheel could be described as real-time interplay of task specific 
resources, as a kind of distributed perception-action-reason (integrated across several sense modalities) in time-
locked activities. Subsequently, we stress that much of skilled tool use and assembly is anticipatory, and that the 
expert’s skill comes from the ability to control their activity with sufficient spare capacity to cope with future 
demands and to respond to the changing circumstances in which they are acting to effect changes in the objects 
being worked on, i.e. the “cognitive space” in which subsequent decisions are made [8].

Hence, this is an elaboration of the body’s role and relevance in assembly, being one of the most prominent and 
influential aspects, when characterizing that cognition is for action and anticipation of action. The operator is fully 
absorbed in this online handedness way of acting, for we as humans are evolutionary developed to use our hands for 
action, and  do not respond to the artificial sound of the notification, given that short-term memory is absorbed with 
the undertaking of the specific actions skills of handedness in mounting the wheel. There is no natural breakpoint for 
receiving a notification at this moment, given that the “cognitive space” offered ‘here and now’ has its natural 
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breakpoint when both wheels are mounted, it is not until then that the available resources offered will be lacking for 
smoothly continuing the anticipated actions.

To conclude, it becomes apparent from the analysis and results that interruptions should be avoided during this 
identified point of the tasks unless the interruption has an extremely high priority and uses a strong and persistent, as 
well as highly disruptive, notification signal.

Summing up, this means that the relationship within the human-environment-object-tool system not only affords 
different actions, but also shapes cognition. The task to mount the wheels is performed online, time-limited, and 
shaped and constrained by the execution of the involved assembly’s handedness. From an embodied perspective, the 
main goal of cognition is to support action in a situation-appropriate manner as possible. For that reason, it is not 
necessary to construct an inner representation (mental gymnastics) of the environment, it is only sufficient to act 
upon the appearance “since the world is its best model”, paraphrasing embodied robots researcher Rodney Brooks 
[1], there is no need for extra planning since the operator is acting here and now, and hence “mental gymnastics is 
not a parsimonious explanation of the behavior.

5. Implications for design

The empirically obtained results showed a problem in a place that experiments using artificial tasks did not 
predict. Furthermore, the findings of the analysis suggest that looking separately at actions and cognition is likely to 
miss problems due to the cognitive aspects of actions and leave designers with problems finding answers as to why 
their design fails in specific conditions. The main implication of this is that a new approach is needed, and that goes 
deeper than simply making a new method for analysis as a new core approach is required. This involves a fully new 
embodied approach to human factors and applied ergonomics that not only unifies physical ergonomics and standard 
cognitive ergonomics but also incorporates the newer approaches to cognition that have been explored in cognitive 
science and have been discussed in this work. Guidelines were developed for using such an embodied approach for 
the analysis of systems. 

These guidelines involve:

x Analyzing all aspects of an action from the user’s perspective. That includes the goal and intention of the user, 
over-arching tasks, sub-tasks, physical actions, and the cognitive work behind each of those goals, tasks, and 
actions.

x Including in the analysis the “in-between” areas, i.e. the time spent switching between goals, tasks, sub-tasks, 
and actions.

x Including the environment (both social and material) as a resource in the analysis and examining how the user 
interacts with all aspects of the environment.

x Identifying on-line and off-line components of goals, tasks, and actions, and recognizing the strengths and 
limitations of each.

x Understanding that any actions featuring on-line cognitive processes will be prioritized above actions featuring 
off-line cognitive processes.

x Creating cognitive spaces for both the primary task and the interruption task that support each part of the task, 
keeping in mind the on-line and off-line cognitive aspects and the different requirements of each.

6. Concluding remarks

The guiding question for this study was  - why did subjects miss notifications at a particular point in the assembly 
task when faced with mediated interruptions? The observed effect challenged our interpretation when initially 
observed, but taking an enacted and embodied cognition perspective provided us with relevant descriptions and 
explanations. By more thoroughly considering the implications of embodiment, particularly the resources of the 
embodied hand’s handedness, the available resources in the “cognitive space”, and how these were intertwined in 
the mounting of the wheels, it then becomes easier to see a possible reason for the observed way of acting, i.e. 
cognition is for action and anticipation of action.  The embodied cognition approach offers complementary 
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perspectives to the area of physical ergonomics, but differs in how it views the role and relevance of the body in 
cognition.

We want to highlight that addressing the role and relevance of the body-brain-environment system, characterizing 
that cognition is for action, may be of major practical importance in manufacturing where operators still perform lots 
of manual tasks.  Furthermore, taking an embodied cognition perspective, may offer additional aspects to consider 
for interruption research, both in how and when to make interruptions as well as how to decrease the negative 
impact on task performance when switching back and forth between the primary and the secondary task.  

Instead of identifying the perfect points at which to interrupt subjects this experiment wound up identifying a 
point at which subjects should definitely not be interrupted, and in doing so looks to have uncovered an interesting 
effect. More importantly, we see the importance of keeping the link between the tool/object and the user stable and 
solid, and the effects of the tool/object not being effectively designed to take part in the context in which they should 
be used. The observed effect of subjects missing interruption notifications during specific phases of work will be 
examined more closely in a follow up experiment, and the design guidelines presented here will be revised based on 
findings from that follow up experiment. Tools and methods are required to support a unified approach to 
ergonomics, not only for this small design aspect, but for the field of ergonomics in general. This first requires that a 
greater understanding of the always existing link between mind and body is spread throughout the ergonomics 
community, and that an understanding that tasks cannot be usefully analyzed while ignoring goals and embodied 
actions of the person completing those tasks. Ergonomics should thus not be split into physical ergonomics and 
cognitive ergonomics in most cases.

We address the need for reducing the common friction between human and technology, since much of current 
workspaces is designed to bend our embodied human being into an unnatural shape of interaction. Instead, we 
should emphasize how this interaction is enacted through bodily actions and real world experience, designing for 
mutual relationships between human and technology.
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Abstract 
This paper examines how breakpoint selection during interruption management can fail, even 
when using best recommendations from existing research. The experiment is based on prior 
work by the same authors who observed that mediated interruptions were missed by subjects 
when sent at one of two pre-defined breakpoints selected based on existing research to 
minimise the cost of interruption. This effect is explored through an experiment that uses 
tasks and environments that simulate a manufacturing assembly facility. 
The experiment found that the effect exists, i.e. that subjects miss significantly more 
notifications when interrupted at fine breakpoints than when interrupted at coarse 
breakpoints. An embodied cognition perspective was used for analysis of the tasks to 
understand the cause of the effect. This analysis found that overlap between “action” and 
“anticipation of action” are explanations for why subjects miss notifications at fine 
breakpoints (between sub-tasks). Based on these findings, recommendations were developed 
for designing interruption systems that minimize the costs (errors and time) imposed by 
interruptions during assembly tasks in manufacturing. 
 

1. Introduction 
The use of information and communications technology (ICT) systems in manufacturing, 
including assembly, continues to increase as these systems become more accomplished and 
affordable. The adoption of frameworks such as Industrie 4.0 (e.g. Hermann, Pentek, & Otto, 
2015) leads to the use of sensors, adaptive technologies, and ICT systems that support the use 
of continuously updated information. Updated information must be disseminated to the 
appropriate personnel, which commonly requires interrupting their current task to notify of 
the updated information. The consequences of interruptions have been investigated in 
laboratory studies and in office work tasks, but similar studies applied in manufacturing 
contexts were found to be thin on the ground (Kolbeinsson, Thorvald, & Lindblom, 2014). 
This lack of domain specific research was addressed in recent research by Kolbeinsson and 
Lindblom (2015) as well as Kolbeinsson, Thorvald, and Lindblom (in Review) by using an 
existing taxonomy of interruption coordination methods (McFarlane & Latorella, 2002) as a 
basis, and applying that taxonomy to an experiment performed using simulated assembly 
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tasks and environments. These tasks and environments were designed to support engagement 
and provide a realism level high enough to elicit similar responses to a more authentic work 
setting in manufacturing (Kolbeinsson et al., In Review; Sanderson & Grundgeiger, 2015).  
A central issue is that previous research on the nature of interruptions and interruption 
coordination methods has largely been set in somewhat artificial environments (e.g. 
McFarlane, 1999; Adamczyk & Bailey, 2004) where subjects have performed artificial tasks 
in experimental settings that are not designed for authenticity towards a specific task and 
context, but rather focus on isolating psychological factors. These tasks have typically been 
computer based, either containing completely artificial tasks (McFarlane, 1999) or simulated 
document editing tasks (Adamczyk & Bailey, 2004). These studies are designed to create 
difficulties that caused subjects to make errors, which may not be representative of more 
authentic tasks (McFarlane, 1999; Iqbal & Bailey, 2008). The differences between artificial 
and authentic tasks have earlier been pointed out by Iqbal and Bailey (2008), who question 
whether results obtained using the artificial tasks used in most research can be applied 
directly to what they refer to as “authentic” tasks. Iqbal and Bailey (2008) also point out that 
even using authentic tasks may not give results that can be generalised between domains. 
Important reasons for these artificial tasks and environments being used often in experiments 
are difficulties in gaining access to more authentic environments, the cost of using more 
authentic environments, and limitations in maintaining experimenter control over variables to 
avoid confounding factors in more authentic environment (Drews & Bakdash, 2013; 
Sanderson & Grundgeiger, 2015). Rooksby (2013) offers a tentative solution to this challenge 
when he argues for the use of simulated environments to emulate “authentic” tasks. He 
argues for these simulations being ecologically more valid than lab based experiments using 
artificial tasks, and that using a simulation increases the degrees of freedom and realism in 
the experiment while still offering the researcher adequate degrees of control. Sanderson and 
Grundgeiger (2015) further support this approach, listing central features of such a 
simulation, and highlighting the importance of engagement and representativeness in a 
simulation. 
Our prior work (Kolbeinsson & Lindblom, 2015; Kolbeinsson et al., in Review) used such a 
simulated environment to examine whether existing interruption coordination methods 
(McFarlane, 1999; McFarlane, 2002; McFarlane & Latorella 2002) minimise the cost of 
interruption when applied to a simulated manufacturing assembly scenario. The cost of 
interruptions being examined consists of time to complete the primary task and interruption 
task, as well as increases in errors on both the primary task and interruption task. 
McFarlane and Latorella’s (2002) taxonomy of interruption coordination methods consists of 
four methods of interruption coordination. These are: (1) immediate interruptions where the 
user is requested to act upon a notification without delay, (2) negotiated interruptions where 
the user is notified directly but can choose to delay the response until it is convenient, (3) 
scheduled interruptions where notifications accumulate and are sent at predetermined times 
or intervals, and (4) mediated interruptions where a mediator analyses the situation and sends 
the notification when deemed appropriate.  
The obtained results from Kolbeinsson et al. (in Review) supported the hypothesis that 
notifications delivered without considering the best timing for interruptions (immediate 
interruptions) caused less negative effects than predicted by earlier research (McFarlane, 
1999; McFarlane & Latorella 2002). Furthermore, Kolbeinsson et al (In Review) observed an 
unexpected effect during mediated interruptions, where interruptions are sent at predicted 
ideal breakpoints in the work process, which resulted in subjects missing notifications at a 
point predicted to support interruptions. This was further analysed from an embodied 
cognition standpoint by Kolbeinsson and Lindblom (2015). The breakpoints were selected 
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based on Iqbal and Bailey (2008) who found that interruptions between tasks caused less 
costs than interruptions between sub-tasks, and both caused less costs than interruptions at 
random times. As the result reported in Kolbeinsson and Lindblom (2015) and Kolbeinsson 
et al. (In Review) was not set up to measure and quantify this effect it was deemed necessary 
to follow up on those observations in a second experiment. 
The aim of this paper is to examine unexpected effects previously observed by Kolbeinsson 
and Lindblom (2015) and Kolbeinsson et al. (in Review) where subjects were interrupted 
using mediated interruption coordination. This was observed to happen more during 
interruptions on breakpoints between sub-tasks than when notifications were sent on a 
breakpoint between tasks, but the experiment used in our prior work was not designed to 
measure this effect.  
The intended contribution of this research is to further investigate the unexpected effect 
observed by Kolbeinsson and Lindblom (2015) as well as Kolbeinsson et al. (in Review), and 
if this effect is shown to exist then also to provide an analysis of why the effect occurs. This 
is expected to serve as the basis to develop guidelines to avoid this effect in future 
interruption coordination systems for the manufacturing domain. 
 

2. Background 
Human factors gained traction as a research field in the 1970s and spread over multiple 
domains (e.g. Coraggio, 1990; Wickens, 1992; Rubinstein, Meyer, & Evans, 2001; 
McFarlane, 2002; Iqbal & Horvitz, 2007; Iqbal & Bailey, 2008; Warnock, McGee-Lennon, & 
Brewster, 2011; Sanderson & Grundgeiger, 2014). An increase in ICT systems and the use of 
connected devices in workplaces in recent years has resulted in interruptions from 
notifications becoming more frequent, and the rise of Industrie 4.0 means that ICT systems 
are being deployed in industrial applications in increasing numbers (e.g. Hermann, Pentek, & 
Otto, 2015). This paper focuses on a subset of existing research on interruptions, in particular 
the focus is on research that is relevant for work with mobile information devices used within 
the manufacturing domain. Bjelica, Mrazovac, Papp, and Teslic (2013) point out that 
research on interruption management in the field of human-computer interaction is a 
relatively recent development which started with McFarlane (1999) as well as McFarlane and 
Latorella (2002). For a broader discussion on existing research on this topic see Kolbeinsson 
et al. (In Review). 
Most manufacturing environments focus on the efficient mass production of products that 
requires supporting communications between managers, team leaders, and assembly workers 
(e.g. Bäckstrand, 2009). Timely dissemination of information can be vital for workers to 
complete their tasks, but unnecessary interruptions can have negative effects on performance 
and errors on the current primary task, and if the interruptions contain a new task to perform 
then interruptions at inappropriate times can also cause the interruption task to be completed 
with errors (e.g. Baron, 1986; Gillie & Broadbent, 1989; McFarlane, 1999; Zijlstra, Roe, 
Leonora, & Krediet, 1999). Research on interruption management has mostly consisted of 
experiments conducted in lab environments (e.g. McFarlane, 1999, 2002; Altmann & 
Trafton, 2002; Adamczyk & Bailey, 2004) as well as some observational studies performed 
to see what happens when interruptions occur in a more authentic environment (e.g. Iqbal & 
Horvitz, 2007; Walter, Dunsmuir, & Westbrook, 2015). Brixey et al. (2007) as well as Walter 
et al. (2015) point out that much current research is still carried out in laboratory experiments 
due to cost and complexity considerations and may therefore not be fully generalizable to 
more authentic tasks and situations. Walter et al. (2015) further stress the need for research 
on the effect of interruptions in occupational settings, while emphasising the difficulties 
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involved with research in natural settings. McFarlane (1999) shows an awareness of this, as 
do Iqbal and Bailey (2008), all commenting that results might differ if the experiments were 
to be tested using more authentic tasks or other domains. Iqbal and Bailey (2008) question 
whether findings from much existing research are directly applicable to what they refer to as 
“authentic tasks” or whether the tasks used in their own work are applicable to other domains 
that are not based on document editing. 
 
2.1.The nature of interruptions 
Interruptions have been defined as any external event that breaks into a user’s current 
activity, the primary task, and demands the user’s attention be shifted to another activity or 
event (Coraggio, 1990). This means that interruptions are a very wide class of events which 
can be random or deliberate, directed or broadcast widely. Interruptions can thus range from 
being a random event or distraction (Sanderson & Grundgeiger, 2015) that interrupts an 
unrelated group of people, to being a deliberate event that interrupts only a single individual 
and notifies that another task requires attention (Kolbeinsson, Thorvald, & Lindblom, 2014). 
Interruptions can lead to increased error rates and longer time required to complete the 
primary task, as well as increasing stress and irritation due to increases in cognitive load (e.g. 
Wickens, 1992; McFarlane, 2002), although interruptions can also have a positive effect as 
they confer updated information. Moreover, interruptions may reduce boredom on tasks with 
a very low cognitive load (Scerbo, 1998; Jackson, Kleitman, & Aidman, 2014). 
Modern research on interruptions and interruption management has mostly been conducted in 
lab environments using artificial tasks or office based tasks (e.g. McFarlane, 1999, 2002; 
Altmann & Trafton, 2002; Adamczyk & Bailey, 2004; Iqbal & Bailey, 2008), although some 
observational studies have been performed to see what happens when interruptions occur in 
an authentic environment (e.g. Iqbal & Horvitz, 2007; Walter, et al., 2015). Speier, Valacich, 
and Vessey (2003) found that interruptions have a larger negative effect on more complex 
tasks than on less complex tasks, while Zijlstra et al. (1999) found that more complex 
interruptions result in more negative effects on the primary task, and Monk, Boehm-Davis, 
and Trafton (2002) showed that the complexity of the primary task increases when the speed 
of the task is raised, with corresponding increases in negative effects of interruptions. Speier 
et al. (2003) also showed that the use of external cues also diminishes with increased 
complexity or shorter task time, and subjects performing tasks with a tight deadline make a 
trade-off in the quality of their work to meet the deadline. More research has been done since, 
but Brixey et al. (2007) as well as Walter et al. (2015) point out that this has mostly been 
carried out in laboratory experiments and may not be fully generalizable to authentic 
situations.  
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A basic model of the interruption process was developed by Trafton and Monk (2007), an 
adapted version of which can be seen in figure 1. This shows how the timeline of a primary 
task being interrupted, the interruption lag inherent in switching tasks, an interruption task 
beung completed, resumption lag, and finally the primary task being completed. The 
interruption causes a cost both on switching from the primary task to the interruption task 
(interruption lag), and a cost on switching back to the primary task (resumption lag). The 
change in level between the primary task and the interruption task visually separates the two 
tasks and highlights them as being distinctly separate tasks, as well as illustrating the lag 
phases that comes from switching tasks. Figure 1 provides a tool for separating the events 
and costs involved in an interruption and is useful for understanding the basic timeline of task 
switching and giving an overview. However, figure 4 does not adequately explain any details 
of task switching, and does not provide an explanation for the effects observed in our prior 
work where subjects missed interruption signals at certain points in their task. 
Many modern interruption management ICT systems, such as message notifications on 
mobile devices, deliver information that may require the completion of some sort of a 
secondary task, and these interruptions are, for the most part, delivered without consideration 
as to whether the user wishes to be interrupted or benefits from being interrupted at that 
moment. McFarlane and Latorella’s seminal works on interruption management identified the 
choice of appropriate interruption coordination methods as a major challenge as they may 
incur different costs on both the primary task and the interruption task (McFarlane 1997, 
1999, 2002; McFarlane & Latorella, 2002). 
 
2.2.Interruption coordination methods  
McFarlane (1999, 2002) introduced four interruption coordination methods; immediate 
interruptions, negotiated interruptions, scheduled interruptions, and mediated interruptions. 
Briefly stated, immediate interruptions are sent to the recipient directly without delay, and 
require immediate response. Negotiated interruptions notify the recipient that there is new 
information to act upon but allows the recipient to act on it when deemed suitable. Scheduled 
interruptions are accumulated and sent at certain intervals and lastly, mediated interruptions 
are delayed until a time or place that a “mediator” deems appropriate. The mediator can be 
thought of as an assistant who reviews the context, task, and even the importance of the 
interruption before interrupting. Furthermore, it is important to understand that the mediator 
can be a person or an automated system, although the latter is more likely in ICT systems.  
McFarlane’s (1999; 2002) interruption coordination methods worked well in the tasks used in 
his original experiment and may work well for similar tasks. McFarlane’s (1999; 2002) tasks 
used a primary task involving subjects playing a computer game that involved catching 

Figure 1 Adapted from Monk et al. (2002) using terms from McFarlane (2002) as well as Altman 
and Trafton (2002) 
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people that jumped out of a burning building, and an interruption task using a modified 
Stroop task, which is used to set the difficulty level of the interruption task to avoid a floor 
effect for errors. Both tasks were performed on a single computer screen, with the 
interruption task completely replacing the primary task. However, our prior work  
(Kolbeinsson & Lindblom, 2015; Kolbeinsson et al., in Review) showed differences when the 
four interruption coordination methods were used in more authentic setting performing 
manual assembly tasks in a simulated manufacturing environment. A key difference between 
our results and those of McFarlane (1999) was that immediate interruptions were shown to 
have less effect on task performance than predicted by McFarlane (1999). This was explained 
by Kolbeinsson et al. (In Review) in part by the presence of a hitherto unidentified 
“negotiation element” that all interruption coordination methods, including immediate 
interruptions, were observed to contain in this more authentic environment. In most authentic 
environments, the task switching control is not with the experimenter but rather with the 
subject, the researcher can only notify when an interruption task needs attention and cannot 
force when task change actually occurs. This is a fundamental difference between studies 
involving more authentic tasks in lieu of artificial tasks. In brief, whenever the subject is in 
control of the task switching, there is always a degree of negotiation, i.e. a “negotiation 
element”. This negotiation element is most likely always present to some degree when the 
user has task switching control, but one of the advantages of mediated interruptions is that 
governing the notification timing properly reduces the some of the negative effects of 
interrupting and reduces or changes the need for user negotiation. Andrews, Ratwani and 
Trafton (2009) found that sending a short “warning” notification before sending the actual 
message reduced resumption lag, which can be explained by the warning signal assisting the 
subject in initiating a negotiation period before receiving the message, thereby being at a 
more optimal point in the primary task for interruption when the actual interruption 
notification arrived.  
 
2.2.1. Mediated interruptions and the role of breakpoints 
What constitutes an appropriate time for the mediation of interruptions has been studied by 
Iqbal and Bailey (2008), who examined the granularity required to select appropriate 
interruption points. Iqbal and Bailey (2008) found that the end of a task (or a “coarse 
breakpoint”, in their terms) provides the best time to interrupt, while a break between sub-
tasks was found to be more disruptive, but better than interrupting in the middle of carrying 
out an activity. This had some exceptions, such as when the interruption involved information 
required for completing the primary task, in which case subjects preferred to be interrupted 
between sub-tasks. Iqbal and Bailey (2008) discuss breakpoints only in the terms of their size 
(how long a break exists between two elements of a task), as measured by their software, and 
do not discuss differences in the nature of tasks and sub-tasks, or any changes in goal directed 
behaviour of the subjects. Iqbal and Bailey (2008) found that the use of breakpoints reduced 
interruption lag, which was explained by examining video recordings wherein subjects could 
be seen externalising the current task to aid resumption.  
With a basis in Iqbal and Bailey’s (2008) as well as Adamczyk and Bailey’s (2004) work on 
selecting breakpoints, Kolbeinsson and Lindblom (2015) as well as Kolbeinsson et al. (In 
Review) applied McFarlane’s (1999, 2002) interruption coordination methods on a manual 
assembly task in a simulated manufacturing environment. The primary task used by 
Kolbeinsson and Lindblom (2015) and Kolbeinsson et al. (In Review) was an assembly task 
that involved mounting different kinds of front wheels onto a pedal car. Each full assembly of 
a pedal car required the subject to first select the correct components, then mount one wheel, 
then switch sides and mount the other wheel. Testing mediated interruptions was done by 
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selecting breakpoints that were seen to be appropriate, as suggested by Iqbal and Bailey 
(2008), although Iqbal and Bailey noted that their results might not be applicable when 
authentic tasks are used, or in task types other than document editing, which is the task type 
used in their work. Appropriate interruption points were estimated to be after completing the 
task (between tasks) and after mounting one wheel but before beginning the mounting of the 
second wheel (between sub-tasks), with the expectation that the interruption between tasks 
would minimise the cost of errors, and that interruptions between sub-tasks would offer a 
significant cost advantage over interruptions at random times during assembly. Mediation of 
interruptions was also expected to offer an increase in efficiency and overall productivity 
based on results from Arroyo and Selker (2011). Arroyo and Selker (2011) tested subjects on 
a single computer using multiple applications including instant messaging and found large 
gains in productivity by sending interruptions when they were expected to either cause less 
disruption or to convey information important to successful completion of the primary task. 
They further found that interrupting at opportune moments made subjects more likely to 
respond to messages in an effective and timely manner.  
However, this was not supported by the results obtained by Kolbeinsson and Lindblom 
(2015) and Kolbeinsson et al. (in Review), with mediated interruptions causing a similar cost 
in time to assemble cars or errors in assembly, or faster responses to interruptions or less 
errors on the interruption task (sending messages). Mediated interruptions were observed 
causing the unexpected effect that subject missed notifications sent at the between-wheels 
breakpoint, although this could not be confirmed as the experimental design did not allow 
this effect to be isolated in the collected data. Subjects missing notifications (Kolbeinsson & 
Lindblom, 2015; Kolbeinsson et al., in Review) at a point predicted to support interruptions 
(Iqbal & Bailey, 2008) identifies a problem that needs to be investigated and analysed 
further. 
An important matter for such an examination is what kinds of concepts and theoretical 
frameworks can be used to characterise and explain why subjects miss notifications 
(Kolbeinsson et al., In Review), should these omissions be repeated and proven significant in 
this study. Any theories used for analysing and explaining the effect being examined must 
support both the “mental” and “physical” aspects of all tasks being performed, as well as 
taking the environment and setting into account. Kolbeinsson and Lindblom (2015) used new 
advances in the cognitive science field, in particular embodied and situated cognition theories 
(see e.g. Clark, 1997; Vernon, 2014; Lindblom, 2015), to gain insights into what might be 
going on, with an analysis suggesting that the physical and cognitive aspects of the tasks 
might be interfering with one another. Kolbeinsson and Lindblom (2015) further highlighted 
the usefulness of viewing cognition from an embodied and situated perspective, given that 
this new advances considers a wider unit of analysis that incorporates the interactions of all 
the factors that require examination, as well as allowing an analysis of the tasks and 
environment with a different theoretical lens than has traditionally been used in human 
factors and ergonomics. These disciplines commonly use a theoretical base that views 
cognition from a computer metaphor of mind perspective. The next section elaborates briefly 
on the new advances in the cognitive science field. 
 
2.3. New advances in the cognitive science field 
An established way of looking at cognition is the computer metaphor of mind (e.g. Fodor, 
1975; Pylyshyn, 1984), which characterises cognitive processing to the functions performed 
by different parts of a computer system. The computer metaphor of mind likens the brain to 
an information processing apparatus that stores memories much as a hard drive stores 
information and views the sensory organs as providing input that is then processed as a 
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sequence of abstract calculations, and finally produces output as a behaviour. This effectively 
leaves the body as an input/output device to the brain, and the brain and mind are near 
synonymous (e.g. Clark, 1997; Vernon, 2014; Barrett, 2015). As pointed out by Barrett 
(2015), the emphasis on the idea that the brain is a kind of computer or even claiming that the 
‘brain’ is synonymous with the ‘mind’ separates the brain from the body as well as the 
material and social environment. This both ignores and removes the intimate connections that 
exist between brain, body, and environment (social and material) from analyses based on the 
computer metaphor of mind, which is considered a theoretical failure by proponents of 
alternative explanations of cognition that do not follow that traditional dichotomy of mind vs. 
body. Barrett (2015) further emphasizes that we should be sceptical of relying too heavily on 
the computer metaphor of mind since it is not derived from a naturalistic view of cognition 
and intelligent behaviour.  
Briefly stated, the new advances in cognitive science that have entered the scene can be 
referred to as DEEDS (Dynamical, Embodied, Extended, Distributed, and Situated) 
approaches of cognition (March, 2006). In a similar vein, Barrett (2015) refers to 4E-
cognition (Embodied, Embedded, Enactive, and Extended), arguing that although these 
theories differ from each other in a number of significant ways, all DEEDS and 4E-
approaches share the general idea that cognitive processes emerge from the unique manner in 
which an agent’s morphological structure and its sensory and motor capacities enable it to 
engage successfully with its social and material environment in order to bring forth adaptive 
and flexible behaviours. Taken together, these theories of cognition are all approaches to 
explaining and studying the human mind that challenge the traditional view of human 
information processing, following the computer metaphor of mind. Two underlying 
assumptions for the DEEDS and 4E approaches of cognition which directly contradict that 
traditional view are: 1) the agent’s embodied interactions matter for intelligence, and 2) the 
need for broadening the focus and scope of the agent’s cognitive system. Thus, the new 
advances in cognitive science instead views cognition as being evolutionarily rooted in action 
and anticipation of action, being indivisible from the body and its actions in the social and 
material environment that humans inhabit and are situated within (e.g., Clark, 1997; Wilson, 
2002; Wilson & Golonka, 2013; Vernon, 2013, 2014). Anticipation of action can in a way be 
described as an embodied analogue to what is often referred to as planning in fields that use 
the computer metaphor of mind as a basis, but planning refers to a more logical and rational 
process while anticipation of action builds from basic action and perception, or situated 
perception-action loops (Suchman, 1987; Wilson & Golonka, 2013; Vernon, 2014). The 
terminology highlights an important distinction, which is why this paper will refer to 
anticipation of action.  
Wilson (2002), for example, provided an important piece of work that introduces six 
fundamental views of the new advances of cognition that offer tentative explanations for how 
cognition and intelligent behaviour can be understood from this perspective. These six central 
views by Wilson (2002) are: 

1. Cognition is situated. Cognition takes part in an environment, and involves interaction 
in the form of perception and action. 
2. Cognition is time-pressured. Interactions with the world happen in real-time,  
3. We off-load cognitive work onto the environment. Cognitive systems have limited 
capacity, which is why humans use the environment to hold information or even use the 
interactions with that environment as a part of our cognitive processes.  
4. The environment is part of the cognitive system. If cognition uses the environment, 
even storing information and “thoughts” in the environment, then any analysis of 
cognition should view the subject and environment as a minimum unit of analysis.  
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5. Cognition is for action. Cognition has evolved to support action, which means that 
complex mechanisms such as attention, perception, and memory must all be viewed with 
that in mind. 
6. Offline cognition is body based. “Higher” cognition such as abstract thought relies on 
mechanisms that have evolved for “simulating” and performing actions in the 
environment. 

 
Examining in detail the views that cognition is for action and that off-line cognition is body 
based suggest that action and anticipation of action are two sides of the same coin. 
Consequently, this raises questions about humans’ ability to perform actions and anticipate 
other actions simultaneously. Vernon (2014) further explains that anticipation of action is a 
central aspect in cognition due to the delays inherent in the control pathways of biological 
systems.  
Wilson’s (2002) view that cognition is time-pressured introduces a time element to any 
analysis being done from this perspective, which is rather absent in the computer metaphor of 
mind (Vernon, 2014). This is due to the real-time nature of cognition, and the tight coupling 
between perception and action as an integral part of cognition, and contrasts with analyses 
based on the computer metaphor of mind, in which separation of mental processing and 
action can lead to static analyses, i.e. analyses of “snapshots” of all parts of an activity 
without taking the dynamic nature of the activity and setting into account. The views that the 
environment is a part of the cognitive system and the human ability to offload cognitive work 
into the environment, imply that the environment is not a problem domain to be handled, 
given that it can be viewed as a source of cognition that enhances the biological abilities of 
cognition, such as a limited short-term memory effectively force analyses to also take into 
account the body and environment which results in an expanded unit of analysis (Wilson & 
Golonka, 2013; Vernon, 2014) One example of a theoretical framework that offers a way of 
examining and explaining how external aids, tools, cooperation, and communication can be 
used to perform cognitive tasks that would otherwise be impossible within a single mind is 
called Distributed Cognition (DC) and has been used for analysing situations where multiple 
people using varied tools perform complex operations such as ship navigation from a 
systemic perspective (Hutchins, 1995).  
Analysing activities from the standpoint of embodied and situated views of cognition requires 
a compatible model to gain an insight the activities being performed. A useful concept, 
named activity levels, can be found within a theoretical framework named activity theory 
(AT). Activity theory is compatible with the DEEDS and 4E approaches to cognition, as 
AT’s focus on the activity is based on the expanded unit of analysis supported by both 
approaches (e.g. Rogers, 2012; Vernon, 2014; Kaptelinin, Kuutti & Bannon, 1995), but this 
study limit its use of AT to the concept of activity levels. The primary unit of analysis in AT 
is the activity which is also the highest activity level, and the activity itself is comprised of 
actions and operations (Halverson, 2002). The concept of activity levels provides a way of 
viewing goal directed actions in a manner useful for analysis purposes (Kaptelinin, Kuutti & 
Bannon, 1995), as well as supporting the level of granularity that was identified by Iqbal and 
Bailey (2008) as being useful for interruption research. This same level of granularity can be 
seen in the breakpoint selection, which already identified two central levels of activity in the 
experimental task, as well as the motive, i.e. the over-arching goal, of the activity. Activity 
levels are thus a viable way of splitting an activity into a hierarchy that consists of levels of 
goal directed actions, which are then further split into operations (Kaptelinin & Nardi, 1997).   
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These activity levels can be illustrated with reference to Iqbal and Bailey’s (2008) granularity 
of coarse and fine breakpoints, versus no breakpoint, with coarse breakpoints being between 
tasks, fine breakpoints being between subtasks, and interruption without breakpoints possibly 
coming during an operation or at any other random time. Both Kolbeinsson and Lindblom 
(2015) and Kolbeinsson et al (in Review) used this granularity of breakpoint selection. This is 
visualised in figure 2, which shows activity levels on the vertical axis, and time on the 
horizontal axis. A task begins when action begins on the first sub-task within that task, and 
ends when the last sub-task within that task is fully complete.  
 
2.4 Simulation 
Simulations, as discussed here, are investigations that take place outside of the context of 
study, while recreating significant aspect of the target context (Sanderson & Grundgeiger, 
2015). The difference between simulation and laboratory studies as pertains to interruptions 
is primarily that the simulation aims to recreate factors that allow eliciting responses 
representative of those elicited in the target domain (Sanderson & Grundgeiger, 2015), i.e. 
increase ecological validity, while laboratory studies generally aim to validate or falsify 
fundamental aspects of cognitive theories, e.g. certain models of attention, memory, and 
interruption (Altmann & Trafton, 2002). A simulation may be used where the factors in the 
target domain make manipulation of variables unsafe or impractical (Rooksby, 2013; 
Sanderson & Grundgeiger, 2015). 
Studies exploring the effects of interruption can be difficult to design and set up, and doing so 
in a manufacturing assembly context poses certain challenges. An ideal study would view 
fully authentic tasks in a fully authentic environment, but as manufacturing assembly 
environments pose problems due to safety, cost, and complexity another approach is required. 
This is often the case for research in manufacturing assembly, wherein researcher 
manipulation is expected to cause subjects to make errors. Rooksby (2013) suggests using “in 
the wild” approaches in a laboratory setting by creating a simulation of the tasks and 
environment to be examined, with Sanderson and Grundgeiger (2015) as well as Drews and 
Bakdash (2013) offering detailed information on the benefits offered by such a simulation, as 
well as the requirements for reaping the benefits. Primary benefits of using a simulation 
involve maintaining a high degree of ecological validity while making the research more 
manageable than naturalistic studies, as well as offering the use of experimental approaches 
in contexts and scenario that are normally ill-suited to experimenter manipulation (Rooksby, 
2013; Sanderson & Grundgeiger, 2015). The requirements explained by Drews and Bakdash 
(2013) as well as Sanderson & Grundgeiger (2015) centre around maintaining an appropriate 
level of fidelity in the simulation. An appropriate level of fidelity centres around creating 

Figure 2. Activity levels (activity, action, and operation) and granularity of breakpoints are shown 
here. The vertical axis shows activity level, and the horizontal axis shows time 
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engagement in the subjects that approximate what is experienced in the context being 
simulated (Sanderson & Grundgeiger, 2015), and the representativeness of the setting is 
important for this. Representativeness refers to how well the scenario and cover story elicit 
responses that approximate “real” responses (Sanderson & Grundgeiger, 2015).  Drews and 
Bakdash (2013) further point out that simulations for the purpose of research require a high 
level of immersion and should be easy to manipulate, but may sacrifice a level of fidelity. 
This suggests the use of simulation for manufacturing assembly, with interruptions from ICT 
systems being relatively simple to simulate in a manner that closely resembles interruptions 
in the target domain. A simulation of manual assembly was used in our previous work, and a 
more detailed argumentation around the use of simulation in interruption research can be 
found in Kolbeinsson et al. (in Review). 
 
2.5 Summary and hypothesis 
The study presented here follows up on previous work by Kolbeinsson and Lindblom (2015) 
and Kolbeinsson et al. (in Review) and examines whether the observation that subjects are 
more likely to miss notifications at a breakpoint between sub-tasks constitute a statistically 
significant effect in mediated interruptions. In line with our previous work, this study uses a 
simulation of a manufacturing assembly task and context. The study is expected to elaborate 
upon the results obtained by Kolbeinsson and Lindblom (2015) and Kolbeinsson et al. (in 
Review), but data sampling is designed with a focus on missed notifications in the context of 
mediated interruptions.  
The previous results (Kolbeinsson & Lindblom, 2015; Kolbeinsson et al., in Review) 
indicated an unexpected issue wherein subjects were observed to miss to perceive 
notifications sent when interrupted using mediated interruption coordination methods. The 
prior experiment was not designed to quantify this effect, which serves as a foundation for 
this follow-up experiment. 
The central hypothesis being tested is as follows: 

• More notifications will be missed when notifications are sent using mediated 
interruption coordination at breakpoint 1 (between sub-tasks) than at breakpoint 2 
(between tasks) as was observed our previous work (Kolbeinsson & Lindblom, 
2015; Kolbeinsson et al., in Review). 
 

3. Method 
Testing the hypothesis involves using a similar setup as used in our previous work 
(Kolbeinsson & Lindblom, 2015; Kolbeinsson et al., in Review), which consists of a lab-
based experiment that simulates tasks and environments typical of manufacturing assembly. 
Tasks and breakpoints similar to those used earlier during mediated interruptions are used 
again, with the primary task involving mounting two different kinds of front wheels onto a 
pedal car, with the mounting of each wheel identified as being a distinct sub-task. The 
interruption task consists of a message sent to a mobile device and the subject responding to 
this message on a stationary computer system. 
The interruption points (Kolbeinsson & Lindblom, 2015; Kolbeinsson et al., In Review) were 
originally chosen based on Iqbal and Bailey’s (2008) findings that breakpoints at the end of a 
task cause the least cost in time and errors and that breakpoints at the end of a sub-tasks also 
cause less cost than random interruption points without the use of breakpoints. The selected 
breakpoints will be referred to as between cars for the between tasks breakpoint, and between 
wheels for the between sub-tasks breakpoint (see the argumentation in section 2.2.1).  
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3.1.Research approach 
An actual manufacturing facility and fully authentic tasks would be ideal for performing this 
study, but as the experiment requires manipulating the tasks and interrupting subjects with 
the expectation that the interruptions will cause an increase in errors and assembly time then 
a substitute must be found. A simulation of the environment and tasks is therefore used, as is 
supported by Rooksby (2013), Drews and Bakdash (2013), as well as Sanderson and 
Grundgeiger (2015). Drews and Bakdash (2013) explain that the level of engagement 
supported by the tasks and environment and the ease of manipulation of factors are more 
important than a perfect recreation of the target domain. Tolmie and Crabtree (2008) point 
out that the background story and immersiveness of the context are central to the validity of 
the research. This is why the environment chosen for use in this research is a training facility 
for assembly workers, and the tasks designed for the experiment are based on tasks observed 
in the manufacture of white goods, even though the object of assembly in the experiment is 
pedal-cars. The tasks are designed to support an authentic level of engagement, realism, and 
representativeness, which is “the degree to which the stimuli and conditions used in an 
experiment have been intentionally sampled to reflect the range of contexts to which the 
investigators intend that conclusions should apply” (Sanderson & Grundgeiger, 2015, p. 87). 
Insights derived from our previous work support that the setup used creates a high enough 
level of engagement, where subjects with experience from the manufacturing assembly 
provided unsolicited comments on the high level of realism they experienced during that 
experiment. A custom layout of the production training facility is used, safety equipment is 
used as prescribed in the training facility, and environmental factors such as light and sound 
levels are simulated to support the required level of realism and immersiveness of the 
simulated environment ant tasks.  
 
3.2. Experimental design 
Two points for mediated interruptions are being examined, after mounting the first wheel and 
before mounting the second wheel (between sub-tasks), and after mounting both wheels and 
before starting the next car assembly (between tasks). A third condition wherein subjects are 
not interrupted at all is also tested, both for getting a baseline time for car assembly, and so 
that subjects cannot know when they will be interrupted or even whether they will be 
interrupted. 
The independent variable being examined is the breakpoint, which has two levels that are 
between wheels (BP1) and between cars (BP2). The dependent variable is whether 
notification signals are missed or not, which has the binary output of missed or not missed. 
This binary output is gauged by the researcher and triggered by hand during the experiment 
and recorded by the custom software used. The software also measures other data for error 
checking and verification purposes. 
Each subject takes part in all three conditions and is tested on each level of the independent 
variable. The experiment is of a repeated measures, within subjects, design with the order of 
treatments being varied to increase both internal and ecological validity. 
 
3.2.1. The primary task 
The primary task (car assembly) involves mounting two front wheels onto a pedal car, with 
the small extra complication that each car requires a specific setup of tire hardness (three 
levels) and each wheel had specific markings denoting hardness, as well as requiring a colour 
coded bolt in one of four colours. The steps required to complete the task are selecting the 



  13 

correct hardness of wheel for each side, mounting those onto the axle, selecting the correctly 
coloured bolt for each wheel, threading a bolt and washer into the axle, and fastening each 
bolt using a cordless drill. Each pedal car has a note on the back stating which hardness is 
needed for each front wheel and which colour of bolt should be used. The note has the tire 
hardness for each front wheel written above and below one another and the bolt colour 
specified below that for each wheel, to increase the difficulty of translating to left and right 
through visual mapping. The tires themselves had three different hardness levels (hard, 
medium, and soft) and were specifically marked as being for the left side or the right side, 
and the bolts were marked with one of four different colours (yellow, red, blue, and green). 
The design of this complication is based on assembly instructions examined by the authors in 
manufacturing facilities, and the custom configuration of each car assembly is consistent with 
current requirements in manufacturing. Normal assembly time, called takt time, is 40 
seconds, with subjects getting a visual indicator when this time is up. This creates a time 
pressure and illustrates to subjects the time limits which they are expected to meet when no 
interruptions are present. 
 
3.2.2. The interruption task 
The interruption task involves a message sent to a mobile device carried by the subjects in 
their pocket during assembly, with both an audio signal and a vibration being used for 
notifying subjects of a received message. The message asks for specific error codes to be sent 
to specific recipients, based on a cover story introduced at the beginning of the experiment. 
When responding to a message, subjects must walk to a stationary terminal (situated 
approximately four meters away from the assembly station), read error information from the 
message on the mobile device, find the correct error code for that error on the stationary 
screen, select the matching symbols on the stationary terminal, and send to the correct 
recipient, before returning the phone to their pocket and resuming assembly.  
The information sent to the mobile device the phone consists of a short message requesting 
the error codes for a some sort of problem, occurring at a specified assembly station, and 
send those to a specific recipient. The error codes are displayed in a list on the stationary 
information terminal and consist of a sequence of four basic shapes written out as words that 
must be input into the terminal which requires subjects to press actual symbols matching the 
text. The discrepancy between text and symbols was used to avoid subjects using visual 
pattern matching to input codes and create a requirement for subjects to perform an 
interpretation between words and shapes and increase the memory requirements of the task 
(Floel et al., 2004). The user interface of the stationary system was created to mimic usability 
problems observed by the authors in modern manufacturing facilities, and as such is designed 
to be more complex in usage than is required. 
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3.2.3.  Equipment 
The pedal car assembly facility has multiple assembly and disassembly stations, each with 
the correct manual tools or power tools as required. A single assembly station is used by the 
subjects, and a single disassembly station is operated by an assistant, see figure 3. Custom 
computer programs are used to record data from the primary task, the interruption task, to 
send interruption messages, and to customise the messages that go with the interruptions. 
The messaging system controls the messages sent to the mobile device in the subjects’ 
pocket, which allows setting the intensity and persistence of both audio and vibration. A 
single notification sound and vibration are used to notify. The audio notification is set to be 
audible from the researcher’s control station during the experiment. This is used to verify that 
notification signals are emitted from the mobile device, and corroborated with on-screen 
verification from the messaging system. 
A touch screen controller, see figure 4, is used for the input of subjects’ responses to the 
interruption task, and is used to simplify the physical part of the data entry by giving direct 
input with the aim of eliminating any confounding factors arising from a user interface (UI) 
using a relative and translational interface such as a mouse (Cooper, Reimann, Cronin, & 
Noessel, 2014).  
A video camera is located in a central position so that video recordings can be used for 
analysis of subjects’ behaviour and performance as well as for verification of measurements. 
A sound system plays audio that replicates a manufacturing assembly environment. The 
audio level is set to be loud enough that wearing hearing protectors feel appropriate, and was 
measured as approximately 65 dB at the assembly station, and the message from the mobile 
device was attenuated down to approximately 70 dB when in a thick fabric jeans pocket 
(approximately 80 dB at source). The audio levels were selected for authenticity based on 
observations from manufacturing assembly facilities, with the level allowing the experiment 
leader to hear when subjects received notifications at typical distances (between two and five 
metres).  

Figure 3. The environment used for the experiment. This is a training facility for assembly workers to 
practice the application of production principles. 
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3.3. Subjects 
Subjects were recruited through advertisements in a university. 21 subjects participated, with 
12 male and 8 female subjects results being used. Gender comparison was not the focus in 
this experiment, and was deemed impractical due to small sample size. One subject’s results 
were excluded due to incomplete results. 17 of the subjects were aged between 20 and 30, 
with the remaining 3 subjects age ranging up to 50. Each subject received a practice period 
until the subject performed the primary and interruption tasks without procedural errors at 
least three times in a row. Risks were explained, safety equipment used as befitting a 
manufacturing assembly facility, and consent obtained for participation as well as for using 
video recordings.  
Subjects were mostly typical of new hires at nearby manufacturing facilities and experience 
gained from our prior study was used for reference. The assembly task used in the experiment 
is designed to simulate tasks faced by assembly workers in manufacturing. Differences 
between subjects with experience in manufacturing and those without experience were not 
observed, which matches our prior work. 
 
3.4. Procedure 
All three treatments, assembly only, breakpoint 1, and breakpoint 2, were tested in a single 
condition with a random order of breakpoints and assembly only being used to avoid subjects 
being able to predict when they would be interrupted. The random order was created using a 
Mersenne Twister based randomisation function (Python Software Foundation, 2013). The 
assembly only condition was included to make interruptions more unpredictable for subjects, 
as well as to have a reference for time to complete primary tasks for further analysis of the 
collected data.  
Notifications were sent according to a pre-defined random list, with each subject receiving 
six of each, no interruption, breakpoint 1, and breakpoint 2, resulting in each subject 
assembling at least 18 pedal cars, with a minimum of six usable measurements of each 
breakpoint. Whether subjects noticed or missed notifications was recorded in the software 
manually, as well as on the paper randomisation list. Video recordings were used for 
verification of measurements and for further examination of subjects’ actions during the 
experiment. 
 
 

Figure 4. Left: This shows the location of the research control station on the far left, the assembly 
station and touch-screen terminal. Centre: A close-up of the touch-screen terminal. Right: The 
wheels with their markings. The wheels were sorted by hardness and which side they were for. 
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4. Results 
The effect that is being examined is whether there is a difference between subjects missing 
notifications on breakpoints BP1 (between wheels/sub-tasks) and BP2 (between cars/tasks), 
with 120 data points being available for each breakpoint. The data being examined is binary 
in nature, either a notification is missed or a notification is noticed. These states were 
encoded as missed = 0 and noticed = 1, and as the data is paired, and there are two 
breakpoints, each with two exclusive states then the appropriate analysis is a McNemar’s test 
(Agresti & Franklin, 2007). Subjects missed notifications on BP2 a total of 9 times, and 
missed notifications on BP1 a total of 21 times. A McNemar’s test showed that the two 
proportions (BP1 and BP2) were different, asymptotic p = .038 (2 sided). The null hypothesis 
is rejected. 
The risk of missing a notification sent at between cars/tasks (BP2) is 7,5%, while the risk of 
missing a notification at between wheels/sub-tasks (BP1) is 17,5%. This is a risk increase of 
10 percentage points (+10%) over that of missing a notification on between cars/tasks (BP2), 
which constitutes a 133% increase in risk (Biostat Inc., 2015). 
 

5. Discussion and Conclusions 
The aim of this paper was to examine unexpected effects previously observed by Kolbeinsson 
and Lindblom (2015) and Kolbeinsson et al. (in Review) where subjects were interrupted 
using mediated interruption coordination. This was observed to happen more during 
interruptions on breakpoints between wheels/sub-tasks than when notifications were sent on a 
breakpoint between cars/tasks, but the experiment used by Kolbeinsson et al. (in Review) was 
not set up to measure this effect. The experiment presented here rectifies that, and is 
specifically set up to check whether a statistically significant effect exists. 
The data show that a significant effect exists as predicted, and that this effect is large enough 
to have real world consequences, with more than a doubling of missed notifications when 
subjects were interrupted at the interruption point between wheels/sub-tasks. The observed 
effects support the hypothesis that the between wheels/sub-tasks breakpoint is not appropriate 
for interrupting the primary task, but not as easily seen is why subjects miss notifications at 
this point. We offer a possible explanation here that takes into account the difference between 
the simulated experimental context used in this research versus the lab based experiments 
referenced (McFarlane, 1999; Adamczyk & Bailey, 2004). This explanation is based on the 
situated and embodied nature of the assembly task used, relies on the cognition being evolved 
for action and the anticipation of action (Wilson, 2002), and offers a model for visualising 
what is going on through the use of activity levels which is a concept adapted from activity 
theory (Kaptelinin & Nardi, 1995). 
This model requires understanding the interplay between tasks examined, which requires an 
explanation of how activity levels were used to break the assembly task into a hierarchy, as 
well as how action and anticipation of action apply to the assembly task. The focus is 
maintained on the assembly task so that an understanding may be reached as to why the 
breakpoint between wheels/sub-tasks was seen to be less appropriate for interruption than the 
breakpoint between cars/tasks. 
 
5.1 Activity levels in the assembly tasks 
The activity level concept can be used to describe both the action within a task and the 
anticipation of action within a task, as was introduced in section 2.3. Activity levels are 
useful for separating activities into a hierarchy, and we have divided the activity levels of 
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both the physical and mental aspects of the tasks into three levels, as was earlier shown in 
figure 2. These three levels are here assigned the names of task, sub-task, and operation, and 
are roughly analogous to the Activity Theory (AT) naming conventions of activity, action, 
and operation. From the lowest level, operations are the basic manual elements of the tasks, 
such as threading a bolt, tightening a bolt, or sliding a tire onto an axle. Sub-tasks involve 
larger elements that constitute a larger step in achieving the goal. Two examples of sub-task 
actions are fully mounting one of the wheels in this experiment, or inputting the required 
information on the interruption task. Tasks incorporate the motive behind the whole activity, 
and it is important to note that each level self-sufficiently contains its own goal(s). The task 
of assembling a pedal car is thus an activity, so that we switch tasks after finishing the 
assembly of one pedal car and start a new task when beginning the assembly of the next car. 
This contrasts with the actions of mounting each wheel, which each constitutes an action with 
its own goal. The goals within each action exist as a part of the overall activity. The use of 
three levels is arbitrary, and is selected as a useful simplification, as well as being common in 
AT. More levels could be introduced for increased granularity, more goal-type levels can be 
added, or even different types of activity levels can be incorporated. Indeed, this has been 
done, notably by González (2006) who added specific levels that incorporate the type of 
activity, called “engagements” by González, into the model. What constitutes a “top level” 
can be discussed, as the overall motive behind the assembly can be argued, but for the 
purposes of the discussion here we view the top level motive as involving the successful 
assembly of each individual pedal car. 
Whereas Iqbal and Bailey (2008) showed that interrupting users at coarse breakpoints (i.e. 
between tasks) caused less negative effects for performance on the primary task, this 
experiment shows that the use of coarse interruption points also minimised another, hitherto 
unexplored, cost that affects the interruption task. That said, Iqbal and Bailey (2008) found 
that interruption at fine breakpoints caused less costs when the interruption conveyed 
information aimed at supporting the current primary task, than when interruptions required 
shifting to a novel, unrelated task. Combining that with the current results it becomes 
apparent that interruptions at fine breakpoints (between sub-tasks) thus only seem appropriate 
for new tasks of a very high priority, or for conveying updated information pertaining to the 
current primary task.  
 
5.2 Action and anticipation of action 
The explanatory model proposed here views the whole activity being performed as consisting 
of two intertwining aspects of the activity that can be referred to as action and anticipation of 
action, and these two aspects are mapped out to take into account a timeline and activity 
levels as figure 6 visualises. Figure 6 effectively shows the experimental task from the study 
in this paper, and splits that into activity levels on the vertical axis, shows a timeline on the 
horizontal axis, shows a grey line for action, and a blue line for anticipation of action. Gaps 
between tasks and sub-tasks show breaks in the activity that could suggest the possibility to 
create breakpoints for interruption. But if it is taken into account that a task has started when 
the first operation within that task has begun, and ends when the last operation of that task 
has ended, then the anticipation of action extends the start of the task, thus making the break 
in the activity that much shorter than what can be observed when viewing someone perform 
the activity without taking into consideration anticipation of action. 
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This view of how an activity progresses with both action and anticipation of action being 
represented is visualised in figure 6 and highlights how a possible mismatch may arise, with 
anticipation of action occupying a subject’s cognitive capacity at the same time as there is a 
lull in the physical aspects of the sub-task. This illustrates how anticipation of action is 
always active in some form, and illustrates how anticipation of action may cause stronger 
effects when switching activity levels. This suggests that these complementary theories may 
also be useful for explaining the multiple effects that have been observed around 
interruptions, including the effect observed in this work, the effects reported by Iqbal and 
Bailey (2008), and an effect reported by Andrews, Ratwani and Trafton (2009) who found 
that a short “warning” signal sent in advance of the actual interruption decreased the 
performance cost of being interrupted. This latter effect reported by Andrews, Ratwani, and 
Trafton (2009) supports the proposed explanation in that a warning of an incoming 
notification can allow subjects to align their action and anticipation of action processes, 
thereby creating a useful breakpoint even on small activity level changes. This alignment of 
processes may be seen as a priming effect of sorts, but the warning signal also supports the 
creation of resumption points, as well as allowing the subject to make sure that the task 
switching is done at a point with an appropriate task level. Knowing that a notification with a 
message requiring action is incoming allows subjects to plan their actions in such a way as to 
be at an appropriate activity level when the main notification arrives. In an authentic task this 
might involve finishing tightening a bolt, but because the subject knows that a message is 
incoming she will wait with the mental preparations required to go into the next sub-task, 
thus more closely aligning the physical and mental parts of the activity levels of the tasks. 
This is likely to work with both fine and coarse breakpoints such as those used in this 
research, but further work is required to verify the effectiveness of this approach.  
 
5.3 Recommendations for mediated interruptions in interruption coordination systems 
A combination of the current results, Trafton and Monk’s (2008) visualisation of the anatomy 
of an interruption, and Andrews, Ratwani, and Trafton (2009) experiment on sending a short 
“warning” that an interruption is incoming can be used in combination to suggest that any 
interruption system using mediated interruption coordination should attempt to use 
breakpoints that are between tasks, and further suggests that any interruption deemed 

Figure 6. Anticipation of action is added to the model originally shown in figure 2. This extends the 
beginning of each task and sub-task, and makes the breaks between tasks and sub-tasks smaller 
as a task or sub-task ends when action completes, but the next task has effectively begun when 
anticipation of action begins on that task/sub-task. Taking anticipation of action into account 
therefore shortens the breaks 
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important enough to be sent at a breakpoint between sub-tasks requires a quick and 
recognisable notification slightly earlier to assist the subject in aligning the levels of action 
and anticipation of action. Iqbal and Bailey’s (2008) results further suggest that any 
interruption sent at a breakpoint between sub-tasks should be deemed important enough to 
warrant the possible costs of losing efficiency or making errors on the primary task, or be for 
the purpose of supporting the primary task. These findings can be consolidated into 
recommendations for incorporating mediated interruptions into interruption coordination 
systems in manufacturing assembly. All the included recommendations assume the required 
level of context awareness needed to ascertain where in the current task the user is, which 
may be based on location awareness, movement patterns, sensing which parts are being 
manipulated or assembled, or the use of other sensors: 
 

Breakpoint selection 
Interruptions should be sent at breakpoints between tasks where possible.  
Interruptions should only be sent at breakpoints between sub-tasks when: 

The interruption is of a high enough importance to warrant the possible 
costs,  
or 
The interruption conveys updated information for the current primary 
task required to successfully complete the primary task. 

 
Interruption signal (notification) 
Noticeable signals for that environment: The signals used should be compatible with 
the environment in which the system will be used and use an appropriate modality 
and signal intensity. 
Acknowledge receipt of notification: 

The notification system used for interrupting between sub-tasks should 
preferably use some form of acknowledgment system to ensure that the 
notification has been accepted, so as to avoid situations where important 
information is missed. Such an acknowledgment would in most cases be 
manual, i.e. the worker acknowledging the receipt of a message or accepting 
updated information on an information terminal.  

 
Reminder signal until notification is acknowledged: 

Due to the risk of missing a once-off signal it is necessary to send follow-up 
reminder signal(s). This can vary based on the priority level of the 
interruption, and may be dynamically varied, i.e. the priority level of the 
interruption may change based on time, and the “interruptability” or 
“availability” of the worker may change when other breakpoints are reached. 
A reminder signal might be emitted once or multiple times, and may be 
emitted using a timer, by using breakpoints, or by using other interruption 
coordination methods such as location based interruption coordination 
scheduling/mediation or time based scheduling. 

 
These recommendations take into account the work shown here, and consider the mismatch 
between action and anticipation of action that has been discussed. The recommendations are, 
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however, only for avoiding problems due to the effect examined in this work, and should be 
combined with other work in the domain. 
 
5.4 Contributions  
The experiment and analysis, as well as Kolbeinsson and Lindblom (2015) and Kolbeinsson 
et al. (in Review), support the notion that expanding the unit of analysis to combine what is 
classically seen to be “within the head” and the context that results in a different explanation 
and understanding of the tasks being observed. We see the use of embodied cognition 
theories as being the most direct way of supporting this expanded unit of analysis, as well as 
making it possible to vary the unit of analysis to meet the requirements of the analysis. 
Attempts have been made to combine embodied cognition theories with human factors and 
ergonomics (HF/E) (e.g. Marras & Hancock, 2014), but these have shown varying levels of 
clarity,  since they, in our view, still adhere to the computer metaphor of mind, thus putting 
an embodied icing on the information-processing cake (e.g. Lindblom, 2015). Having access 
to a theoretical framework that effectively combines embodied cognition theories with the 
HF/E discipline’s systems perspective (Wilson, 2013), would support HF/E practitioners in 
their analyses and provide a vocabulary for communication of their results when using these 
new advances in cognitive science field as a complementary perspective.  
The work presented here, combined with Kolbeinsson and Lindblom (2015) and Kolbeinsson 
et al. (in Review) is seen as being an important first step in identifying the elements to create 
such a theoretical framework,  
Furthermore, the use of embodied cognition theories supports the use of simulation, as these 
theories view action and context as being intertwined, and combining this with the work of 
Rooksby (2013) as well as Sanderson and Grundgeiger (2013) further supports the use of 
simulation so long as an appropriate level of engagement is maintained. 
The practical contributions to HF/E are more straightforward; normal limitations in existing 
work on the use of mediation through applying mediation in a domain different to that used 
by Iqbal and Bailey (2008) have been identified and explored. Our previous work 
(Kolbeinsson et al., in Review) similarly highlighted that the cost of interruptions in a manual 
assembly task differs significantly from the interruption costs measured in a contrived task 
and settings (McFarlane, 1999). 
  
5.5 Concluding thoughts 
Introducing new theories, especially theories that propose a different viewpoint to the 
established one, to an existing field is a proposition that may meet some friction. One factor 
in this is that mature fields of study will already have existing theories and frameworks, as 
well as having a shared vocabulary that is based in the theories being used. HF/E has been 
intertwined with cognitive psychology from the field’s inception, as well as cognitive science 
to a lesser extent, but has only accepted more recent developments in the field to a limited 
degree. Introducing embodied science theories into HF/E faces the aforementioned 
difficulties, and suffers from the problem of being at the same time simple to understand at 
the conceptual and epistemological level, and difficult to understand and apply at a more 
practical level, which is in part due to mismatches between the vocabulary used in embodied 
cognitive science and within HF/E. This said, our work is not the first foray into introducing 
embodied cognition theories into HF/E, but previous efforts have had various levels of 
success. 
An example of the successful use of embodied cognitive theories for analysis purposes can be 
seen in Wilson and Golonka’s (2013) work, who eloquently explain the implications of 
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embodied theories of cognition and how these force the analyst to consider the whole context 
of mind, body, and environment as well as the dynamic nature of the task being performed, 
instead of seeing input/output as just “tweaking” cognition. Another example is Bagnara and 
Pozzi (2015), who clearly explain how embodied cognition theories can be used to an 
expanded unit of analysis, and that this expanded unit of analysis is useful for seeing complex 
relationships between elements. Attempts at combining embodied cognition with HF/E have 
been less successful, as can be seen in Marras and Hancock (2014) where the basics of 
embodied cognition are explained well and the importance of incorporating embodied 
cognition theories into HF/E are highlighted, but the examples and explanations used in the 
paper fall back on traditional models which are based on the computer metaphor of mind and 
separate the mind and the body. This is always a risk when incorporating new theories into an 
established field that lacks both a vocabulary and methods for the communicating and using 
the new theories within the field. This highlights the need for a unifying theoretical 
framework created specifically to support HF/E practitioners in incorporating embodied 
cognitive theories in their work so that these useful theories can effectively contribute to 
safety and efficiency, as well as human well being. 
Embodied cognition theories were used in this work for analysis, and proved useful as well as 
having explanatory power, which is supported by the analysis made by Kolbeinsson and 
Lindblom (2015). Furthermore, Lindblom and Gündert (2016) collaborated on the 
experiment presented here, but worked from a different research question and sampled 
qualitative data that was analysed using the DC based DiCot method, and found that DC 
worked well for the analysis, although DiCot had limitations as a method. This supports the 
claims that theories from the DEEDS and 4E approaches are appropriate for the creation of a 
wider model of interruption coordination management based on an embodied and situated 
cognition foundation. Doing that would be made easier were the useful elements from these 
theories bound together into a framework. One of the advantages of such a consolidated 
conceptual framework is that this helps researchers analyse a set of actions as the framework 
provides names for the concepts being examined which creates a common vocabulary for 
researchers, or a “rhetorical force of naming” as Halverson (2002) referred to it, as well as 
allowing the researcher to structure the analysis in a different manner based on the chosen 
framework. The creation of a framework of situated and embodied framework that 
incorporates activity levels, as well as any other useful elements from activity theory, is 
therefore seen as a logical suggestion for further work. 
The results provide support for the importance of the use of authentic tasks and environments 
in research, and supports Rooksby’s (2013) suggestions that tasks and environments that are 
simulated to a suitably realistic degree can be used to elicit behaviours that may not be 
observed in less authentic settings.  
The size and detail level of the simulation is another avenue for further work. This work used 
a simulation that was limited to a single assembly station, all interruptions were for a task 
unrelated to the primary task, no distractions were used, and all interruptions were delivered 
through a mobile device. Further work could use a simulation similar to that used here, but 
could be expanded in any of the factors described. Work on interruption management will 
contribute to more effective work in manufacturing assembly through reducing errors and 
making communication and dissemination of important information within manufacturing 
facilities more effective. This supports the Industrie 4.0 framework, which aims to advance 
manufacturing to create the smart factories of the future. 
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Abstract: 

Research on interruptions in manufacturing is limited, and increased deployment of information and communications technology 
(ICT) in Industrie 4.0 as well as a larger focus on the ability to manufacture multiple variants of products on a single manufacturing 
line makes updates in information and even interruptions more common.  This paper aims to compare and contrast the strategies used 
by experienced assembly workers in an active manufacturing facility to handle interruptions in situ in their work environment, 
analysing their work practices from an Activity Theory (AT) perspective in relation to current theories on interruption management. 
The aim consists of two objectives; and the first objective is to identify interruptions in an authentic assembly work environment and 
analyse whether or to what extent these interruptions can be explained by current definitions, taxonomies, theories, and frameworks 
in the interruption literature. The second objective is to identify and analyse strategies used by assembly workers to minimise the 
negative effects of interruptions on their work (the primary task). In an illustrative case study, assembly workers were studied in a 
loop based assembly line and no classical interruptions where workers switched from their main task to an interruption task were 
revealed, but discussions between assembly workers were identified and analysed. Findings include that interruptions in well 
designed assembly lines differ to those suggested by definitions and taxonomies, and that this is due to the manual nature of the 
activity and work practices, the design of the assembly line to remove operations that induce high cognitive load, and the 
internalisation of the assembly operations by the workers. This is argued as highlighting the differences between laboratory-based 
studies and research conducted in the wild, and makes clear the need for domain specific research in authentic contexts. 

 
Keywords: Manufacturing, activity theory, Research in the wild, interruptions  
 
1. Introduction 

The main ambition with this paper is to make a theoretical and empirical analysis of interruptions as 
they occur in a single manufacturing assembly facility, while comparing and contrasting any 
findings to have been suggested by prior research on interruptions in both laboratory-based studies 
as well as simulation studies. 

Manufacturing involves making things on a large scale, often using machinery and rigid processes, 
and assembly during manufacturing can be performed either by machines or by human workers 
(Kalpakjian and Schmid 2014). Workers are flexible in the assembly tasks they perform, but they 
need instructions for any task to be performed. These instructions have traditionally been presented 
in the form of sheets of paper, with paper instructions for all products typically being stored in 
binders either at the assembly station or at the closest manager’s station. This has meant that if a 
new product or product variant is to be produced, then the new instructions must be retrieved and 
read, and any differences from the previous product must be identified by the workers. This way of 
working is changing; the introduction of Industrie 4.0 brings with it digital screens for displaying 
the instructions in some manufacturing facilities, which means that a new product or product variant 
can be shown on the screen and any differences from the preceding product could be highlighted  
(e.g. Hermann et al. 2015; Bundesministerium für Wirtschaft und Energie 2016).  

This deployment of information and communications technology (ICT) systems using interruption 
mechanisms can be argued to contain risk as the understanding of some of the gains or risks 
provided by such systems is lacking. In general it can be addressed that ICT systems are 
increasingly being deployed through all manufacturing facilities for ease of information flow, to 
make changes easier, to propagate information to the right people at the right time, and to allow 



data gathering and analysis within the factory. Industrie 4.0 suggests that the various  ICT systems 
are necessary to support “the factories of the future”, which are seen as being capable of working 
with customised products, should support quick changes between different product models, and 
other factors that require a high degree of assembly flexibility (e.g. Hermann et al. 2015; 
Bundesministerium für Wirtschaft und Energie 2016). Workers are of course humans, and as such 
they are susceptible to fatigue, illness, loss of attention, and can be interrupted, but interruptions and 
interruption management have not been extensively studied in situ in manufacturing settings. 

It should be noted, however, that various interruption concepts have previously been examined in 
both laboratory-based experiments (e.g. McFarlane 1999; Adamczyk and Bailey 2004; McFarlane 
and Latorella 2002) and in some authentic settings, although these authentic settings have mostly 
been within the healthcare domain (e.g. Westbrook et al. 2010; Carayon et al. 2015; Sanderson and 
Grundgeiger 2015; Werner and Holden 2015), aviation (Latorella 1998), and in office and 
environments (e.g. Zijlstra et al. 1999; Speier et al. 2003). In addition, prior work by Kolbeinsson et 
al. (2017a) as well as Kolbeinsson et al. (2017b) simulated a manufacturing assembly scenario, 
using the scenario to explore the effects of interruptions delivered to workers through information 
and communications technology (ICT) systems, with a simulated assembly line being used to 
increase the ecological validity of the studies as compared to regular laboratory-based interruptions 
studies (Rooksby 2013; Sanderson and Grundgeiger 2015).  
Kolbeinsson et al. (2017a) and Kolbeinsson et al. (2017b) identified that theories and taxonomies of 
interruptions that had been developed and validated through traditional experimental methods 
(McFarlane 1999) did not fully apply in a more authentic setting, which is in line with observations 
and arguments made by proponents of a more naturalistic approach (Rogers and Marshall 2017). 
Kolbeinsson et al. (2017a) and Kolbeinsson et al. (2017b) revealed that the experimental control 
provided by traditional psychological experiments coupled with tasks designed to overload 
participants attention and memory in specific ways, provided results that were not fully in line with 
those obtained in a more authentic (simulated) setting. Some of their most important findings 
highlight that the categories of interruptions became less clear, overlapping in some cases, and one 
category of interruptions (immediate interruptions, i.e. interruptions that take the person directly 
from the primary task to the interruption task) not being seen to exist in a more authentic setting due 
to the lack of task occlusion, as used by McFarlane (1999). These differences suggest that in situ 
studies of interruptions need to focus on other aspects of interruptions. It should also be 
acknowledged that interruptions in manufacturing have been studied in situ in naturalistic 
environment, when Andreasson et al. (2017b) studied interruptions in a manufacturing context in a 
foundry for casting engine blocks and they also concluded that the interruptions identified in an 
authentic assembly environment were not fully explained by existing definitions or frameworks 
(e.g. McFarlane 1999), adding concepts such as nested interruptions (i.e. interruptions that happen 
while responding to a previous interruption) to the lexicon. However, the kind of assembly studied 
in their work assembly differs fundamentally to assembly line based work, as the work performed 
in the foundry setting but has not been extensively studied in more authentic and typical 
manufacturing assembly settings (“in the wild”). This highlights both the lack of interruption 
research in manufacturing in the wild and the differences that have been observed between lab-
based studies, simulation based studies, and in situ studies, which further underscores the need for 
more in situ studies within manufacturing with a focus on interruptions. 

Research in the wild (RITW) carries with it the requirement of analysis through the use of theory 
(Rogers and Marshall 2017), and the messy nature of RITW suggests the use of theories that take 
that into account, as well as suggesting the need for theories that support not losing sight of the 
importance of the activity being performed, the social aspects of the activity, as well as any 
mediating artefacts. Activity theory (AT), for example, supports these above addressed factors, 
providing a useful way of varying the unit of analysis so that the person performing the activity 
with existing tools in the context can always be kept in focus while still taking into account the 
complex interplay of other factors (Halverson 2002; Rogers 2012), serving as a filter that support a 



qualitative analysis of a complex context. AT also provides a certain simplicity and systematicality 
in the concepts used and the naming of theoretical constructs, which makes the analysis of the 
collected data, communication of findings and the discussion more aligned (Halverson 2002). One 
such rather simple construct to grasp and easy to use in AT is activity levels, which is a way to 
hierarchically break an activity, which relies on a motivation, into actions, which rely on goals, and 
operations which are internalised sub-actions to complete an activity (Halverson 2002; Rogers 
2012; Susi 2006). These terms are all relatively clear, and have what Halverson characterizes as 
explanatory power, which was also found to apply to interruptions in the manufacturing context in 
previous work by Kolbeinsson et al. (2017a) and Kolbeinsson et al. (2017b).  

The aim of this paper is to compare and contrast the strategies used by experienced assembly 
workers in an active manufacturing facility to handle interruptions in situ in their work 
environment, analysing their work practices from an AT perspective in relation to current theories 
on interruption management. This expands upon prior experimental work by the same authors 
(Kolbeinsson et al. 2017a, Kolbeinsson et al. 2017b) and involves a naturalistic inquiry via an 
illustrative case study (Patton, 2002) in an authentic assembly work environment. In order to reach 
the aim, the following objectives are formalized: 

Objective 1 (O1): Identify interruptions in an authentic assembly work environment and 
analyse whether or to what extent these interruptions can be explained by current 
definitions, taxonomies, theories, and frameworks in the interruption literature. 

Objective 2 (O2): Identify and analyse strategies used by assembly workers to minimise the 
negative effects of interruptions on their work (the primary task). 

There are a few main approaches to manufacturing, with the most common being the assembly line, 
where the product is moved along a line where an assembly worker or robot assembles a part of the 
product, then the product continues along the assembly line to the next assembly station, until the 
assembly is finished  (Kalpakjian and Schmid 2014). This typical description of assembly, with 
some variations, will be the main focus in this paper.  
The rest of this paper is structured as follows: The background section introduces the manufacturing 
domain, the interruption concept and the state of art on interruptions research, differences between 
laboratory studies, simulations, and research in the wild (RITW) studies of interruptions, and finally 
introduces the reader to Activity Theory (AT) and concepts within AT that are to be used in later 
chapters. This is followed by a method section where the research design and the setting of the 
illustrative case study are introduced, followed by an example of a typical assembly in this setting. 
Assembly sequences where workers performing their assembly tasks from the case study are the 
subject of the main analysis, and these are presented and analysed in the Findings section. This 
paper is concluded with a Discussion section, where findings pertaining to each objective are 
reflected upon and discussed, as are findings regarding the importance of performing RITW studies 
in the manufacturing domain.  



2. Background 
This paper explores the intersection between three main aspects: the manufacturing domain, 
interruption research, and how research in laboratory-based and simulated environment can differ 
from what can be observed in the wild.  
 
2.1. Manufacturing 

Manufacturing focuses on creating products in a cost efficient manner, while maintaining 
appropriate quality for the intended use of the product (Kalpakjian and Schmid 2014). There are a 
few main approaches to manufacturing, with the most common being the assembly line, where the 
product is moved along a line where an assembly worker or robot assembles a part of the product, 
then the product continues along the assembly line to the next assembly station, until the assembly 
is finished (Kalpakjian and Schmid 2014). Other forms of manufacturing exists, such as one worker 
making each product individually, or many workers focusing on a single large item that is 
stationary, with the workers bringing their skills when the process requires. This sort of 
manufacturing is often used for large and complex objects such as ships, buildings, large aircraft, 
and specialised heavy equipment (Kalpakjian and Schmid 2014). In summary, the core of assembly 
line work is that each assembly station is equipped for the specific task to be performed and 
contains all items to be assembled onto the main item. 

Different approaches to manufacturing make different requirements of the workers. Assembly lines 
are preferred for large throughput in manufacturing as the limited assembly tasks that each worker 
must complete result in lower requirements for worker skill and training; each worker does not need 
to know how to make the whole product, and can perform the task(s) they are trained for repeatedly 
over the workday (Kalpakjian and Schmid 2014). In comparison, dock based assembly can require 
highly skilled workers, as each worker may be required to perform long assembly tasks comprised 
of many steps, and this can take up to multiple days or weeks when large machines are being built 
(Andreasson et al. 2017a).  

Assembly lines where workers follow their assembly item through multiple stations also requires 
skill and training to ensure correct assembly, but to make assembly simpler and less error prone the 
tasks of each station are broken into what Bridger (2008) refers to as the An example of this would 
be “step 1: retrieve 4x8mm screws from parts bin A”, or “step 2: thread 4x8mm screws into each 
mounting hole on the drum lid”. It is important to note that this is for simplification, and that the 
inclusion of the term “minimum rational” means that the description should be practical and should 
only listing steps down to a detail level that assists the worker make an error free assembly. This 
means that in most cases a description such as that in "step 2” should suffice, but in special 
circumstances it might be necessary to describe exactly how to thread the screws into the holes, or 
to highlight which holes are correct. The description detail must match the task complexity and the 
importance of each step being performed in a certain manner. This means that each station contains 
a list of extremely simple tasks such as “task 1: retrieve 4x 8mm screws from bin 8. Task 2: thread 
each screw by hand at least 1/4 rotation into holes 8, 9, 10, and 11. Step 3: Use tightening tool in 
sequence on screws in holes 8, 9, 10, and 11. Tightening tool gives signal when correct force is 
achieved”. 
The list can be either paper based or computerised (Hermann et al. 2015), and can use sensors to 
verify that the correct screws are retrieved from the parts bins, as well as tightening tools 
automatically signalling the computer that the correct forces have been applied (Kalpakjin and 
Schmid 2014). This allows the list to advance automatically through many steps, always 
highlighting the current step, ensuring that the correct parts are used, and that the correct tightening 
forces are applied. Any step that cannot be automatically sensed can be verified through other 
means, such as the worker checking in with an identifying tag or using a barcode scanner to verify 
that the correct component has been installed. Manufacturing plants may be used to build multiple 
products or product variants, often using a limited number of assembly lines for this. Whenever 



products or product variants outnumber the number of assembly lines then an assembly line must 
switch product or product variant, and this requires updating the assembly instructions (Kalpakjin 
and Schmid 2014). In the case of paper based assembly instructions then all assembly stations must 
switch to the correct document, and this must be done manually, but in the case of electronic 
assembly instructions this can be automated. Where sensors are used then the ICT system must also 
update the part numbers for articles that should be retrieved as well as assembly details such as 
tightening forces. The strictness of quality control can vary, but any assembly where quality control 
is of high importance, e.g. where costs are high or the cost of errors is high, is likely to use a system 
for verification of correct assembly, with higher costs of errors leading to more stringent quality 
control processes. This means that expensive and complex assemblies such as engines, where the 
complexity is high and the costs associated with failures is high, commonly have stringent quality 
control (Kalpakjin and Schmid 2014). 
Many manufacturers are adopting ICT systems at a large scale to support the rapid variations in 
production lines common today. This is in many cases a part of an explicit strategy for creating the 
so-called smart factories of the future as in the case of Industrie 4.0 (e.g. Hermann et al. 2015; 
Bundesministerium für Wirtschaft und Energie 2016) or in other cases because manufacturing 
managers envision the need for increased information dissemination within facilities without 
explicitly having an underlying philosophy. Either way, adding information channels through ICT 
systems can add new risks for interruptions from information delivery, as any new information 
update or correction requires that the correct person is notified that information has been updated. 
Indeed, delivering the right information to the right person at the right time is seen as a critical 
component of the view of modern production facilities provided by Industrie 4.0 (Hermann et al. 
2015). To minimise the risks associated with interrupting workers it is necessary to understand the 
theories behind interruptions, but also to understand how assembly workers currently get 
interrupted as well as what strategies are employed by assembly workers to deal with interruptions.   
 
2.1. Interruptions 

A well-known definition of interruptions is "an interruption is an externally-generated, randomly 
occurring, discrete event that breaks continuity of cognitive focus on a primary task“ (Coraggio 
1990, p. 19). However, other definitions exist, and Rukab et al. (2004, p. 1282), among others, 
define an interruption as “In the sequence of an interruption, some interrupting event causes the 
individual to suspend the current task (original task) and switch to a new task (interrupting task)”. 
Brixey et al. (2007), for example, avoid creating an explicit definition of interruptions, instead 
offering a deeper analysis of the concept and arguing that that an interruption involves the 
temporary suspension of the current goal-directed action, and that the interruption can be either 
internally or externally generated. Brixey et al. (2007) argued that there is no consistent definition 
for interruptions existed at that time, highlighting examples of the various operational definitions 
used by different researchers, and therefore they set out to identify attributes central to an 
interruption and develop a conceptual model of what an interruption is. 

The selected existing definitions that are introduced, illustrate that the interruption concept covers a 
wide class of events, and to add to the complexities surrounding just the definition of what an 
interruption is, it should be pointed out that interruptions can target a certain individual or group of 
individuals, and can carry little information such as that something has happened or could give 
more specific information (Kolbeinsson et al. 2017b). An example of an information-bearing 
interruption could be the voice assistant on a mobile phone saying “you have a message from John, 
the subject is ‘the car repairs will cost more’”, while a non-information bearing interruption (or in 
this case, notification) the mobile phone might vibrate in your pocket to say that a message has been 
received, but without any information as to whether it requires immediate attention or even what 
kind of message the notification involves. In addition, none of these definitions take into account 
internal “aha” moments where someone suddenly realises that another task requires attention, i.e. 
where the interruption is internally generated or initiated. Whether any of the mentioned definitions 



of interruptions are sufficient can be discussed (Andreasson et al. 2017a), but will be used here to 
present several perspectives of what constitutes an interruption.  
A list such as the five attributes identified by Brixey et al. (2007) may be more useful for 
understanding what constitutes an interruption than in the above definitions. These attributes are: 1) 
an interruption is a human experience, 2) an interruption involves the intrusion of a secondary, 
unplanned, and unscheduled task, 3) an interruption leads to discontinuous task performance, 4) an 
interruption occurs external or internal to the individual, and 5) an interruption is situated in a 
context (Brixey et al. 2007).  
If we instead consider how different kinds of interruptions might be classified then McFarlane 
(1999) identified four main types of interruptions, referred to as: immediate interruptions, 
negotiated interruptions, mediated interruption, and scheduled interruptions. McFarlane’s (1999) 
work studied interruptions in a contrived laboratory setting and focused on the basic effects of 
interruptions on task resumption. Defining characteristics of the four categories of interruptions is 
when they are presented and when they need to be responded to. Immediate interruptions require 
immediate response, and in McFarlane’s experiment these involved a primary task wherein 
participants played a game where people jumping from the windows of a building should be caught 
by fire-fighters, then participants switched to a secondary (or interruption) task that used a modified 
Stroop task on the same computer (McFarlane 1999; McFarlane and Latorella 2002). Only one task 
could be seen at a time, with the primary task disappearing and being replaced by the interruption 
task. This is referred to as task occlusion. The four classes of interruption had slightly different 
ways or times for switching between tasks, Immediate interruptions involved the tasks switching 
from the primary task without warning, while negotiated interruptions allowed the participant to 
select an opportune moment to switch tasks, mediated interruptions caused a task change at time 
that was expected to cause little distractions, and scheduled interruptions happened at predictable, 
pre-defined times. All cases, however, involved task occlusion, and both tasks were designed to 
strain human attention and memory. 
Andreasson et al. (2017b) identified and categorised interruptions observed in a foundry, taking into 
account how the interruptions were formed and what effect the interruption had on the on-going 
work in the wild. The interruption types discussed by Andreasson et al. (2017b) are: process driven 
interruptions, social interruptions, nested interruptions, and notifications. A major contribution of 
Andreasson et al. (2017b) work lies in the observation of interruptions in the wild and a detailed 
introduction of nested interruptions, which were previously briefly mentioned by Baethge et al. 
(2014). The process driven interruptions and social interruptions introduced by Andreasson et al. 
(2017b) can be seen as explanations of what instigates interruptions, with process driven 
interruptions definitions explaining how the normal work organisation may contain triggers that 
cause workers to have to switch tasks and how workers cope with these changes. Both social 
interruptions and process driven interruptions provide useful descriptions of what may trigger an 
interruption, but do not examine how those interruptions are delivered, or how the interruptions are 
responded to. As such, these two additional interruption types could be argued to be useful 
additions to the interruption lexicon, especially in conjunction with existing frameworks, theories, 
and taxonomies. Notifications, however, are an existing concept (as mentioned by Andreasson et al. 
2017b) that simply denote that a message of some sorts, commonly directed at a person or a group, 
is sent through a mechanism for notifying that a new task requires attention. It is then a mechanism 
for creating an interruption. This leaves nested interruptions (Andreasson et al. 2017b), which 
deserve a discussion of their own. Nested interruptions involve e.g. being interrupted while 
completing a previous interruption task, or getting an accumulation of interruptions that must be 
completed before returning to the primary task. Nested interruptions are then not really a type of 
interruption, but rather an observation that multiple interruptions can be on-going simultaneously. 
Andreasson et al. (2017b) found this to be the case in a real manufacturing context. This 
observation highlights the difference between interruption research in the lab and in the wild, 
supporting arguments by Baethge et al. (2014), who argued that nested interruptions and the 



negative effects of cumulative interruptions are not seen in laboratory due to fundamental 
differences in the tasks, contexts, and duration of studies. 
To summarise, the mentioned studies on interruptions have different approaches, different 
terminology, different measurements of effects, as well as different tasks and contexts. Rissler et al. 
(2017) observed this and took steps towards the creation of an integrative theoretical framework for 
ICT mediated interruptions, attempting to unify concepts and create a more stable ground for 
further research on interruptions. Although the framework proposed by Rissler et al. (2017) requires 
further work, it can be seen as a positive step in that direction. Their framework identifies features 
and concepts that define and affect interruptions, but lacks a clear rationale behind some features as 
well as lacking explanations for any cognitive or psychological theories within which the 
framework might be applied. This merely means that the first steps have been made, and that 
further work is needed, and it should be noted that this conclusion is in no way a criticism of the 
work that has been performed so far, only characterises the state of the art. 

Although the earliest known research on interruptions dates back to 1927 (Zeigarnik, 1927) the 
majority of research on interruptions is relatively recent. Zijlstra et al. (1999) stated that little 
research had been done on the effects of interruptions on workers’ performance at the time of their 
research, an argument which Bjelica et al. (2013) support, discussing the lack of research on 
interruptions in HCI and context aware computing up until McFarlane’s work (1999, 2002). As 
Kolbeinsson et al. (2014) explained, much of the interruption research up until around 2010 was 
comprised of experiments performed in laboratory-based environments on stationary computers 
using artificially contrived tasks, or using other artificial tasks like card sorting. 

Interruptions are often highlighted as being negative, increasing task errors and task completion 
times (McFarlane 1999; Monk et al. 2002; Morgan and Patrick 2013), but apart from interruptions 
bringing updated information when needed there is another positive side to interruptions. This 
positive side is that interruptions may reduce boredom on tasks with a very low cognitive load 
(Scerbo 1998; Jackson et al. 2014; Baethge et al. 2014). Conversely, tasks with high complexity 
suffer more from the negative effects of interruptions (Zijlstra et al. 1999; Monk et al. 2004; Speier 
et al. 2003; Pankok et al. 2017). This high cost of interruptions on tasks of a high complexity is 
supported by the memory for goals model (Altmann and Trafton 2002) which explains that 
invoking a new goal (interruption) at a time when the first goal has “decayed” significantly will 
offer both an easier point to be interrupted, and an easier resumption of the first goal when a 
retrieval cue for the first goal is invoked. 
Baethge and Rigotti (2015) examined they effect of cumulative interruptions, which could also be 
described as the cumulative effects of multiple interruptions throughout an extended period of time. 
One important aspect argued by Baethge et al. (2014) is the difference between interruptions as 
observed in experiments and interruptions in authentic contexts, with the arguments highlighting a 
need for the use of simulated environments and tasks in longer experiments as well as the 
importance of performing research in the wild. The central argument is that interruptions should be 
examined in context, and that isolated interruptions as tested in experiments are not a good 
representation of how interruptions can lead to negative (or in some cases positive) effects. The 
cumulative effects of interruptions are argued to be a relatively little explored area, and ten 
propositions were developed to map deep level activity regulation onto the observable aspects of 
interruptions (Baethge et al. 2014). 

To conclude, we argue that a clear definition of what constitutes an interruption is necessary, but 
also that the more recent research that has been conducted on authentic tasks and in authentic 
contexts must be considered. This is a reaction to the older definitions, which seem to take more 
into account the requirements posed by tightly controlled laboratory experiments than what 
interruptions look like in the wild. This includes questions about whether interruptions must be 
externally generated, or whether interruptions must lead to a full switch from the primary task, but 
it is likely that further research in more domains could identify more factors. 



 
 
2.2. Laboratory-based studies, simulations, and research in the wild studies of 

interruptions 

As was briefly mentioned earlier, interruptions have previously been examined in laboratory-based 
experiments using contrived tasks and contexts (e.g. McFarlane 1999; Adamczyk and Bailey 2004; 
Iqbal and Bailey 2008; Grandhi and Jones 2015) as well as having been observed in authentic 
settings, particularly within the health care domain (e.g. Carayon et al. 2015; Sanderson and 
Grundgeiger 2015; Werner and Holden 2015). Recently, interruptions have also been studied in 
simulation based experiments aimed that attempt to represent assembly tasks and contexts from 
within the manufacturing domain (Kolbeinsson et al. 2017a; Kolbeinsson et al. 2017b), as well as 
interruptions having been observed in the healthcare domain (Sanderson and Grundgeiger 2015) 
and in low volume manufacturing (Andreasson et al. 2017a). These different approaches to do 
research need some slightly more detailed examination, as each of the approaches brings with it its 
own strengths and limitations. 
Performing well-controlled research in laboratory settings using an experimental approach allows 
researchers to isolate and measure factors, but can result in the research not applying to real world 
scenarios (Rooksby 2013; Sanderson and Grundgeiger 2015). Indeed, researchers are aware of these 
limitations and some warn against drawing strong conclusions about the real-world effect of their 
research (Rasmussen et al. 1994) or point out that the tasks used are contrived in nature, so they 
may not be representative of real world tasks (McFarlane 2002; Baethge et al. 2014). This means 
that laboratory studies run the risk of having low ecological validity (Shaughnessy et al. 2008), with 
some researchers arguing that most lab research has problems with generalizability (Rasmussen 
1994). Hence, the strength of laboratory research is that factors can be isolated and effects 
measured, which can create foundations for further work. Arguments can be made that laboratory 
research requires validation in the wild, which is not a new thought, seeing as how Rasmussen 
(1994) argued for linking lab research and studies in the wild, and more researchers suggesting the 
same later on (e.g. Rooksby 2013; Sanderson and Grundgeiger 2015). 

Performing research in the wild, or in the actual settings in which the tasks will be performed, 
brings with it other limitations, such as poor (or no) control and often limited possibilities for 
manipulating tasks, which can limit the exploratory part of research. This is why an “in-between” 
approach has been suggested. The suggestion has been made that experiments can be performed in 
a simulated environment using tasks that more closely represents the tasks faced by people in their 
work or leisure time than are commonly used in laboratory studies (Rooksby 2013; Sanderson and 
Grundgeiger 2015). This is argued to result in a higher ecological validity than is commonly seen in 
traditional laboratory experiments, at the cost of some experimenter control, i.e. the researcher 
cannot control all factors closely as the participants are allowed to behave as they would have done 
in an authentic task and environment (Rooksby 2013; Drews and Bakdash, 2013; Sanderson and 
Grundgeiger 2015). The tasks and environment have to be carefully designed so that participants 
feel as if they are performing a real task, not a regular laboratory task, and this involves designing 
the tasks and environments to support immersiveness, i.e. the feeling of being in a real environment, 
but the focus does not need to be on fidelity, i.e. that the environment looks exactly like the 
authentic environment (Drews and Bakdash, 2013; Sanderson and Grundgeiger 2015). Simulation 
has commonly been used for training and for research in healthcare (Sanderson and Grundgeiger 
2015). 

Rogers and Marshall (2017) explained that performing research in real environments and observing 
or investigating authentic tasks has started receiving more attention in later years due to problems 
with effects seen in laboratory based experiments often are not appearing in the real world. 
Research in the wild (RITW) is a term created as an umbrella term that encompasses many 
approaches to in situ research, focusing on how activities happen in real world settings, and has 



been catching on in multiple fields (Rogers and Marshall 2017). Walter et al. (2015) argued that 
there is a need to bridge the more theoretical and abstract tasks and findings obtained through the 
use of observational studies in the wild, but they further suggest combining this with the use of 
quantitative methods, including regression analysis, as a practical way forward. 
 
2.2.1. Experiments: laboratory-based research 
A large part of existing research on interruptions consists of controlled experiments using contrived 
tasks (e.g. McFarlane 1999; Adamczyk and Bailey 2004) with computer based tasks, card sorting 
tasks, and office work like tasks being most common (e.g. Zijlstra et al. 1999; Speier et al. 2003). 
Some of the researchers have shown that they are fully aware of the limitations of laboratory 
research, but claim that there was and is a need for that research to have theories to work from, and 
suggest that research in more authentic contexts will be appropriate additions to the field (e.g. 
McFarlane 1999; Iqbal and Bailey 2008). 
 
2.2.2. Simulator studies 
Kolbeinsson et al. (2017a) and Kolbeinsson et al. (2017b) used simulation in their experiments 
which examined the interruption coordination methods proposed by McFarlane (1999, 2002) as 
well as McFarlane and Latorella (2002) to investigate whether they could be applied to assembly 
work in manufacturing. Some differences emerged, showing clearly that there is indeed a difference 
between contrived experimental tasks designed specifically to affect memory and cognitive load 
and more authentic tasks which are designed to be easy to manage (Kolbeinsson et al. 2017a; 
Kolbeinsson et al. 2017b). A central finding in Kolbeinsson et al. (2017a) was that immediate 
interruptions, as defined by McFarlane (1999; 2002) were not seen to have the same negative 
effects as prior research suggested, and that participants preferred negotiated interruptions (i.e. 
interruptions where participants receive a notifications but have freedom to respond to the 
notifications at their own discretion). 
 
2.2.3. Research in the wild 
Grundgeiger et al. (2010), Sanderson and Grundgeiger (2015), as well as Werner and Holden 
(2015) observed nurses in their natural work environment. Furthermore, Andreasson et al. (2017b) 
observed assembly workers in specialised (not assembly line) manufacturing work at a foundry. 
Andreasson et al. (2017a) also observed dock based assembly work, not with a focus on 
interruptions but made observations useful for understanding how workers resume interrupted tasks. 
Walter et al. (2015) argued for a quantitative approach being appropriate for studying the effect of 
interruptions in the wild to combine ecological validity with the type of analysis made possible in 
that kind of research. 
 
2.3. Activity Theory  
Activity theory (AT) has roots in Vygotsky’s ideas on tool mediation from the 1930s, and was 
further elaborated by Leontiev in the 1960s and 1970s (Kaptelinin and Nardi 1997; Susi 2006), 
and it was mostly used in Russian speaking countries until relatively recently (Rogers 2012). 
Activity theory views the activity as the central unit, and allows for a hierarchical structuring of the 
activity into components through the use of activity levels (Rogers 2012). AT focuses on the activity, 
and as Kaptelinin and Nardi (1997) explain, this means taking into account all aspects that affect 
the activity, including the internal components of thought, community (social aspects), the rules 
guiding the activity, as well as always including developmental aspects and learning (Kaptelinin et 
al. 1999). The main point in AT is that focusing on a single, isolated individual is most commonly 
not enough to gain a full understanding of an activity. The subject, object, mediating artefacts 
(tools), the community, applicable rules, and the division of labour all have to be considered to 
understand an activity (Engeström 1987/2014). These aspects have been formalised into six 



interlinked factors that are highly interrelated, and all contribute to the outcome (Engeström 
1987/2014), depicted in figure 1.  
Activity theory views activities being hierarchically organised into three activity levels (Kaptelinin 
and Nardi 1997; Rogers 2012), and strongly emphasises the importance of viewing subjects as 
active in all aspects, as opposed to viewing subjects as passively receiving inputs and then 
providing outputs. The activity levels are central to AT, and are referred to as activity, action, and 
operation, see figure 2, with an activity requiring a motive, and actions being goal driven to 
eventually fulfil the higher-level motive of the activity (Kaptelinin et al. 1999). The goals of 
actions can be split into smaller goals or sub-goals, which means that although there are only three 
activity levels, the activity may be using multiple nested actions and operations to fulfil the 
activity. Furthermore, the activity can have different motives and goals based on the actors 
involved, in the case of shared activities (Susi 2006). Operations do not have their own goals, 
being sub-units of actions, but instead involve actions that have been transformed into automated 
operations that function as a part of an action but no longer require a goal or other conscious 
triggers. The operation is then a nearly automated part of the action, one that has been trained to 
the level of not requiring as much of a person’s attention, or conscious thoughts (Susi 2006). For 
an assembly worker this might involve threading a screw into the threads by hand, with the action 
first done through focusing on how the screw fits with the threads, and later being performed as an 
operation when the worker can react to any deviations (e.g. rough threads, wrong initial 
alignment) without conscious effort. At this point, the worker’s attention may instead lie on a new, 
higher level goal, such as effectively mounting the object that the screw should hold.  
For readers familiar with Human-Computer Interaction (HCI) literature then actions are rather 
similar to what HCI literature commonly calls  tasks (Kaptelinin et al. 1999). AT has been used in 
HCI for describing and analysing human cognition and technology-mediated activity, taking into 
account the more modern understanding of a systemic perspective on these issues (Rogers 2012; 
Savioja et al. 2014). However, AT has not been used extensively in the manufacturing domain. 
Activity levels can easily be applied to assembly tasks in manufacturing, where in most cases each 
assembly station may be seen as an overall activity, the main parts to be mounted in that assembly 
station constitute actions, and smaller (internalised) events such as taking a screw or threading a 
screw into the object that is being mounted would be described as an operation. It is important to 
understand that activity levels can change; when learning to drive most tasks constitute actions, 
while when the learner has internalised the basics then events such as a gearshift may be seen as 
an action, with all the sub-events (press the clutch, move the gear lever, release the clutch) have 
become operations. 

Figure 1: The AT triangle, illustrating the 
interdependence of aspects of an activity. Adapted 
from Engeström (1987/2014) p.23. 

Figure 2: The original classic model 
of activity theory, adapted from 
Rogers (2012) 



Norros (2014) also argued that a more holistic view is required when examining technology in 
use, and that the theoretical perspective and tools provided by AT are useful for understanding the 
“why” of actual, messy work practices, as opposed to just viewing idealised activities and offering 
tentative explanations that may not apply to more authentic settings. As AT is focused on 
supporting the analysis of practical activities in a messy world (Rogers 2012) it becomes quite 
useful for studies in authentic contexts, where researcher control is low and the general messiness 
of the real world could otherwise be problematic. This is line with the RITW approach, which is 
being used to show the impact of interventions to a community, as well as to explore possibilities 
for interventions (Rogers and Marshall 2017). 

Fundamental in RITW studies is to reveal what happens in the real world: how do humans act and 
behave in situ, what kind of material and social resources do they use, when, and in what ways? 
This approach to research was introduced nearly three decades ago, initiating the discussion about 
cognition being-in-the-wild. At this time, the prevailing view of human cognition dominated the 
cognitive theories and cognition was viewed as information-processing internal to the individual 
(e.g. Rogers 2012; Rogers and Marshall 2017). In contrast, the advocates of ‘in-the-wild’ 
approaches offered another explanation of cognition, stressing that human cognition should be 
studied in the wild, i.e. as it unfolds in practice, with the argumentation that cognitive activities are 
situated in the moment, distributed and embodied in the social and material sphere. RITW 
suggests exploring authentic contexts and scenarios, but does not suggest a single theoretical 
approach to analysis. RITW, by definition, deals with messy authentic scenarios which means that 
any theory used for analysis in RITW must deal with this messiness, as well as allowing the 
researcher to focus on the activities being observed. AT provides such a view, as well as possible 
tools for the researcher to both prepare for RITW and to properly analyse the collected data 
afterwards to obtain plausible results and findings (Rogers 2012; Kaptelinin et al. 1999). Rogers 
and Marshall (2017) pointed out that the RITW way of conducting research may at first glance be 
viewed as if it is lacking the rigor associated with the more dominated research paradigm of 
conducting behavioural studies. However, despite the lack of control and randomised sampling in 
RITW studies, it is argued that this approach can be the most revealing when it comes to 
discovering what actually happens in the real world by studying more deeply just a few numbers 
of participants that are purposely sampled. These studies also provide a greater ecological validity 
compared with inferring result from more quantitative studies (Rogers and Marshall 2017). 
Therefore, the outcome from RITW studies can provide new insights and understandings of 
human activities in the real world where technology is embedded and used in everyday life, and it 
is stressed that RITW studies are becoming more widely accepted as a way of doing research 
when studying e.g. human cognition, human-technology interaction, and human-computer 
interaction. In this way, RITW is complementing but also questioning the validity of the 
traditional quantitative research paradigm (Rogers and Marshall 2017).  Macaulay (Kaptelinin et 
al. 1999), for example, explained how she found AT and an activity checklist (which is presented 
in Kaptelinin et al. 1999) useful for supporting an ethnographically based observation study, 
namely that the activity checklist both sensitised her to the context being observed in the study and 
allowed her to explore her own documents during the data analysis to find details that had 
previously been missed. This activity checklist consists of questions or pointers to areas to note 
such as “tools, other than target technology, available to users” and “users’ attitudes towards target 
technology (e.g. resistance) and changes over time”. The questions and statements should support 
the researcher during the preparation of a study, any examination of the context, during the study 
itself, and during the data analysis (Kaptelinin et al. 1999).  

Engeström (1987) stated that embodied and situated approaches to viewing action lacked support 
for socially distributed activities as well as for analysing and understanding artefact mediated or 
cultural aspects of purposeful human behaviour or rather practices, which is similar to common 
criticisms of controlled laboratory studies. However, research since then has acted on this, with the 
activity checklist (Kaptelinin et al. 1999) being a concrete example, and embodied views on tool-



mediated aspects of purposeful human behaviour being explored at length (e.g. Susi 2006; 
Lindblom 2015; Kolbeinsson and Lindblom 2015). This means that the weaknesses pointed out 
earlier by Engeström have been remedied, and that embodied, situated, and distributed approaches 
to viewing action have added theories and tools to their repertoire to make these approaches useful 
for the analysis of real world tasks. 

The activity levels concept provides an analysis tool to support the researcher in the analysis the 
aforementioned aspects (socially distributed, artefact mediated, and cultural) including interactions 
between individuals, artefacts, and the world in terms of components of an activity (Rogers 2012). 
As activity levels allow for splitting a task into its constituent components they allow the 
researcher to focus on parts of tasks in greater details, and combining this with the activity 
checklist by Kaptelinin et al. (1999) supported a fully flexible and broad unit of analysis, with the 
analysis varying from a relatively abstract level to individual operations as needed. The activity 
level concept from AT, was previously used by Kolbeinsson et al. (2017a) to identify breakpoints 
for interruptions, as well as by Kolbeinsson (2016) for a deeper analysis of problems with selected 
breakpoints. Furthermore, Savioja et al. (2014) suggested AT as being suitable for moving 
research from the lab and into the wild when studying complex workplaces as AT allows an 
examination of the activity as a whole. Examining the activity as a whole includes traditional 
practical elements such as measuring task effectiveness and task errors as well as taking into 
account other aspects such as emotions, “gut feelings” of expert operators, and observations 
(Savioja et al. 2014). Taking into account the emotions and gut feeling of operators may at first 
glance seem non-relevant, but trained operators are experts at their task, and have become 
sensitised to both effective solutions and problems. That said, the operator is likely not an expert 
at understanding or communicating exactly where that gut feeling comes from, which then falls to 
the researcher whose task is to make explicit the tacit knowledge being expressed (Savioja et al. 
2014). 
 
2.3.1. A practical example of interruptions and activity levels in assembly 
In assembly in manufacturing one example of the nested nature of actions and operation can be 
that an individual assembly worker has a motive for working in general, but when examining the 
motive behind the current activity it becomes necessary to focus on motives and goals appropriate to 
the current activity and the parts of the activity being examined. The same applies when an 
assembly worker is interrupted, the interruption can contain an activity that can be analysed, and 
this involves motives and goals appropriate to the interruption activity.  AT and activity levels 
inherently impose a flexible unit of analysis. To continue with the actual assembly work example, 
an assembly worker at an assembly station for mounting turbochargers onto an engine has the 
motive of correctly mounting the turbocharger so that the engine will later pass quality checks and 
count towards the number of completed engines for that day. The activity involves actions, such as 
retrieving a turbocharger assembly, mounting that assembly, retrieving the correct screws, 
threading the screws, and tightening them. Each of the actions has smaller goals, such as correctly 
aligning the turbocharger assembly with the guides and screw holes on the engine so that work can 
continue. The actions are comprised of operations such as actually using a lifting tool to take the 
turbocharger assembly, lift that, move it to the engine, orient the turbocharger assembly correctly, 
and put it in place. Most of these operations are steps that are largely automated, i.e. the worker is 
not actively thinking about how or why each step is performed. Inserting and threading screws is 
largely performed without conscious thoughts as to how the screws should be oriented or why 
they are threaded by hand. These operations have been automated through practice. This means 
that what constitutes an action or an operation changes with task familiarity, the activity levels 
change both with the focus of the analysis and with task familiarity (Kaptelinin et al. 1999; Rogers 
2012).  Kolbeinsson et al. (2017a) revealed that interrupting an assembly task, even at a point in 
the assembly thought to cause little negative costs, can be unpredictable, bringing with it a risk of 
increases in assembly time and errors. Further work (Kolbeinsson et al. 2017b) suggested that the 
use of activity levels that take into account both the visible activity (the assembly) and the 



invisible activity (the anticipation of action) could explain why some interruption points that seem 
ideal are in reality far from ideal in practice. Furthermore, Kolbeinsson and Lindblom (2016) 
found that the interruption task could be analysed in the same way. 
 
2.4. Summary of background 

Interruptions have been researched, but a knowledge gap still exists in the domain of 
manufacturing, as well as interruption research needing to move out of laboratory studies to the 
wild. An interim step is the use of simulations, that is simulating real world tasks and contexts, 
which can allow researchers to manipulate some factors, yet support a much higher level of 
ecological validity than traditional laboratory based research into interruptions. For maximum 
ecological validity interruption research needs to move more into the wild. This move into the 
wild is already in progress within healthcare research, but other domains need to follow suit. 
Conducting interruption research in the wild has limitations, including not having the possibility 
of introducing novel interruption management systems into whole environments both due to cost 
and safety concerns, as well as limiting the amount of manipulation that the researcher can affect 
on the task or scenario. This means that observation of current work practices is needed, which 
calls for theories and tools for such observations and analyses. Activity theory (AT) offers 
conceptual tools and a theoretical background for supporting the analysis of interruptions in the 
wild, offering easy to use concepts such as activity levels, as well as other tools such as the 
activity checklist.  These AT based tools are expected to support an analysis of interruptions in a 
manufacturing facility where no opportunity for manipulating the task, context, or participant 
exists, which then calls for non-participant observation.  



 
 
3. Method 
The research approach being used for the illustrative case study is RITW, and we use the 
framework proposed by Rogers and Marshall (2017), which allows us to start from four core bases: 
technology, design, in situ studies, and theory. This approach is practical for investigating, analysing and 
understanding the elements of both the context and activity to be studied, as well as highlighting 
how the obtained results can be applied to the context and identified activity for improvements or 
further areas of study. The present illustrative case study is inspired by workplace studies (Heath et 
al. 2000; Luff et al. 2000), it is conducted in a live manufacturing facility where only non-
participant observation is possible (i.e. no manipulation and only limited access to personnel outside 
of the assembly floor), and the assembly workers move between assembly stations. The use of 
RITW is useful for this context and activity (the manufacturing line and assembly), as RITW is a 
flexible approach and a flexible theoretical framework, is not prescriptive, and does not imply a 
theory, allowing the researchers to select theory as appropriate. In this study we selected AT for its 
usefulness in hierarchically breaking up an activity into smaller elements, as well as the implied 
view of focusing on the activity (Rogers 2014). 
 
3.1. Setting: Manufacturing facility for car engines 

The illustrative case study was undertaken at a manufacturing facility where final assembly of 
external parts (i.e. everything that is not inside the crankcase and cylinders) for car engines was 
observed. This manufacturing facility uses an assembly line setup where workers do not stand still 
at a single assembly station, but rather follow a single engine through a number of assembly stations 
that are grouped together in a loop (see figure 3). Each engine travels through the assembly line on 
an automated guided vehicle (AGV). An AGV (see figure 4) is an automatic electric cart of sorts 
that uses some sort of navigation system, in this case wires embedded in the floor, to drive without 
human input, and is programmed to stop at each assembly station and only continue after a worker 
holds an RFID (radio-frequency identification) armband to a sensor in the assembly station to 
indicate to the facility wide ICT system that assembly is complete at that station.  

Figure 3: An overview of the assembly line, showing the five “loops”, marked L1 to L5 from right to left. 
Each loop has eight assembly stations, and the arrows at the end of each loop show how the AGV moves 
between stations and loops. 

Corridor  



A single assembly line was selected for observation and the assembly line that was studied consists 
of five of these loops, with each loop containing eight assembly stations. Figure 3 shows the general 
layout of the assembly line, with a hallway being adjacent to the loops, along which the AGVs drive 
between lines or loops. The AGV enters a loop and stops at the first assembly station (see figure 5) 
where a worker takes over assembly work for that engine, completes the assembly work for that 
station, touches a wrist mounted bracelet to a sensor to signal that assembly is completed at that 
station, and then both assembly worker and AGV continue to the next station. The worker follows 
that engine through the loop, performing all necessary assemblies until the AGV leaves that loop.  
Four of the loops are staffed by assembly workers, while the fifth loop is mostly unmanned (i.e. 
automated), and no observations were therefore conducted in that loop. After assembly at the fifth 
loop the engines go to a testing facility adjacent to the assembly line where the engines are run and 
checked for problems. 
One loop consisting of eight assembly stations (see figures 3 and 5) was observed at a time. When 
interruptions of any sort were observed the focus was shifted to the individual workers involved. 
This implies a flexible unit of analysis (UoA), with the individual worker being the lowest level 
UoA and the loop being the largest UoA being observed. As data was gathered at the worker level it 
can be aggregated to either the loop level or the entire assembly line level if needed or helpful. 

The observation point was selected as being flexible, using a central position in each loop as a 
starting point for an overview (see figures 5 and 6), but sometimes switching to standing at the end 
of the loop for an even wider overview. This position was found to afford a good overview of all 
assembly stations in that loop as well as the line manager station. When an interruption was 
observed then the observation point was moved if needed, either mostly the central positions in the 
loop. If there were unclear elements that the observer did not understand then the workers were 
asked for clarification after the interruption was completed. Each loop consisted of between three 

Figure 5: An overview of a single “loop”, 
containing eight assembly stations. The arrows 
show how the core comes into the loop on an 
AGV, then goes through all stations and finally 
exits the loop after station 8. 
Workers (marked in white) are mobile within 
each loop, and follow the core between stations, 
and the observer commonly started out in the 
centre near the entry/exit (marked in red). 

Figure 4: An Automatic Guided Vehicle (AGV) 
holding an engine (at the far end). The engine 
can be raised, lowered, rotated, and tilted 
automatically for specific assembly stations, or 
manually as the worker requires 



and six workers at any given time, and this meant that there were most commonly not more than 
one conversation on-going at any given time in the loop. 
The flexible UoA is partly implied by the chosen data collection method and the AT focus, but a 
more fixed observation point was originally envisioned. The flexible observation point was seen as 
being appropriate after a pilot study, where the viability of using a fixed place for observation was 
examined. The initial pilot study was conducted for six hours, and was initially aimed at finding 
whether the selected approach was reasonable and getting to know the assembly line and setting in 
more detail, the setup of the equipment being used being appropriate to collect data   about 
interruptions. Assembly workers were not stationary at a single assembly station, but rather 
followed an AGV through the loop, meaning that any observation might continue over multiple 
assembly stations. This meant that data collection was done by following workers around the 
assembly loop, This flexible observation point setup was seen as a good fit for the flexible UoA 
implied by both the ethnographical approach to data collection and the AT viewpoint. 

All participants were professional assembly workers, their line managers, as well as other workers 
on the assembly floor such as forklift operators and technicians. The focus was on the activity, i.e. 
the assembly itself, and any actions, procedures or work practices required to support that activity. 
As the working day involves workers shifting between loops, line managers going to meetings or 
jumping into the assembly, and workers modifying their workday it is hard to say how many 
workers were involved at any given time, although data was collected on 75 individuals’ work 
practices as regards interruptions. Non-participant observations were performed for 32 hours in 
total, 8 hours at a time, all on the morning shift, but on two different weeks so that two separate 
groups could be observed. 
Participants were accustomed to being observed both for research purposes as well as for quality 
control or training purposes, and were seen to behave naturally, with work practices not seeming to 
be affected by the presence of researchers. 

A portable computer with custom data collection software was used to record observations. 
Software was devised that allowed quick recording of timestamps, who was being interrupted and 
by whom (with multiple options possible in case of multiple people or systems being involved), 
details about the interruptions such as interruption type according to McFarlane’s (1999; 2002) 

Figure 7: The assembly worker’s view of the 
assembly station. Assembly instructions for the 
station are visible on the leftmost paper, and 
the paper to the right contains details that 
require specific attention. The screen on the 
right (blue) provides electronic assembly 
instructions, information about the current step, 
and automatically advances as assembly steps 
are completed 

Figure 6: An overview of a single loop. Station 
one, where the AGV arrives, can be seen on the 
right, and on the left we can see AGV number 
152 at station 8, the final station of this loop. The 
researcher can be seen, marked in red, in the left 
image, the right image shows the loop without 
the researcher in place. 



taxonomy, as well as both descriptive and reflective observations made by the first author. 

Data was collected using an ethnographically inspired viewpoint, with a single researcher openly 
collecting data as a passive observer, not embedded in the work itself (non-participant). Descriptive 
and reflective observations were made and collected on any actions or events that might be seen as 
interrupting the assembly or distracting a worker from the assembly, with details surrounding the 
time of interruption start, the persons involved in the interruption (confidentially), attributes of the 
interruption, and more being collected to aid with the analysis. 

The analysis focused on the descriptive and reflective observations, as kind of field notes. 
Observations were read multiple times for familiarisation, with each copy being individually coded 
(Patton, 2002). Coding was unified, and themes and patterns were identified, explored, and collated 
(Patton, 2002). Activity levels from AT (Rogers 2012) were considered during the analysis, and the 
activity checklist (Kaptelinin et al. 1999) was used to support the analysis. 
Observations were collected at the individual worker level (as recommended by Patton, 2002), with 
details such as assembly station number, which loop was involved, what workers were involved, 
what type of interruption occurred, time stamps, and observations (both descriptive and reflective) 
being recorded. Informal interviews were conducted with some participants during and after 
observations. Software was customised to assist in data collection and all data, including descriptive 
and reflective observations were recorded in situ. Video recording were not possible due to privacy 
concerns and industrial concerns. 
 
 
3.1.1. A typical assembly 

A normal assembly on one station, and the progression of a worker through a loop goes as follows. 
The worker sees the AGV come into station 1 carrying the next motor for assembly. The worker 
goes to the AGV, checks the instructions to get an overview of the activity (full task-list on the 
paper list and the next task is shown on the information screen, see figure 7) if needed, and 
performs the first action by retrieving the first item (the pulley) from a storage bin. Retrieval is 
verified through the use of a sensor that senses when the worker’s hand goes into the bin and breaks 
the beam. The next operations involve the worker first lining the pulley up with the axle it mounts 
on and then sliding it into place. The next action involves the worker retrieving four screws from 
the correct parts bin, with the retrieval of each item being verified through the use of an infrared 
sensor when the worker retrieves it from its bin. The next action involves screwing the pulley in 
place, which consists of multiple operations. First the worker inserts the four screws and threads 
them by hand so that the threads on the screw are correctly oriented within the threads on the axle, 
see figure 8, the retrieves the hanging tightening tool, and finally the worker tightens all four screws 
in sequence, see figure 9. The tool is set for the correct force for tightening, and a screen in the 
assembly station shows each step. The tightening tool does not go over the correct tightening force, 
giving off a “click” sound and embodied feeling when the correct force is achieved, thus giving 
both a haptic and audible feedback, as well as the assembly instructions screen showing that the 
correct force has been applied. The whole assembly takes around 1 minute, and when this is done 
the worker touches an RFID bracelet against a sensor near the end of the assembly station closest to 
the next station to tell the system that assembly is complete at this station. This causes the AGV to 
advance to the next assembly station, and the worker follows. On the fourth station then the 
assembly requires a larger and heavier object to be placed delicately on the motor. This requires the 
use of a lifting tool, see figure 10, which is roof mounted and resembles a wire with a specialised 
gripper that precisely fits the part being moved. The worker pulls the lifting tool, manoeuvres it to 
match up with holes on the part, grabs, and lifts. This effectively renders the object weightless, so 
the worker can pull the part along from the parts bin and to the motor, where the worker uses their 
wrist to slow down the part. Although the part has been rendered effectively weightless it still has 
mass, which means that some forces must be applied to slow the part down and orient it correctly. 
Correctly orienting the object involves an understanding of the goal state, and the worker performs 



the basic rotation to the approximate orientation while lifting (while the worker’s back is to the 
actual engine). However, the worker does not know in advance the orientation of the part in the 
parts bin, as the previous assembly activity at this station was performed by another worker. This 
means that although a goal state may be clear in the worker’s mind, the path there is not. The 
worker therefore has to modify any “plans” on the fly, resulting in the use of a goal state, and 
modifying the actions to support that goal state while performing the actions.  After this, the action 
of mounting the part can be performed, which involves the operations of retrieving, inserting and 
tightening screws. That the correct part has been installed must be verified (an action), so the 
worker retrieves a barcode scanner mounted at the assembly station (in the approximate location 
that the worker should be when finishing assembly), and scans the part (both operations). The 
assembly instruction screen verifies that the correct part has been installed. After this the worker 
progresses to the next assembly station. When all assembly stations in that loop are completed the 
worker goes back to assembly station 1 and takes the next motor that arrives. The time it takes  to 
assembly at each assembly stations is around 40 seconds, and including movement between stations 
the whole loop takes a worker around 6 minutes to complete. 

Of course, all stations have slightly different assembly work being performed, but the design of the 
assembly stations includes creating relatively similar tasks in terms of difficulty and assembly time. 
This is done to minimise errors, increase production quality, and create a stable throughput.  

Figure 10: Left: The worker moves the lifting tool into the parts bin, and latches onto the part. 
Centre: The worker moves the lifting tool and the part over to the engine 
Right: The worker guides the part into its correct place and orientation on the engine 

Figure 8: The worker inserts four screws into 
the pulley and threads by hand. The tightening 
tool hangs above (marked in red). 

Figure 9: Worker using tightening tool. 



 
4. Findings 

 
The first major finding is that traditional interruptions, such as those identified and defined by 
Coraggio (1990) or in McFarlane’s (1999) taxonomy for switching tasks, were not commonly 
identified of assembly workers in a natural context in this illustrative case study. The second major 
finding that repetitively was revealed is that the major priority of the assembly activity itself is 
higher than almost any information update. The third major finding is that the work practices at the 
current assembly line has been organised and designed in such a manner that interruptions as such 
should be minimised. Thus, several scaffolding strategies have been used in the design of the work-
stations of the assembly loops as such and in the overall assembly work flow. This means, for 
example, that most information updates happen at the start of the workday, or after other scheduled 
pauses, and even if an update arrives while workers are assembling then they will not respond to 
that until the current assembly action is finished, according to the standard operating procedure, that 
is to say that the worker will finish any operation such as threading and tightening screws at the 
very least, and preferably finish the assembly action at that assembly station. That said, it instead 
turned out that the assembly line contains other distractions and interruptions, such as conversations 
while working, and exploring how these affect workers and their assembly is of interest, both for 
purposes of supporting the design of assembly lines to minimise assembly and interruption 
problems and to clarify whether or to what extent traditional definitions of interruptions that mostly 
are derived from lab studies of interruptions are fully applicable in authentic contexts.  
The studied assembly activities have been collected and analysed taking into account the activity 
levels of each activity, action, and operation, as well as the goals. Episodes have been selected to 
highlight work practices observed that are relevant for the aim of this paper. These episodes are first 
described shortly, and then followed by an analysis of what we see as being behind those work 
practices, viewed from an AT perspective. 
 
 

4.1. Selected episodes: A conversation while assembling 
After the typical assembly completed previously the worker is now back at assembly station 1 and 
sees the AGV come into the station carrying the next motor for assembly. The worker goes to the 
AGV, checks the instructions if needed, and retrieves the first item (the pulley) from a storage bin. 
Retrieval is verified through the use of a sensor that senses when the worker’s hand goes into the 
parts bin and breaks the beam. The worker then lines the pulley up with the axle it mounts on and 
slides it into place. At this point, the worker currently on assembly station 2 asks what the weekend 
was like. The worker, describing that the weekend was mostly spent driving children to sporting 
events, while the worker performs the operation of retrieving four screws from the correct parts bin, 
with the retrieval of each item being verified through the use of an infrared sensor when the worker 
retrieves it from its bin. The worker pauses or slows the story being told slightly while inserting the 
four screws into the threads and then threading them by hand, and resumes telling the story at the 
normal pace while retrieving the tightening tool that hangs above the assembly station in the correct 
position relative to the operation being performed. The worker slows down the story again slightly 
while completing the operation of placing the tightening tool on the heads of the screws, but 
resumes the story again at full speed and looks back to the other person while tightening all four 
screws in sequence. The tool is set for the correct force for tightening, and a screen in the assembly 
station shows each step. The tightening tool does not go over the correct tightening force, giving off 
a “click” sound and embodied feeling when the correct force is achieved, as well as showing on the 
assembly instructions screen that the correct force has been applied This highlights how the 
technology supports the goals, as well as the integration of the technology into the actions and 
operations of the overall activity. This assembly takes a similar time to an assembly without any 
discussion, or around 1 minute, and when this is done the worker touches an RFID bracelet against 



a sensor near the end of the assembly station closest to the next station to tell the system that 
assembly is complete at this station. This causes the AGV to advance to the next assembly station, 
and the worker follows. On the fourth station the discussion has shifted to plans for lunch, which 
will be in a couple of hours, and the second worker is still one station ahead, so has moved to the 
other side of the loop. The worker pulls the lifting tool, pauses the discussion, manoeuvres the 
lifting tool to match up with holes on the part, grabs, lifts, and continues the discussion. The worker 
suggests that going outside to enjoy the sunshine during lunch would be nice, while pulling the part 
along from the parts bin and to the motor, where the worker uses their wrist to slow down the part. 
The worker slows down the conversation for a few seconds while first visual aligning the part and 
then finishing the aligning by feel, resuming the conversation as soon as the part has been aligned 
with the mounting studs. The worker retrieves screws from the bin, inserts and threads the screws 
by feel while talking and looking at the other worker, retrieves the tightening tool, and only pauses 
conversation momentarily while aligning the tightening tool with the screws. The worker finally 
scans the part, scans the RFID bracelet against the sensor, and continues to the next station while 
keeping the conversation going. All the while, the other worker has also been active in the 
conversation and slowing down at similar assembly operations. 
 
4.1.1. Selected Episodes: Analysing a conversation during assembly 
The activity checklist (Kaptelinin et al. 1999) was used both to prepare for observation and when 
analysing the gathered data, providing a useful way to focus the analysis from an AT perspective. 
From repeated observations of assembly and discussion patterns such as the one described above it 
became apparent that operations that required full action-perception couplings, such as aligning two 
objects before sliding them together, resulted in slowdowns or pauses in the conversation until the 
activity moved over to a simpler operation. An example of this is when the worker was approaching 
the lifting tool for the turbocharger assembly, then the worker anticipated changes in the both the 
intensity and the level of activity that was ahead, which allowed the worker to prioritise the 
overarching goal of the current assembly action (i.e. to successfully and without errors complete the 
assemblies within that station or loop which should ultimately result in a complete and functioning 
engine), which meant that the speed of assembly did not suffer from these social factors (which may 
constitute a personal motivation, but are not a part of the goal of the main activity). This 
anticipation of action involved mostly internalised knowledge of the sequence of operations in the 
activity, due to the worker knowing that the use of a lifting tool (an action consisting of multiple 
internalized operations for an experienced worker) involves complex operations that require fine 
manual manoeuvres and full attention to the actual action-perception couplings (Kolbeinsson and 
Lindblom 2015). It also become apparent that workers expected this practice from one another, and 
that responses were expected to take slightly longer than in a conversation where full attention is on 
the conversation, even when one party slowed down the conversation for longer than may have 
been expected, due to e.g. the turbocharger not lining up perfectly with the engine block 
immediately. This relies on the division of labour, and the norms that regulate the social aspects of 
the situation, as well as the norms and procedures that define the work aspects of the situation. 
Constraints imposed by the higher level goals of the activity are likely a large factor, influencing the 
informal norms that govern the conversation, with the goal behind each action (e.g. thread this 
screw into the threads holding the flywheel so that the threads are not damaged and the tightening 
tool does not get stuck) containing a way of achieving the overarching goal; building an engine of a 
high quality in an efficient and effective way. The conclusion that workers expect each other to 
slow down during conversation is based on the observation that both workers in the conversation 
simultaneously aligned their work practices, and that there was no irritation observed when waiting 
for an answer, no impatient “well?” type of questions, suggesting that there were established norms 
regarding social interactions in this context, including that the target actions were understood by 
both parties. 



Evaluating whether the activity has been successfully completed is a part of the assembly line itself. 
First, all actions and operations are monitored at each assembly station, and then checks are 
performed at the end of assembly, after which the completed engine is tested. Any identified 
discrepancies or problems means that the engine is sent to a disassembly station where the problem 
is diagnosed, and the reason for the problem occurring is then analysed with the intention of 
avoiding similar problems in the future. Assembly workers thus receive feedback on these 
identified problems, and may participate in specific training session on problematic actions in order 
to reduce these problems in the future.  
As the assembly activity is meticulously designed to organize and simplify all actions and 
operations there is little risk for potential conflicts between target goals in the assembly itself. This 
could be grasped most clearly in the actions and operations carried out which are extremely linear 
in nature, and always contain a clear beginning, clear steps to be performed, and a clear end. 
Adding conversation into the assembly task adds a clear potential conflict between activities, but as 
all technologies are aimed at supporting and scaffolding the assembly activity then the potential for 
a conflict between technologies is minimal with experienced workers. As the workplace has clear 
norms, rules, and procedures, then workers are provided with the tools needed to resolve any 
potential conflicts between the goals of the assembly activity and the socializing activity; these 
norms, rules, and procedures are the result of much training and place emphasis on the assembly 
activity, meaning that in cases where there is a conflict then the workers should always prioritise the 
assembly activity. Workers were observed to follow these procedures in all cases; the quality and 
timing of the assembly activity were always observed as being maintained at a steady level, while 
the social activity was slowed down or paused as needed to keep cognitive resources on the 
assembly activity. This suggests/indicates that the tools provided (rules, norms, and procedures) 
through training are sufficient to deal with potential conflicts between activities, at least in normal 
operations. 

The organization of the activity into smaller units also supports the worker in splitting the goals of 
the activity into sub-goals as needed, i.e. the worker can perceive the goal as mounting the 
supercharger, while the sub-goals could include retrieving the supercharger, lifting the supercharger 
into place, retrieving the screws, and mounting the screws. Of course, these sub-goals may change 
based on experience, with most of the actions being operationalized with high experience levels. 
This could be seen in that a less experienced worker was observed to count out screws when 
retrieving them and then orienting the screws correctly using both hands to prepare for inserting the 
screws, while a more experienced worker nonchalantly grabbed the correct number of screws and 
rotated them around in one hand while keeping her attention on the worker she was talking to.  
The next assembly station after the turbocharger mounting station (station 4) is on the other side of 
the loop, so when the second worker was at assembly station 4 then the first worker had moved to 
the other side of the loop. This did not visibly affect the strategies or procedures for work practices 
or for the conversation, which means that the spatial layout and temporal organization of the 
working environment are supportive of the extra social activity in which the workers are engaging.  

All tools required for the assembly activity are mounted in the place they will be needed, and 
workers do not need to share tools as the correct tools for each assembly station are mounted in that 
assembly station. Materials are also stored in the material aisle next to the assembly station, with 
materials organized for retrieval in the correct sequence. Some tools are as expected, for applying 
oils or for tightening screws, such as the tightening tool shown in figures 8 and 9, but the 
information screen in figure 7 should also be taken into account as a tool for cognitive support, as 
do so-called pick lights, lights on material storage bins that show what material should be retrieved. 
These are further supported by the use of sensors that verify that the worker’s hand has gone into 
the correct parts bin, and this advances the status of the information screen. These tools are aimed at 
supporting the overarching activity, but also support the actions being performed as well as 
supporting the transformation of actions to operations through always scaffolding the assembly 
workers and reducing the cognitive load of always being aware of and knowing the complete 



activity. This is very useful for novice worker, and experienced workers are further supported 
through simple feedback, such as a short click from the tightening tool, followed by the task list on 
the information screen advancing which signals that the assembly is correctly completed. This 
feedback does not require full attention from the workers, which makes this useful for assisting the 
experienced workers by minimizing the attention required, but also supports the workers in 
converting the action to an operation. That the feedback does not require full attention and uses 
multiple modalities (audio, visual, and haptic) supports the goal of the assembly activity, but also 
allows the experienced who has operationalized this part of the activity worker to take part in the 
social activity. The multi-modal feedback thus also supports the goals of the social activity, 
although the feedback is designed to minimize the cognitive requirements of the assembly activity.  
The workers frequently looked at one another during conversation when the primary task allowed. 
This happened in particular when one worker was performing either a highly internalised operation 
that makes use of a clear action-perception loop, such as while threading screws, or e.g. while using 
a tightening tool on the screws for the turbocharger (after the tightening tool was manoeuvred into 
place). Looking at one another is a part of common norms of conversation (the socialization 
activity) and us useful for showing engagement in the social activity, as well as allowing for further 
non-verbal communication.  
 
4.2. A phone discussion while assembling 
A worker in loop 2 is using a mobile phone connected to a hands-free system to make a phone call 
to a significant other. The worker speaks in a relatively low voice, as there is no need to project the 
voice to a person on the other side of the assembly line (see figure 6), and the microphone in most 
modern telephones use some form of noise rejection to focus on voice frequencies. The worker 
mounts exhaust related components without slowing down either the conversation or the assembly 
work. Assembly tasks involve retrieving relatively light components, placing them on the engine 
block, inserting screws, and tightening. The current action-perception coupling is directed towards 
the task at hand at all times. The conversation goes on for a while, going through the whole loop. 
The worker keeps the same pace as other workers in that loop without apparent effort. When the 
call is over, the worker continues working, and the work practice pattern is indistinguishable from 
when the phone discussion was on-going. 
 
4.2.1. Analysis of a phone call 
An important first note when analysing the external phone call is that the worker was doing 
something that is formally not allowed, thus breaking some rules, norms and procedures of the 
workplace, but this may not be acted upon so long as it is not affecting the higher levels goals of the 
assembly activity. This affects many things in the discussion, specifically that the worker wishes to 
avoid speaking loudly or make it apparent that he is on the phone. This might be seen to create a 
potential conflict between the goals of the assembly activity and the goals of the social activity. 
This may not be a problem, as the rules, norms, and procedures of the assembly activity clearly 
place priority on the assembly activity the same criteria for measuring whether the target goals were 
successfully achieved are active, and the worker does not want to call attention to the actual phone 
conversation. This means that the worker likely attempts to perform the assembly activity in a way 
indistinguishable from how he would act without a second activity. That being said, one effect is 
that there is effectively a third high-level goal active; avoid discovery.  
The slowdowns in speech patterns that were observed when two workers were maintaining a 
conversation were for the most not observed here, except during operations that require absolutely 
full focus (of which there were not many on that particular loop). This does suggest that the worker 
still follows the rules and procedures of the assembly activity, placing priority on the assembly 
work, but norms of the social activity may differ from a face-to-face conversation. In practice, this 
means that the worker kept his eyes on the primary task at all times, as there was no need and no 
benefit from trying to give eye contact. As the visual focus is fully on the task there is no switching 



between directing more attention to the discussion and directing more attention to the primary task, 
and this may reduce the cost of the conversation, i.e. not even partial task switching, but rather 
some form of multi-tasking while performing two activities which have for the most part been 
internalized, with the assembly activity mostly consisting of operations. The primary goal of the 
assembly activity clearly remained in focus at all times, with all actions and operations contributing 
towards that. This worker was experienced, which showed in the level of internalization of the 
activity.  

The changes in the social activity come largely from the introduction of a mediating tool, the 
telephone and hands-free system, which supports the social activity, but is completely separate from 
the assembly activity. This mediating technology does support a goal that would otherwise be 
unattainable; to talk to a person which is not a part of the assembly line social environment. 

Another instance of phone use during assembly involved a leader who had to replace another 
worker for a short time. The leader held the official work phone against his shoulder while talking, 
tried to talk fast and finish the call as quickly as possible, and showed little (less than when people 
were discussing normally) slowdowns in speech while working. Bear in mind that the leader is a 
highly experienced worker who is familiar with all tasks on the assembly line and only needed to 
fill in for a short while, which means that the leader could expend energy at a higher rate than 
would be sustainable for a whole shift. This shows how the leader’s high-level goals may have been 
different to the normal assembly worker’s goals; keep production running error free for the few 
minutes that the normal assembly worker is away from the line, as opposed to keeping the assembly 
running error free at the correct pace for a whole shift.  

The phone call was clearly important to some aspect of work, but the leader showed that the 
assembly activity and its goal had priority through attempting to finish the call as soon as possible 
and maintaining full (or near full) assembly speed through all operations in the assembly activity. 
The phone discussion did not show the pattern of slowing down the conversation (the ebb-and-flow 
pattern) that was observed during all face-to-face conversations during most of the assembly 
activity, except where full action-perception couplings were required where a slight slowdown was 
observed. Even then, the slowdown was not as complete as during face-to-face discussions, where 
there was generally a full pause in the conversation when faced with an operation requiring full 
action-perception couplings (at least from the side of the person performing that operation). This 
phone call was a work related discussion, and as such had different goals than other social activities 
observed and analysed. The goal was to exchange information essential to keeping the assembly 
line running smoothly. The applicable norms were also different, and this allowed a much more 
brief and brusque style of conversation to that of regular social interaction. This means that 
although this phone call introduced potential conflicts between goals, the norms and rules of the 
workplace, providing tools to resolve any conflict without risk to the goals of the assembly task. 
This comes about because in this situation hanging up with little or no warning is not likely to be 
seen as a breach of the social norms surrounding the social activity. 
 
4.3. Notes on the analysis 

 
Use of the activity checklist (Kaptelinin et al. 1999) highlighted workers’ attitudes towards the 
current system, and as current practices within assembly were being observed while keeping in 
mind that systems might be developed based on the observations then workers’ attitudes towards 
change were also considered. Workers are currently positive towards the organisation of their work, 
showing signs of enjoying their work and taking pride in their work, as well as seeming positive 
towards change. Informal interviews provided some insights into possible reasons for this 
positivity. Workers showed an appreciation for improvements and generally seemed active in 
reporting and correcting problems, and experienced workers showed pride in being a part of the 
organised continuous improvement of work flow and work practices in the facility. Workers also 



seemed to feel that improvement of these work related aspects not only supported the goals of the 
activity (i.e. assembly quality and an even assembly speed) but also bettered their physical and 
social working environments. This is important for keeping workers’ attitudes towards change and 
the introduction of new technologies in the workplace. 
An analysis of the observations also suggest that the mobile nature of the work, i.e. workers follow 
engines through eight assembly stations before starting afresh, staves off boredom and improves 
worker satisfaction, as evidenced by the conducted informal interviews with the assembly workers.  

Furthermore, the analysis of the informal interviews suggests that many workers are actively 
interested in new development, to the point of volunteering to take part in research outside of 
working hours if developments such as collaborative robots are to be tested. All this suggests that 
the workers in this facility are by and large positive towards changes and improvements.  
 
4.4.  Summary of findings 
The analyses show that the strategy most relied on by workers for handling the kinds of 
interruptions faced in their workplace was negotiation, that is, the person being interrupted responds 
when he or she finds it convenient. Very little use of mediation was identified, where the interrupter 
selects an opportune time to interrupt, was observed, which goes against our prior expectations that 
were fuelled by existing definitions, theory, and our prior work (Kolbeinsson et al. 2017a; 
Kolbeinsson et al. 2017b).  

The gathered data and the analysis of it, further implied that the negotiation tactics being employed 
differed from that introduced and discussed by McFarlane (1999; 2002) and McFarlane and 
Latorella (2002), in that the observed negotiations were performed nearly continuously throughout 
whole conversations, by both partners, with both activities being balanced so that the goals and 
motivations for each could be fulfilled. This continuous negotiation resulted in the conversation 
slowing down and speeding up based on how much attention was required for the primary task at 
any given time. As both parties were aware of the constraints of the setting this approach to 
negotiation worked well. The form of interruptions observed were different to those studied and 
reported in laboratory studies (see subsection 2.2), in that the observed interruptions consisted 
mainly of discussions between workers, and did not lead to a full task switch from a primary task to 
an interruption task. 
 
 
5. Discussion 

 
The aim of this paper was to compare and contrast the strategies used by experienced assembly 
workers in an active manufacturing facility to handle interruptions in situ in their work 
environment, analysing their work practices from an AT perspective in relation to current theories 
on interruption management. It involved the following two objectives.  

1): Identify interruptions in an authentic assembly work environment and analyse whether or 
to what extent these interruptions can be explained by current definitions, taxonomies, 
theories, and frameworks in the interruption literature.  
2): Identify and analyse strategies used by assembly workers to minimise the negative effects 
of interruptions on their work (the primary task). 

As the aim of the study was to study interruptions in a naturalistic environment, and as the same 
researchers have previously examined interruptions in a simulated manufacturing context then some 
expectations existed as to how different the interruptions would be compared to pure laboratory 
research. That said, while the interruptions found in the wild in this case study were indeed different 
to those tested in laboratory conditions (e.g. McFarlane 1999; Iqbal and Bailey 2008) they also 



differed from what we envisioned. Indeed, the whether the interruptions that were observed actually 
classify as interruptions can be discussed. If Coraggio’s (1990) definition is used then the answer is 
that the present case study does not describe interruptions, as Coraggio clearly stated that a 
complete switch from the primary task is required. Alvarez and Coiera (2005) provided support for 
conversations as interruption in the form of a definition of a conversation initiating interruption, but this 
ignores the ongoing conversation as an interruption, and still only considers an interruption as 
containing a full switch away from the primary task. But as the findings reveal, binary task 
switching where the primary task is abandoned for the benefit of the interruption task only accounts 
for a small percentage of the disruptions that may degrade workers’ overall performance in this 
naturalistic setting. What we instead could imply is rather a continuous flow between primary task 
and interruption task, where we argue that unallocated cognitive resources of experienced workers 
could be spent on more fully interacting with the interruption (or secondary) task without 
necessarily fully abandoning the primary task. Hence, this means that the framework proposed by 
Baethge et al. (2015) is more useful than the basic definitions, as it provides a more nuanced view 
of interruptions in general, and takes into account the 
interplay between primary task and interruption task 
as seen in this RITW study. Baethge’s et al.’s 
framework also supports internally generated 
interruptions, as well as considering interruptions 
over a longer time, repeated interruptions, and nested 
interruptions. Other frameworks exist with different 
foci, such as that proposed by Rissler et al. (2017), 
which clearly separates aspects of interest 
surrounding interruptions, but most focus on only a 
specific aspect of interruptions, such as the content of 
ICT mediated interruptions, or the context to support 
the management of the interruption, but suffer from a 
lack of integration (Rissler et al. 2017), which is 
crystallised in the lack of a standardised vocabulary 
and non-standard use of concepts.  

The argument as to whether the laboratory definition of an interruption should be adhered to goes 
against the aim of the study, which was to study the strategies used by assembly workers to handle 
interruptions during their work. The obtained findings that the identified interruptions were not as 
expected adds a level of unexpected difficulty, but truly highlights the need for studies performed in 
the wild through clearly showing the differences in behaviour between participants in lab based 
studies and experienced assembly workers performing the work practices they are experts in. 

The result that classical interruptions according to existing definitions or taxonomies (e.g. Coraggio 
1990; McFarlane 1999 were not identified  comes from multiple factors, such as the assembly tasks 
and lines having been specifically designed to avoid interruptions, and standard operating 
procedures of assembly workers including the training to never interrupt an operation that has been 
begun. Assembly workers in the assembly plant being studied did not leave their tasks unfinished, 
as that is an important part of their basic training. This automatically excludes some interruption 
coordination methods (McFarlane 1999), in particular the immediate interruption coordination 
method is not compatible with the standard operating procedures of the current assembly line. 
The current study was performed to observe the strategies used by assembly workers to handle 
interruptions, as not much research exists on interruptions within modern factories, and this 
involves investigating and analysing whether assembly workers behave in manner consistent with 
existing theory and interruption classification methods. Additionally, we did not know in 
beforehand how the somewhat uncommon design of the assembly line, using loops of eight 
assembly stations that assembly workers move between would affect the nature of interruptions or 
the strategies used by workers to cope with different kinds of interruptions. With that in mind it is 

Figure Disc: Assembly workers can maintain a 
discussion, even across the assembly loop. 
The layout of the loop supports social 
interaction. 



of interest that McFarlane’s (1999; 2002) immediate interruptions were not observed, mediated 
interruptions did not appear to be as favoured as expected, workers used negotiation tactics to affect 
their handling of interruptions, and all interruptions handling of interruptions that was observed 
appeared to include some level of negotiation. Although our study was an illustrative case study, 
our findings imply that existing taxonomies of interruption coordination methods may require 
updating to better fit authentic settings and tasks, as has been noted by e.g. Baethge et al. (2015) 
and Rissler et al. (2017). This was predicted by Kolbeinsson et al. (2017a), further supported by 
Kolbeinsson et al. (2017b) as well as Banerjee et al. (2018) and has now been corroborated in this 
current study by observing actual assembly workers in an authentic setting performing authentic 
tasks. We are fully aware of the limitations in the data collection, and we do not wish to generalise 
from this sample to the population of manufacturing workers. However, more RITW studies from 
other assembly lines and other manufacturing settings are necessary to be conducted, to further 
develop the body and scope of interruption research. The present study is a small step in that 
direction.  
It should be noted that research exists on distractions, which are tasks outside of the primary task 
that require parts of a person’s attention and may confer deleterious effects on the primary task. 
Parnell, Stanton and Plant (2017), for example, explained that distractions are not a problem in and 
of themselves, but rather that distractions can contribute to lowered performance on the primary 
task. We would further suggest that this mismatch between results obtained in the lab and in the 
wild highlights the need for a clear definition of interruptions that encompasses all interruptions, 
with possible sub-categories for specific types of interruptions, and that is less binary in its view of 
interruptions being either no interruption or a full task-switching interruption. 
That the interruptions identified largely consisted of conversations means that the analysis could 
easily go into the realm of conversation analysis such as a full analysis based on Hymes’s 1986 
framework and model for the analysis of communicative events (Hymes 2005), among others, but 
that is not the focus here. Instead, we choose to focus on how the observations fit in with existing 
theories, frameworks, and empirical data on interruptions, and to elaborate on what the obtained 
findings add to those. 
 
5.1. Objective 1: 

The major differences between the current findings in our study and McFarlane’s (1999) taxonomy 
are clear, but importantly, so are some differences to Kolbeinsson et al. (2017a), which attempted to 
simulate a manufacturing environment and tasks. This highlights the risk of drawing strong 
conclusions from laboratory based studies, as they rarely match observations in real world contexts. 
This highlights the limitations of lab-based work, and further highlights the importance of a 
research process that includes a stage of testing in the real world. 
Some effects were both observed in the laboratory studies (McFarlane 1999) and simulations 
(Kolbeinsson et al. 2017a; Kolbeinsson et al. 2017b) and we argue that these effects exist in certain 
circumstances and contexts. That said, the natural environment does not elicit some of these effects, 
and this highlights what we could focus on when participants are allowed to control their own 
actions/practices, unlike when the researchers control exactly what kind of interruption is sent, 
when it is sent, and how it should be responded to. 
Another factor that is markedly different between lab-based research and research done in authentic 
settings is participant experience. The participants in the current study are all experienced, with 
many being experts at the assembly tasks and other aspects of the context. Participants had between 
a year of experience and twenty years of experience at their jobs, so the time spent on assembly is 
likely to be over 1000 hours for the least experienced participants. This means that participants are 
intimately familiar with the requirements of their tasks and the limitations regarding conversations 
during assembly, and the chosen strategies are likely to be based upon that experience. This is very 



different to most lab studies, where artificial tasks are often used and participants often have only a 
few minutes of training before starting the actual experimental task. 
The effects seen in prior work by Kolbeinsson et al (2017a) and Kolbeinsson et al (2017b) found 
that workers prefer negotiation for interruptions, as well as showing that negotiation caused low 
costs in terms of increases in assembly times or assembly errors, although using a computerised 
communication system resulted in relatively slow response times to interruptions. Both Kolbeinsson 
et al. (2017a) and Kolbeinsson et al. (2017) were experimental studies performed in a laboratory 
based simulation that strove to represent the environment and tasks faced by assembly workers, but 
the assembly work in those experiments was run at a somewhat higher pace than is often seen in 
assembly work in Sweden, based on observations from multiple assembly lines in Sweden, 
including the assembly line in this study. 
 
5.2. Objective 2: 

As has been explained, negotiation of interruption is when the person being interrupted controls 
when they respond to the interruption, while mediation of the interruption involves an external 
evaluation of when it is appropriate to interrupt, either by the person interrupting or by some sort of 
interruption management system. This means that both negotiation and mediation involve finding 
an opportune moment to respond to an interruption, but are controlled from opposing sides of the 
interruption, i.e. interrupter versus the interrupted. In other words, negotiation of interruption and 
mediation work in a similar way from opposite directions. Interestingly, both the mediation and the 
negotiation could be argued to carry information. An interruption through mediation shows the 
interrupter’s (or interruption system’s) understanding of the task and the interruptee, and the wait, 
delay, or slowdown associated with the negotiation communicates the interruptee´s own 
interpretation of the task complexity and priority as well as the interruption complexity and priority. 
If the act of negotiating a response carries information then that also means that if negotiation is 
used then that could be used as a trigger for the other party to mediate (or slow/pause their own side 
of the conversation). The negotiation can thereby be seen as the information channel that supports 
the mediation of the other side of the conversation. If both parties are doing this then the result is 
likely to be similar to the “ebb-and-flow” style of negotiated/mediated conversation that were 
identified in the illustrative case study. This conclusion fits the collected data and the analysis of the 
collected data from an AT perspective (Kaptelinin et al. 1999; Rogers 2012).  
It is important to understand that a fundamental aspect in this style of interruption is reciprocity. Both 
participants are aware of the primary task requirements, and although they do not wait for 
opportune moments to interrupt each other they do take into account that responses may be delayed, 
and provide a reminder signal (i.e. repeat what they said) if needed. Having to repeat their words 
was seen only once during the observation period, and that was during the initiation of a 
conversation. The ebb-and-flow style of negotiation is probably only possible when both parties are 
familiar with the requirements of the task at hand, and allow each other (or the party currently 
performing the task) some leeway in answering. This way of acting could be likened to driving a 
car and holding a conversation. Conversing with an adult passenger allows for easy negotiation, as 
the adult is aware of the surroundings and is familiar with the demands of task. The same cannot be 
said of children who may make unreasonable demands for attention, or when it comes to phone 
conversations where the other party is not aware of current context the driver faces (i.e. cannot 
monitor the environment and accurately judge the current requirements of the driving task). 
Existing research by Kolbeinsson et al. (2017a) showed that participants had a high acceptance of 
negotiated interruptions, as well as acceptable task performance. The findings from the current 
study imply that negotiation can work well for tasks that require some attention on both a primary 
and interruption tasks, and therefore supports the use of negotiation for interruption coordination, 
especially where a full interruption of the primary task should be avoided. The findings also show 
that assembly workers who are familiar with their tasks could perform some form of multitasking 



(or efficient and quick task-switching) without visible degradation of primary task performance, 
except during sub-tasks that required full action and perception couplings, such as when aligning a 
lifting tool that required correct orientation. This suggests that workers’ cognitive load is relatively 
low during most tasks, but that the cognitive load varies between sub-tasks. This insight could be 
used in interruption ICT system design, by identifying sub-tasks with higher cognitive demands, 
and avoiding interruption from ICT systems at those points. 
It is important to keep in mind that tasks in manufacturing, including assembly tasks, are broken 
down into minimum rational work elements (Bridger, 2008). Task descriptions and assembly 
instructions are broken down that way as well. This means that each task is split into the smallest 
actions or groups of actions that makes sense. This is done to support ensure that workers’ cognitive 
load is not overly high with the goal of minimising the risk of errors throughout the workday, and 
reminds us that that the assembly line designers at this particular line have spent effort to avoid 
exactly the type of problems from high cognitive load or interruptions that taxonomies such as 
McFarlane’s (1999) focused on.  
Equally important is that the tasks are well known by the workers. This affects workers’ strategies, 
in that they know both their own place in the sequence of actions and the place of their conversation 
partner in relation to the overall work practices. This allows workers to predict when their 
conversation partner will delay their response in a conversation, allowing them to either wait 
patiently for an answer when they know their conversation partner is too busy to respond, or to 
maintain a task appropriate pace of conversation without any visible mediation.  The only 
“mediation” is then the patience while waiting for the other party to respond. In a normal 
conversation it can be frustrating to deal with long delays in responses, but when both parties 
understand the tasks at hand it seems to be easier to gain a level of patience.  
 
5.3. The importance of RITW 

This study highlights the need to individually examine different workplaces when it comes to 
interruptions, as it is clear that basic theory (e.g. McFarlane 1999; Iqbal and Bailey 2008) cannot be 
applied without taking into account multiple factors that come from the context of work. The 
workers in this case study were more mobile than is commonly seen in assembly work, yet had 
limited assembly tasks (i.e. did not fully assemble a whole motor), which changes the opportunities 
for conversation when compared to more traditional assembly line work. This is in addition to 
different domains having different requirements, as can be seen when comparing our work to that of 
e.g. Rukab (2004) or Sanderson and Grundgeiger (2015) who performed their work within the 
healthcare domain. All this comes down to the context, and it is crucial to keep in mind that 
contexts of work can involve differences that are not obvious at first glance.  

Another central difference between lab based research and RITW is participant experience levels, 
where lab research often has between minutes and hours of task experience before starting the 
experiment, while RITW often looks at people with multiple years of experience at their task. AT 
has much to say about this, as it contains much about learning, development, and skill acquisition.  

The findings presented here suggest that the tasks being performed are a factor, but so are the 
workers’ familiarity with the work and the workers’ familiarity with each others’ experience levels 
and personalities. This kind of familiarity is to be expected when each assembly worker performs 
the same tasks, but might differ from typical assembly line work where each worker focuses on a 
single assembly task. The context also supported conversation through the design of the assembly 
loops, other configurations could easily interfere with socialising.  
 
5.4. Limitations 

Performing research in the wild, in this case in a fully functional assembly facility, creates 
limitations on the work that could be performed as well as the data that could be collected. Consent 
must be obtained from workers who are there for a normal workday and may not be interested in 



taking part in research, photography and video-recordings  is forbidden (the anonymised images 
shown in this manuscript required individual authorisation, taking multiple months), and which 
workers could be observed may vary from day to day. Total confidentiality of workers must, of 
course, be maintained, and this was done from the observation stage and onwards, with no records 
being kept that can link a code in the observation protocol to actual worker names. This makes 
follow-up questions near impossible afterwards, if any questions arise during analysis, but does 
ensure privacy. 

One limitation that must be mentioned that may be relevant to the design of any interruption 
management system is that some workers routinely engaged in discussions, while other workers 
seemed to avoid discussions while working. Why that is so is hard to say, some workers might feel 
that conversation degrades their performance and interrupts their work, which in turn might be due 
either to that worker having less practice in multi-tasking during work, or might be due to the 
worker not being capable of training up multi-tasking while working. These are only two 
hypothetical reasons for workers to display different behaviours and work practices, and many other 
reasons for this are possible, but regardless, it means that recommendations for interruption 
management from this study are limited. It is clear that some workers can carry a conversation 
without visible negative effects on the work and that the conversations make the work more 
enjoyable, which may be highly desired. On the other hand, some workers do not seek conversation 
in the same way. Any recommendations based on the observations may possibly apply only to 
workers who prefer conversation while working. 
Using observation and an ethnographically inspired approach gives insights into the activities, but 
the lack of assembly time measurements makes it hard to state that there was no difference in 
assembly time when comparing assembly while maintaining a conversation to assembling without a 
conversation. 
AT provided excellent and clear concepts to work from, and certain parts of the analysis were 
extremely easy, with a prime example being activity levels being useful for understanding the 
structure of the activities being performed.  That said, using AT for the overall analysis of the work 
practices proved tricky, although the activity checklist by Kaptelinin et al. (1999) proved to be a 
helpful tool in that work.  

The lack of “traditional” interruptions (as per e.g. Coraggio’s 1990 definition or McFarlane’s 1999 
taxonomy of interruption coordination methods) could be seen by some to be a weakness, but as the 
point of the study was to explore what interruptions look like in the manufacturing line that was 
being studied, how workers manage the interruptions, and how these interruptions are similar or 
dissimilar to the interruptions described in the literature also constitutes interesting findings. That 
the interruptions observed are not similar to the interruptions described in literature highlights the 
need for RITW, as well as highlighting the need for examining each domain (and probably each 
work setting) independently. 
 
5.5. Future work 

Walter et al. (2015), as well as Baethge et al. (2015) suggested the use of observational studies in 
the wild, using quantitative methods to measure the effect of interruptions on an actual task in an 
authentic setting. This has to be seen as the next step, but this presupposes the existence of a 
functioning interruption management system if ICT mediated interruptions were to be examined. 
Such a system would likely to be deployed first in a small-scale assembly line, such as a 
demonstrator, and should the opportunity arise then the authors recommend performing a 
quantitative study of the effects of interruptions in such a setting, even though it must be classified 
as a simulation. 
 
5.6. Concluding thoughts 



The tacit knowledge shared between workers through their expertise at their tasks is expected to 
come from workers having tried different styles of communicating while performing their work 
practices. That they have settled on talking directly without mediation (not waiting for an opportune 
moment to interrupt), and then allowing their respondent to negotiate when to respond suggests that 
mediation feels worse as a conversation strategy. Waiting to interrupt until a person is between sub-
tasks might actually either hinder performance (i.e. objectively slow them down in starting the next 
task), or feel like it slows down performance (i.e. result in subjectively worse performance) on either the 
assembly activity, might make the social activity feel stilted, or might require too much attention on 
the other person to be practical. Alternatively, mediation at points that outwardly appear opportune 
might increase stress or other negative feelings due to the interruption coming at exactly the same 
moment as the person is holding parts of the next task in memory, which would be explained as an 
interference effect in the Memory for Goals model (Altmann and Trafton 2002), and also lines up 
with an effect observed by Kolbeinsson et al. (2017b) where interrupting at points believed to be 
opportune caused participants to completely miss the signal for the interruption. 

Interrupting at the optimal position might thus be more dramatic/disruptive than throwing the 
interruption out there and allowing the other person to choose a time to respond. This is also in 
alignment with participant preferences measured by Kolbeinsson et al. (2017a) where participants 
were found to prefer negotiated interruptions. 

Studying interruptions in the wild highlight how interruptions are in most cases not like the 
interruptions that are studied in laboratory experiments, backing up suggestions, discussions and 
observations by multiple of the authors already discussed. The interruptions seen in the fields such 
as manufacturing are mostly due to simple updates in information (e.g. that there will be pizza for 
lunch, that the manufacturing is three units behind schedule, or that the manufacturing will shift to a 
different variant of the assembly object 20 units from now), and the primary tasks being performed 
are all designed to be as simple as possible, and assembly errors are rare. However, the difficulties 
surrounding interfering with work and using an experimental approach mean that only 
observational studies can be performed, thus limiting the possibilities for testing new approaches, 
new technologies, and new strategies for handling interruptions. This highlights the need both for 
experiments using authentic tasks and contexts, i.e. simulations (Rooksby 2013; Sanderson and 
Grundgeiger 2015), and following up by studying similar interruptions in natural contexts. 

The major benefit of using a RITW approach is to consider the modern understandings of human 
cognition and technology-mediated activity in which humans are considered as actors (not factors) 
in a socio-material context (Savioja et al. 2014). The common practice of doing research in the 
manufacturing domain is to focus on performance-related issues, which are highly influenced by 
human factors (HF). Although HF is dominant and well justified, the problem is that it may hinder 
general development, because it is not aligned with the modern understanding of cultivating a safety 
culture that promotes continuous improvements and development as an inherent attitude of 
companies and work practices as seen in this illustrative case study. The modern theories of 
cognition such as AT, provides significant insights that may improve or explain the analysis and 
design of a complex socio-technical system, which can be considered the most important criterion 
for any theory used in this context. In practice, this means that a useful theory like AT can shape an 
object of study, highlighting relevant issues, probing certain questions, providing a classification 
scheme that frames significant insights about the domain it is applied to (Halverson 2002; Rogers 
and Marshall 2017). From this pragmatic RITW perspective, theories are more like different lenses 
that bring some objects into sharper contrast, while others fade out of our focus of attention.  
Despite the large amount of research on human cognitive behaviour, there is still a knowledge gap 
about every day human experiences and how people use ‘common sense’ to successfully ‘muddle 
through life’, especially in the manufacturing domain. We argue that using RITW approaches in the 
study of human actions in practice may narrow this knowledge gap. This is especially of importance 
in manufacturing were the adoption of frameworks such as Industrie 4.0 have been created to 
support the conception of the smart factories of the future (e.g. Bundesministerium für Wirtschaft 



und Energie 2016; Hermann et al. 2015). This development leads to the increased use of sensors, 
adaptive technologies, and various ICT interruption management systems that support the use of 
continuously updated information on the shop floor for managers and assembly workers, which 
then could cause several kinds of interruptions that could have a negative impact on work practices 
and production quality. As pointed out by Flach and Voorhorst (2016), technology is not 
disconnected from what we do, but rather, it is a fundamental part of human life. Some of current 
workspaces in manufacturing force the workers to bend their bodies into an unnatural shape of 
interaction and we therefore address the need for theories that reduce this common friction between 
human and technology. As seen in this illustrative case study, the actual assembly line has 
successfully been designed to minimize or avoid interruptions, being a positive example of 
accomplishing a good workspace of tomorrow’s assembly lines in manufacturing. Hence, there is a 
need for a greater understanding of the always-existing link between human and technology that is 
required to be spread throughout the manufacturing domain. Adopting the RITW approach creates 
new opportunities for posing questions regarding what matters in manufacturing as well as how to 
analysing and designing the smart factories of the future. It is widely acknowledged that the 
technological advances in assembly work result in an increase of the amount of available data and 
ICT at the shop floor, which adds to the cognitive complexity and cognitive demands of the 
assembly workers. 
Thus, the ultimate goal of designing great workspaces in manufacturing should be to support and 
scaffold human workers more effectively in their work practice in order facilitate better muddling at 
work, i.e. enacting and designing cognitive workscapes, increasing humans’ motivations in wanting 
the socio-technical system to work accurately in practice as seen in the present study. 
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Interruptions have been studied extensively, largely us-
ing controlled experiments using experimental tasks that
may not be representative of common tasks such as the
manual tasks seen in assembly work in manufacturing.
The research presented in this thesis aims to rectify that
through identifying relevant laboratory-based research
on interruptions, testing that on manual assembly activi-
ties, and amending the findings using modern embodied,
situated, and distributed theories of cognition to theoret-
ically grounding. Finally, these theories and empirical
findings are synthesised into a theoretical framework for
supporting the management of interruptions in manual
assembly activities, and a novel visualisation approach
called an activity board is introduced.
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