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Abstract 
Autonomous industrial operations are becoming the norm due to advancements in technology, 
which has led to both advantages and disadvantages for the organisations involved. The use of 
intelligent systems has resulted in higher system reliability, a higher quality product, and reduced 
risk for human error. These systems collect large amounts of information, analyse them, make 
predictions, and take decisions, of which humans cannot do in the same capacity, have led to new 
and expanded levels of interactions. One key aspect concerns the fact that human interaction has 
decreased although has become more critical than before. Even if the systems are advanced and 
automated, human intervention is still necessary: such as maintenance actions, selection of data to 
train the system, and advanced decision making. Human intervention is especially crucial when 
dealing with complex and safety critical systems, where and when immediate interventions are 
required. Moreover, an expert human can improvise and make novel decisions in a capacity that 
present intelligent systems cannot. The problem is that both humans and machines need assistance 
to perform well. Autonomous operation is not perfect and when problems arise, humans must react. 
Although it is common that humans when not actively interacting with the system tend to lose 
perspective and find it difficult to quickly analyse a situation when it arises. Which means that they 
fall “out of the loop”. Their ability to gain a good understanding of the situation and make good 
decisions when the system suddenly needs their interaction is lost. In other words, humans have lost 
their situation awareness and a good situation awareness is needed in dynamic environments if they 
are to intervene quickly and successfully. If, and when a system can assist a human to quickly assess 
the situation and get back “into the loop” then the human can make educated decisions in a much 
quicker fashion. The aim of this thesis is to explore and describe the human abilities to develop 
situation awareness of the changing situations of engineering systems in order to facilitate 
maintenance and to make recommendations to improve Situation Awareness about intelligent 
maintenance systems. 
 
This thesis consists of a literature study conducted to develop the theoretical framework and two 
case studies were used to test the theoretical concepts. The thesis work tested five systematic 
methodologies to find suitable interventions to fulfil the situation awareness requirements. The first 
case study focused on situation awareness requirements during maintenance execution in a 
manufacturing organisation; there a quick return to production was the focus. The second case 
study was situation awareness requirements in maintenance in the aviation domain, where safety is 
a top priority. The case study data were collected using interviews, observations, focus groups, and 
archival records. These qualitative data were analysed using qualitative content analysis, cognitive 
task analysis, and case taxonomic analysis.  
 
This work resulted in the identification of seven key situation awareness requirements for 
maintenance: detection of abnormalities; diagnosing and predicting their behaviour; making 
changes in system configuration; compliance with maintenance standards; conducting effective 
maintenance judgements; maintenance teams; and for safe maintenance work. Five strategies to 
maintain situation awareness were identified: explicit knowledge status, sense making, recognition 
primed decision making, skilled intuition, and heuristics. We also argue why intelligent maintenance 
systems will make it difficult for humans to use most of these strategies to maintain situation 
awareness in future. Finally, a new theoretical model for decision support (Distributed Collaborative 



 

iv 
 

Awareness Model) was developed. The study also shows how to apply these interventions in the 
railway maintenance sector. In conclusion, this study shows that in the maintenance domain, 
keeping humans in the loop requires a novel collaborative approach where the collaboration of the 
strengths of intelligent systems and human cognition is necessary. We also argue that a better 
understanding of situation awareness strategies will lead to the further development of situation 
awareness support for the human operator and maintenance technician. 
 
Keywords: Maintenance, Intelligent Maintenance Systems, Human Factors, Situation Awareness, 
Judgements, Maintenance deviations, explicit and implicit knowledge, Collaboration  
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Introduction 

 1 

1. Introduction
Intelligent Systems are becoming the norm which has led to fewer human interventions all the while 
the role of humans has become even more critical. Automation from these systems has basically 
removed the need for menial tasks while the need for expertise in operational and maintenance 
tasks are growing. The use of intelligent systems has resulted in higher system reliability, a higher 
quality product, and reduced risk for human error (Meystel & Albus, 2002). Part of the reason is that 
these systems collect large amounts of important operational information, analyse them, make 
predictions, and take decisions, of which humans cannot do in the same capacity. Which has led to 
new and expanded levels of opportunities in interactions with the system itself and with other 
external systems (Fantini et al., 2018). Although, intelligent systems make human interventions less 
and less important, the demand for humans with unique expertise is growing due to the complexity 
of the new systems (Figure 1).  

Figure 1. Intelligent systems require less human interventions; the role of human expertise increases 

This complex connection between machines and system is a part of the Industry 4.0 concept, which 
promotes a vision of a tightly connected real - digital world, where the opportunity for new avenues 
for production and workplace design are foreseen (Sharpe, 2019). This is introducing a new 
generation of factory automation driven by data connecting the real and digital world. Machines, 
devices, sensors and people are connected and communicate with each other, making them 
interoperable (Ravnå & Schjølberg, 2016; Liao et al., 2017), resulting in accessibility and control of 
the entire value chain through Internet. 

The major gain in Industry 4.0 is the opportunity for strong customization of products under highly 
flexible manufacturing conditions. A growing demand in production requires a greater opportunity 
for personalization and customization of products, which is seen to replace series production, 
entailing shorter production runs and frequent changeovers, resulting in different performance 
conditions. Something that cannot be predicted like before. The production of tailored, customer-
specific solutions leads to a key challenge. This in turn will demand a high degree of flexibility, 
availability, and reliability from the entire production chain. These changes in production also 
change the operational characteristics of the machines and systems which also creates different 
wear patterns. To support speedy reconfiguration, all machines and equipment need abilities of self-
identification, services exploration, and autonomous networking. Therefore, the upcoming focus will 
be upon advanced systems, use of machine learning, autonomous solutions, information inference, 
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knowledge, observations and experiences, and performance of actions based upon what is learned, 
more efficiently and effectively (Bagheri et al., 2015).  

Autonomous industrial operations are becoming the norm due to advancements in technology 
which has led to both advantages and disadvantages for the organisations involved (Berberian et al., 
2017). One key aspect concerns the fact that human interaction has decreased although has become 
more critical than before. Even if the systems are advanced and automated, human intervention is 
still necessary at different levels: such as, selection of data to train the system, and advanced 
decision making (Agrawal et al., 2018). Human intervention is especially crucial when dealing with 
complex and safety critical systems, where and when immediate interventions are required (Endsley, 
2018). Moreover, an expert human can improvise and make novel decisions in a capacity that 
present intelligent systems cannot (Johnston & Harris, 2019). 

Both the machine and the human are limited in their ability, so the problem is that both humans and 
machines need assistance to perform well (Terveen, 1995). Autonomous operation is not perfect 
and when problems arise, humans must react. Although it is common that humans when not actively 
interacting with the system tend to lose perspective and find it difficult to quickly analyse a situation 
when it arises (Sarter, 1994). Which means that they fall “out of the loop”. Their ability to gain a 
good understanding of the situation and make good decisions when the system suddenly needs their 
interaction is lost. In other words, humans have then lost their situation awareness and a good 
situation awareness is needed in dynamic environments if humans are to intervene successfully in a 
prompt manner (Endsley, 1989). If, and when a system can assist a human to quickly assess the 
situation and get back “into the loop” then the human can make educated decisions in a much 
quicker fashion. This dilemma of intelligent system – human interventions casts implications across 
many industrial disciplines, including maintenance. 

1.1. Intelligent Systems are Dominating Maintenance  
Effective maintenance operations have been a critical factor for productivity and reliability 
(Winterton & Winterton, 1994). And, has required maintenance to evolve, incorporating knowledge 
from many fields, including statistics and probability, information and communication technology, 
instrumentation, product design, system design, operations management, and operations research 
(Ben-Daya et al., 2016). In general, are most machines used in production very similar in type, and 
the specific differences and challenges are a result of different production methods since each piece 
of equipment is connected to varying applications and usage conditions. In Industry 4.0 will machine 
behaviour change resulting in new challenges (Diez-Olivan et al., 2019). Therefore, must these 
differences be correctly understood and interpreted by an overarching system. Meaning a greater 
focus on the analysis and diagnosis of operational data. Already today, with simpler systems, the 
majority of maintenance time is spent on diagnosing faults (Olsson et al., 2004). Even today, in many 
cases a problem is not explicitly understood or known either by human or the system. Often called, 
‘no-fault-found’. This system error is especially common for digitally controlled machines and can be 
nullified by a system restart; although it does not solve the cause of the fault, which remains 
unknown (Dhillon et al., 2014) 

Industry 4.0 has two important features: Industrial Internet of Things (IIoT) and Cyber-Physical 
Systems (CPS). The IIoT enables real-time acquisition and processing of events from sensors. This 
allows users to predict the future conditions of equipment to mitigate faults and prevent failures 
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(Nadj, 2016). A Cyber‐Physical System (CPS) connects smart systems enabling autonomous exchange 

of  information,  triggering  actions,  and  controlling  each  other  independently  (Ravnå &  Schjølberg, 

2016). These two features enable predictive maintenance, reducing the time spent on unplanned or 

preventive maintenance, and allowing the manufacturer to better manage fleets of machines.  It  is 

loosely  defined  as  smart  factories  where  all  machines  and  systems  are  connected,  includes  also 

smart systems and Internet based technology to connect numerous inter‐connected and automated 

devices that are designed to communicate seamlessly both diagnosing and predicting needs of the 

system (Saucedo‐Martínez, 2018). This is the vision of Industry 4.0, where technology will assist the 

operation  and maintenance  of  complete  factories  or  infrastructures may  soon  be  a  reality.  As  it 

presents new challenges for maintenance solutions to guarantee failure‐free operation and optimal 

delivery  of  services.  For  proper  maintenance  to  occur  must  huge  volumes  of  data  be  analysed 

correctly;  that  is,  analysis  relating  to  machines  and  systems,  of  which  will  require  powerful  and 

effective systems capable of analysing them. As mentioned above, the goal of future production is to 

produce tailored, customer‐specific solutions, where each piece of equipment will be connected to 

varying  applications  and  usage  conditions  (Bagheri  et  al.,  2015).  Intelligent  maintenance  systems 

(IMS) (Yam, 2001; Sanz‐Bobi et al., 2002; Lee et al., 2006; Gregor et al., 2016) are being developed to 

meet these challenges there they will integrate data acquisition, processing and interpretation, so as 

to augment decision support system for robust and comprehensive technical solutions (Liyanage et 

al., 2009). 

1.2. Role for Human Expertise is Increasing  
Successful  technological  transformation  is not possible without  cooperation between humans and 

technology  (Onnasch  et  al.,  2014).  The  implementation  of  technologies  such  as  IIoT,  cloud 

computing, artificial intelligence (AI), etc. in Industry 4.0 does not intend to replace humans, but to 

support them to work more proficiently (Sharpe et al., 2019). Since humans are a crucial component 

in  all  aspects  of  technology,  the  way  humans  think  and  behave  effects  the  design,  use,  and 

adaptation  of  technology.  However,  human  behaviour  does  changes  in  relation  to  how  technical 

tools and artefacts are implemented. Whenever there is technological change in the workplace, this 

effects the social system, and vice versa (Knutstad and Ravn, 2014). Despite the technical advances 

in many industries, humans still play a significant role in maintenance (Bridges, 2013; Dhillon, 2014; 

Galar et al., 2015; Rødseth et al., 2017; Kumar & Galar, 2018). For example, qualified maintenance 

personnel are required to decide on the alternative actions suggested by an IMS, interact with the 

machines, and make the required corrections to prevent failures or deterioration. This suggests that 

the  increased degree of autonomy of  the  IMS  in dynamic  technical  systems  leads  to an expanded 

role for the interface between human and technical systems.  

Moreover,  many  human  related  aspects  in  maintenance  need  critical  consideration.  Three 

fundamental  issues  arise:  whether  decision‐making  should  be  centralized  or  decentralized  across 

organisational  layers  (Kagermann  et  al.,  2013),  whether  technology  supports  humans  or  humans 

merely represent operators (Kärcher, 2015), and whether technology will substitute for or support 

human  work  (Stary  and  Neubauer,  2017).  For  example,  decentralizing  allows  autonomy  for 

independent  entities  to  consider  their  own  operation  patterns  and  maintenance  constrains; 

however,  coordination  and  deployment  of  maintenance  actions  among  those  entities  require 

collaboration and negotiations. What is going to be the role of human and technology during such 

negotiations?  Common  to  all  three  questions  is  a  single  major  question.  Since  fast  advancing 
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technologies  are  taking  over  many  functions  in  maintenance,  why  is  human  expertise  still 

important? The literature suggests three main reasons. 

First, human expertise  is needed at many stages of  IMS: selecting the training data for algorithms, 

giving  feedback  during  training,  and  selecting  the  suitable  algorithm  out  of  the  alternatives. 

Intelligent systems make predictions (Agrawal et al., 2018) and use data, models, and knowledge to 

solve  semi‐structured,  ill‐structured,  or  unstructured  problems,  however  human  expertise  is 

required for the final decision making (Bradshaw et al., 2013; Cerka et al., 2015). A few humans will 

be  able  to  remotely  supervise  a  fleet  of  machines  over  a  large  geographic  area,  meaning  less 

redundancy,  with  humans  becoming  more  responsible.  As  long  as  humans  bear  the  overall 

responsibility for the performance of a system, they will have to ensure that the intelligent systems 

are performing correctly (Endsley, 2018).  

Second, increased dynamics in the working environment create hurdles for humans or machines to 

adapt.  Although  the  fast‐growing  intelligent  systems  can  improve  prediction  accuracy  by  learning 

over  time  through  trial  and  error,  such  systems  cannot  understand  the  cause  and  effect  of  new 

problems  (e.g. Pearl  and Mackenzie,  2018;  van den Bosch, 2019),  and  incorrectly  inferred  reverse 

causality is a problem for intelligent systems (Agrawal et al., 2018). The human ability to learn and 

solve new problems (Bradshaw et al., 2013) can surpass that of  intelligent systems, as humans can 

collect  and  synthesize dynamic  information,  improvise  and make novel  decisions  (e.g.  Johnston & 

Harris,  2019;  Orasanu‐Engel  & Mosier,  2019),  or  at  least  help  coordinate  humans  and  intelligent 

systems (Breton and Bosse, 2002). 

Third, common sense is an excellent example of humans’ perceptual learning abilities (Gibson, 1969; 

Chadha,  2001)  that  selectively  extracts  what  is  relevant,  to  discern  complex  patterns  and  finer 

details  with  minimal  cognitive  load  in  their  domains  of  expertise  (Goldstone,  1998;  Kellman  & 

Massey,  2013;  Renshaw  et  al.,  2018).  When  the  problem  is  well  stated,  intelligent  systems  can 

consider an impressive number of alternatives simultaneously, however the reasoning that requires 

creativity  (Fiaz  &  Edirisinghe,  2009)  or  common  sense  (Bosch,  2019)  is  an  on‐going  challenge  for 

intelligent systems.  

For these reasons, many authors (e.g. Asaro, 2007; Parasuraman & Wickens, 2008; Bradshaw et al., 

2013;  Endsley,  2015a;  Jarrahi,  2018)  do  not  believe  that  intelligent  systems  can  become  fully 

autonomous  and  assume  all  responsibility  in  the  near  future  in  most  complex  and  safety‐critical 

systems. The argument is that the humans have to be “in the loop” of these intelligent systems.  

1.3. Will Intelligent Systems Put Humans Out of the Loop? 
Attention  and  working  memory  are  two  critical  factors  those  limit  humans  from  acquiring  and 

interpreting  information  from  the  environment  to  form  situation  awareness.  Situation  Awareness 

(SA) is “the perception of the elements in the environment within a volume of time and space, the 

comprehension  of  their  meaning  and  the  projection  of  their  status  in  the  near  future”  (Endsley, 

1995a, p. 36). With the use of intelligent systems, automation has increased, and it has reduced the 

need for humans to observe the process, constantly.  In fact,  this significantly reduces the demand 

for  human  attentional  resources;  research  shows  that  this  could  increase  SA.  However,  when 

humans have too  little cognitive effort,  the advantage decreases over  time  (e.g. Bainbridge, 1983; 

Norman, 1990; Parasuraman & Riley, 1997; Bradshaw et al., 2013; Endsley, 2017). 
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A major effect of intelligent systems is a shift in the human’s role from an active role to a supervisor 
(Sheridan 1992; Endsley & Kiris, 1995). For example, when humans play an active role, they seek and 
perceive information, analyse it, make decisions, attend to the required controls and adjustments, 
and receive feedback. This keeps humans in the loop, both physically and cognitively. When 
intelligent systems take care of most of these actions, the “complacency phenomenon” can result 
(Parasuraman et al., 1993), i.e., the cognitive orientation towards seeing automation as highly 
reliable, especially prior to the first time a system fails in the user’s experience (Berberian et al., 
2017). In other words, intelligent systems may put humans out of the loop, preventing them from 
building an appropriate mental model of a situation (Sarter & Woods, 1992; Sarter, 1994; Lorenz et 
al., 2001; Breton and Bosse, 2002; Smith, 2003; Weyer et al., 2015; Forster et al., 2016; Murphy & 
Burke, 2016; Berberian et al., 2017; Biondi et al., 2018; Endsley, 2018; Sharpe et al., 2019).  

The out-of-the-loop syndrome has been identified as a “demon” leading to the loss of SA (e.g. Lorenz 
et al., 2001; Endsley & Connors, 2008). Lost SA when dealing with intelligent systems is also referred 
to as “surprises” (e.g. Wiener, 1989; Sarter et al., 1997; Talone, 2015; Pruchnicki, 2016); with 
reduced SA, humans find it difficult to track and develop a correct mental model of complex systems 
and can be surprised by the system behaviour. As a result, humans may not able to be involved in 
the recovery of systems from malfunctions (Warm et al. 2008; Onnasch et al., 2014) or may have 
trouble resuming the system through manual intervention (Wickens and Kessel, 1981; Kaber & 
Endsley, 2004). For example, humans may have difficulty comprehending and identifying actions to 
address an alarm about a system anomaly. 

The out-of-the-loop performance problems linked to poor SA have been studied in many fields 
including, aviation piloting, air traffic control, autonomous driving, and military command (see table 
2). For example, in a recent study, Johnston and Harris (2019) analyse two successive crashes of 
Boeing 737 MAX 8 aircraft. They find the autonomous trim control used by the manoeuvring 
characteristics augmentation system (MCAS) put the pilots out of the loop. They recommend that 
humans should be kept in the loop by giving them the ability to override or overpower an 
automated process. In general, these studies find poor transparency and deficiencies in the design of 
the user interface that shifts humans from active to passive processing (Endsley, 20015b). Authors 
recommend that humans should have access to enough information about systems to develop an 
adequate understanding of evolving situations. Various training programs have been designed to 
help the human become a system supervisor with an adequate understanding of the system 
behaviour. 

1.4. Statement of the Problem 
Most of the fields those have been studied for Situational Awareness (SA), consider the operational 
aspects of those fields. In contrast to operations aspects, maintenance exclusively deals with system 
deviations in the form of faults and failures. Therefore, how does SA apply to maintenance context is 
an interesting question. As noted above, Industry 4.0 offers the possibility of fault prediction and 
suitable prescriptions (e.g. Wieland et al., 2015; Ghimire et al., 2017; Fantini et al., 2018) to help 
humans have better SA of a system’s behaviour. However, SA is not about being able to predict; SA 
contains ascending levels of perception, comprehension, and projection of the future (Endsley, 
1995a, 2015c). However, there is a lack of studies on the SA aspects, and the impact of intelligent 
systems on the out-of-the-loop phenomenon in the maintenance context. Only a few studies have 
surfaced some important areas about SA applications in maintenance, however they do not go in to 
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detailed inquiries. To bridge the gaps, we first need an understanding of why SA is important in 
maintenance. Once we understand the importance of SA in maintenance, its emerging shapes in the 
Industry 4.0 scenario can be further studied.  

1.5. Aim of the Thesis  
The aim of this thesis is to understand how the cognitive abilities of the human can be modelled so 
that intelligent systems can be developed for greater collaboration. More specifically, this thesis 
explores and describes the human abilities to develop Situation Awareness of the changing 
situations of engineering systems in order to facilitate maintenance and makes recommendations to 
improve Situation Awareness about intelligent maintenance systems.  

1.5.1. Research Objectives  
The objectives are the following: 

• To define a framework, for how humans gain Situation Awareness in dynamic systems.  
• To conduct case studies concerning Situation Awareness requirements in the maintenance of 

complex engineering systems.  
• To determine the potential role of and apply Situation Awareness interventions in meeting those 

Situation Awareness requirements in the maintenance of complex engineering systems.    
• To develop a theoretical model how the Situation Awareness requirements can be facilitated, 

and how to utilise Situation Awareness in the future maintenance systems. 

1.5.2. Research Questions  
Three research questions are posed: 

• What are the major information requirements related to the task, human, and environment that 
influence a human’s Situation Awareness during maintenance actions of complex engineering 
systems?  

• What kinds of strategies do humans use to be aware of the necessary information for actions, 
and how can Situation Awareness interventions support those strategies, in order to facilitate 
maintenance of complex engineering systems?  

• Why will developing Situation Awareness about information of complex engineering systems be 
more challenging in the future, and what are the most effective strategies to provide better 
Situation Awareness to facilitate maintenance of future engineering systems? 

 

1.5.3. Scope and Limitations   
This thesis focuses on the SA aspects of maintenance actions within manufacturing and aviation; it 
briefly describes the applicability of the findings in the railway. The focus is confined to operational 
maintenance actions. The goal is to keep the focus at the applied level and to observe the relatively 
fast realization of interventions.  

The research takes a qualitative approach; it does not attempt to quantify SA or the effectiveness of 
SA interventions. The causality of the interventions is described using the fundamental theoretical 
assumptions of the study. The practical contribution is mainly realised at the organisations where 
the study was carried out. Realizations of the results can take a longer time, influenced by many 
aspects, including resource availability and the pace of implementation.    
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1.6. Thesis Structure 
The thesis consists of 12 chapters. This section briefly describes the contents of the chapters.  

• Chapter 1 gives an introduction to Industry 4.0, its implications for maintenance, the importance 
of human involvement in future maintenance systems, and the role of humans in Industry 4.0. It 
explains the aim of the thesis, gives the research questions and objectives, and identifies the 
scope and limitations of the research. The final section describes the thesis structure.  

• Chapter 2 refers to the relevant theoretical background. Maintenance is identified as a process, 
the decision requirements are identified, and different approaches for maintenance decisions 
are presented. The chapter briefly introduces SA propositions and reviews present SA 
applications in maintenance. 

• Chapter 3 presents the research design. It reviews various possibilities for a research approach, 
research strategy, data collection, and analysis and justifies the choices for this research. It also 
presents the research design quality.  

• Chapter 4 explains the research process. It provides transparency to the research actions and 
their interconnections and justifies the scientific orientation. It describes the four steps of the 
research: literature surveys; case studies; descriptive model development; compilation, and 
dissemination.  

• Chapter 5 presents the development of the SA framework used in the thesis. It explains why the 
three-level SA model was selected, and identifies the maintenance areas lacking SA focus, 
setting the foundation for the rest of the thesis. This is connected to Paper E. 

• Chapter 6 presents case studies on SA applications in the manufacturing industry. It explains the 
methods used and gives the results of the two case studies in the manufacturing industry. These 
are connected to Paper A and B.  

• Chapter 7 presents case studies on SA applications in the aviation industry. It explains the 
methods used and gives the results of the two studies in the aviation industry. These are 
connected to Papers C and D.  

• Chapter 8 presents a review of case studies on various strategies used by humans to gain SA 
during maintenance actions. It explains the methods used and presents the results of the review 
of case studies from various industries. This is connected to Paper E.  

• Chapter 9 presents the development of the descriptive model showing how SA can be realised in 
the maintenance actions of Industry 4.0. It also refers to the papers mentioned in the previous 
chapters. These are connected to Papers F and G.  

• Chapter 10 presents a case study on the use of AR in maintenance as a tool for gaining SA. It 
identifies various competencies of AR solutions in maintenance and suggests opportunities for 
improvement. This is connected to Paper G.  

• Chapter 11 discusses how the research objectives were met and explains how the results answer 
the research questions. It identifies the contributions of the research as well.  

• Finally, Chapter 12 presents the conclusions and suggests future research opportunities.   
• The appendix contains six journal papers and a conference paper in full. These articles reflect 

both theoretical and empirical studies as part of the performed research. The relationship 
between the appended research articles and the research objectives is further elaborated in 
Section 4.4.   
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2. Theoretical Frame of Reference
This chapter presents some theories with complementary perspectives on maintenance and SA. It 
begins with a discussion of maintenance as a process and maintenance decision requirements. Then 
it presents various perspectives on maintenance decision errors and intelligent maintenance 
systems. It concludes with a brief discussion of previous studies on SA in maintenance.  

2.1. Maintenance as a Process 
Maintenance involves such activities as analysis, testing, servicing, alignment, installation, removal, 
assembly, repair, or rebuilding of a system (Henderson and Feiner 2007), with a system defined as “a 
collection of components that work together toward a common objective(s)” (Duffuaa et al., 2000, 
p. 2). In a broader view, Maintenance is defined as a “combination of all technical, administrative
and managerial actions during the life cycle of an item intended to retain it in, or restore it to, a state
in which it can perform the required function” (SS-EN 13306:2017, p. 8). This includes the planning,
organisation, and implementation of all the technical and administrative processes associated with
activities such as inspection, monitoring, testing, servicing, repairing and, improvement and
modifications.

From the first industrial revolution, maintenance has always been a critical process. Effective 
maintenance operations have been a critical factor for productivity and reliability (Winterton & 
Winterton, 1994). However, equipment, machines, and structures have grown increasingly complex. 
Therefore, maintenance has evolved to incorporate knowledge from many fields, including statistics 
and probability, information and communication technology, instrumentation, product design, 
system design, operations management, and operations research. In Germany alone, maintenance 
helps to ensure that more than 2.2 trillion euros worth of machines and systems are kept running 
(acatech, 2015).  

The maintenance process has several phases (see figure 2) (Söderholm & Holmgrenet, 2007). The 
first phase is maintenance planning. Main inputs in this phase include information about the current 
system health and maintenance documentation, including objectives, strategies, and policies. 
Another important input into maintenance planning is information about the available resources. 
The second phase, maintenance execution, uses input from the maintenance plan, as well as input 
on the maintenance environment, the maintainability of technical systems, maintenance 
documentation, and the actual availability of time, personal, and other resources. Maintenance 
execution also requires input in the form of feedback from the functional testing phase. The third 
phase is functional testing. Functional testing includes activities such as inspection, monitoring, fault 
diagnosis, and function checkout. The fourth phase is feedback. One loop comes from functional 
testing and goes to maintenance planning and maintenance execution. The information in the 
feedback loop represents the current health of the system. This should result in follow-up, and the 
original maintenance plan should be updated. There should also be a feedback loop from the 
operative maintenance process to stated maintenance objectives, strategies, and policies. This 
feedback loop should be applied to validate maintenance documentation, such as maintenance 
manuals, and, when necessary, to perform changes. Both the operative organisation and the original 
equipment manufacturer (OEM) should recognise these changes. Both feedback loops are critical to 
achieve continuous improvement and risk reduction in the maintenance process.  
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Figure 2. Maintenance process comprises several phases (Söderholm et al., 2007) 

2.2. Maintenance Decisions  
Maintenance decision making may take place in several contexts with different types of systems in 
terms of technology, repairability, reliability, and availability requirements etc. Maintenance 
decision problems are identified at three main levels: strategic, tactical, and operational (Ben-Daya 
et al., 2016) (see figure 3). Strategic decisions relate to problems such as capital expenditure and the 
assignment of in-house or outsourced maintenance work; the key drive is to minimize life-cycle costs 
and risk of failure (Lounis et al., 1999). Tactical level decisions concern such problems as spare parts 
and inventory management, manpower planning, and maintenance and production work 
coordination etc. Operational decisions include job scheduling, assessment of the system health, 
repair versus replace decisions, and information sharing among team members and resources. 

Operational level maintenance decisions deal with two distinct but interconnected concepts: fault 
and failure. Fault is the inability to perform as required, due to an internal state, and failure is the 
termination of the ability of an item to perform a required function (IEV, 2019). They are 
interconnected because the fault is the result (state) of an associated failure (event). Decisions on 
faults and failures are made at three interconnected time-lines: descriptive analytics, predictive 
analytics, and prescriptive analytics (Kumar and Galar, 2018). Descriptive analytics aims to answer 
what has happened, and why. Predictive analytics aims to answer what will happen in the future, 
and why. Prescriptive analytics aims to answer what needs to be done.  
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Figure 3. Decision problems in maintenance (Ben-Daya et al., 2016)  

A common approach to solving maintenance decision problems is illustrated in figure 4. The figure 
shows how business objectives connect with maintenance strategies. It also shows how statistical 
packages aid data collection and how analysis is combined with maintenance concepts, techniques, 
and models. In making maintenance decisions, manual decisions can be made with the help of 
graphical tools or diagrammatic tools like graphs and flow charts. However, maintenance decision 
support systems are commonly used in many organisations (Dey, 2004; Ni & Jin, 2004). These 
systems assist in evaluating different maintenance decisions to select the most robust and cost-
effective solution in a systematic and transparent way (Zoeteman, 2001). There is a rapid growth of 
interest in combining maintenance decision techniques, such as linking experts’ domain-knowledge 
(Yam et al., 2001; Liyanage et al., 2009; Galar et al., 2015) to wider application areas. These 
techniques can complement each other to overcome a limited focus on single criterion (Fiaz & 
Edirisinghe, 2009) and satisfy multiple goals in practical situations. 

 

Figure 4. Solving maintenance decision problems (Ben-Daya et al., 2016)  
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2.3. Errors in Maintenance Decisions  
Although maintenance is performed to ensure dependability and safety (Misra, 2008), erroneous 
maintenance decisions may contribute to major accidents. Decision error is one of the main causes 
of maintenance related accidents. Maintenance errors contribute up to 13% of aircraft accidents 
(IATA, 2018), and around 2/3 of those were traced to decision errors (Krulak, 2004). In the nuclear 
power plants, 8% of the accidents were attributed to human errors in maintenance (Yim, 2010). 
Maintenance in complex environments, in which technicians perform tasks with limited time, with 
minimal feedback, and in difficult physical postures (Miller, 1998; Rahman et al., 2009) or confined 
spaces (Latorella & Prabhu, 2000) and, at times, with difficult ambient conditions (Liang et al., 2010; 
Dhillon & Liu, 2006) increases the chance for human error. Major contributing factors are 
attention/memory errors, knowledge/rule based errors, and judgmental errors (Schmidt, 2003; 
Rashid, 2013).  

Humans have a natural tendency to err (e.g. Reason, 1990). Human error is a failure in a common 
sequence of psychological functions that are basic to human behaviour: stimulus, organism, and 
response (Meister, 1966). Human error is defined as “a planned sequence of mental or physical 
activities (which) fail to achieve their intended outcome and these failures cannot be attributed to 
chance” (Reason, 1990, p. 9). Another definition is that human error is “an unintended failure of a 
purposeful action to achieve an intended outcome within set limits of tolerability pertaining to 
either the action or the outcome” (Whittingham, 2004, p. 6). Senders and Moray (1991, p. 25) define 
error as “not intended by the actor, not desired by a set of rules or an external observer; or that led 
the task or system outside its acceptable limits”. These definitions all distinguish a difference 
between controllable or voluntary actions that lead to errors and those guided by mere luck, either 
bad or good. Overall, errors can result in predictable consequences, in that correct performance and 
systematic errors are two sides of the same coin (Reason, 1990). Rasmussen’s (1983) Skill-based, 
Rule-based, Knowledge-Based (SRK) model provides a firm foundation for exploring the underline 
cognitive processes in different types of errors. This model shows that human actions can go as 
planned, however the plan can be inadequate, leading to mistakes; alternatively, even though the 
plan is satisfactory, the subsequent performance can be deficient, leading to slips and lapses 
(Reason, 1990; Hollnagel, 1993).  

Technology allows people to do more and better work. At the same time, technology restricts 
humans in many ways. For example, IMSs largely free up humans from conducting manual 
inspection activities (i.e. condition monitoring), possibly preventing the exposure to difficult 
postures and hazardous environments required in manual inspection. However, such technologies 
inevitably restrict humans to using their multimodal sensory processing (Kellman & Massey, 2013). 
Technological advances have made it highly unlikely that a single technical failure or an isolated 
human error is enough to cause a major accident. Instead, accidents often deal with error-provoking 
tasks and error inducing situations (“error traps”) rather than with error-prone people (Reason & 
Hobbs, 2003). Along these lines, in the systems approach to understand human error, the focus is on 
the system(s), not the individual(s), and to randomness, not deliberate action. The “Swiss cheese 
model” (Reason, 1990) represents a complex system with a series of defences at different levels to 
prevent errors from resulting in a hazardous condition. The defences may be applied either by an 
individual actor or by an organisation.  



Theoretical Frame of Reference 

             13 
 

2.4. Intelligent Maintenance Systems  
To cater fast developing industrial systems, maintenance solutions should able to handle complex 
systems those comprise of a large number of sub-systems and components (Bagheri et al., 2015) and 
make decision out of huge amount of data. This makes mathematical modelling and computations 
expensive and least practical. Therefore, rises the need of Intelligent Maintenance Systems (IMSs). 
Conceptually, intelligent systems make sense out of ambiguous information, can learn from 
experience, deal with perplexing situations,  apply knowledge to manipulate the environment, 
recognize the relative importance of different elements in a situation, and reasons in problem 
solving, (Phillips-Wren et al. 2012). Authors identify two major attributes of intelligent systems: the 
ability to make predictions (Hawkins, 2007), and the ability to improve prediction accuracy by 
learning over time (Agrawal, 2018). 

Although their advanced versions are fast emerging, use of IMS is not new. During 1960-1970 
“expert systems” which is a subset of AI, have been used in maintenance, for example AT&T’s cable 
maintenance systems (Martins, 1984). Two conventional intelligent systems are Rule-Based 
Reasoning (RBR) and Case-Based Reasoning (CBR) (Chi, 1991). Due to the general similarity of the 
equipment and common parts, RBR enables a wide range of maintenance applications including fault 
diagnosis and planning (e.g. De Carlo et al., 2009; Saleem et al., 2010). However, at complex 
situations when formulation of rules is difficult, CBR becomes effective, because the reasoning is 
done with local knowledge from a library of past cases (Karacapilidis, 2006). Many CBR applications 
are found in maintenance, for example faults detection (Olsson, 2003), and predicting maintenance 
cost (Jui-Sheng, 2009). 

Over the time, a number of intelligent concepts have evolved and applied in the maintenance 
domain, for example use of Genetic Algorithms (GA) for condition assessment (e.g. Morcous & 
Lounis, 2005); Artificial Neural Networks (ANN) for fault detection (e.g Wu et al., 2007);  and Deep 
Learning  for fault prediction (e.g. Rødseth et al., 2017; Wang, & Wang, 2017). Presently, IMSs are 
mainly driven by three major trends: easier collection of huge amount of data, improved intelligent 
algorithms, and cloud services (Gregor et al., 2016). With the Internet, it is possible to transfer data, 
share information, analyse with embedded systems, and coordinate activities. Activities such as 
continuous monitoring, transferring, sharing, and analysis of equipment health conditions can 
facilitate predictions of unacceptable behaviour and pinpoint exactly which components are likely to 
fail (Lee et al., 2006). IMSs continue to improve their ability to act appropriately in uncertain 
environments (Meystel & Albus, 2002), making it possible for intelligent prognostics (e.g. Kwon et 
al., 2016; Diez-Olivan et al., 2019) to estimate and anticipate events (Oliván, 2017), and to suggest 
optimal solutions to possible future problems (Dopico et al., 2016; Nikolic et al., 2017). 

A more futuristic view of IMS is the enabling of new technologies based on capabilities such as “self-
awareness” (Bagheri et al., 2015), “self-learning” (Nikolic et al., 2017), “self-predicting”, “self-
maintaining” (Labib, 2006), and “self-healing” (Rao, 2019). With these capabilities, IMS are expected 
to be able to make decisions and act autonomously (Saucedo-Martínez et al., 2018). Most advanced 
approach is the `holistic intelligence' (Thórisson & Nivel, 2009),  that work seemingly like an 
advanced human mind without relying upon predefined, rule-based inferencing (Mirchandani & 
Pakath 1999); progress has been made on simulating holistic recognition (e.g. Mishra, 2018), 
however, many challenges remain in developing truly holistic systems (Zhong et al., 2013).  
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2.5. Situation Awareness  
Until the early 1970s, humans were assumed to make logical inferences from evidence (Edwards, 
1954; Reason 1990). Decision making theories evolved with increasing elaborations and often used 
complex mathematical reasoning. However, the rationalist bias of these theories was criticised, with 
decision-making seen as related to time, effectiveness, uncertainty, complexity, and human biases 
(e.g. Tversky & Kahneman 1974; Hastie & Dawes, 2010; Dane et al., 2012). Alternative views 
suggested humans are unable to engage in analytic reasoning (e.g. Lichtenstein et al. 1978; Reason 
1990), and theories on naturalistic decision making emerged (e.g. Endsley 1989, 1995a; Klein 1993; 
Reasons and Hobbs 2003), including the theory of Situation Awareness (SA). This line of research 
emphasizes the role of expertise in decision making.  

SA is affected by and comes after a chain of psychological constructs, such as stress, mental 
workload, and trust (Stanton and Young, 2000; Wagner, 2009; Heikoop et al., 2015), however none 
of the relationships is reversible, suggesting SA is a central construct. SA, in general, refers to how 
operators in complex and dynamic systems develop and maintain awareness of “what is going on” 
(Endsley, 1989), however, current definitions offer conflicting views. First conflict is, SA is seen as 
either a cognitive phenomenon that occurs “in the head” of an individual, or as a construct that lie 
within the interactions in a system. Second conflict is SA is seen as either a cognitive process, or a 
state of knowledge. Various models of SA has been approached differently, as briefly described 
below.  

2.5.1. Theory of Activity Model  
The theory of activity model (Bedny and Meister, 1999) argues that individuals possess goals that 
represent an ideal image or desired end state of activity that directs them towards activities that 
permit the achievement of these goals; the activities are motivated by the differences between the 
goals and the current situation. The model comprises three main stages: the orientation stage 
involves the development of an internal representation of the current situation; the executive stage 
involves proceeding towards a desired goal via decision making and action execution; and the 
evaluative stage involves assessing the situation via information feedback, which in turn influences 
the executive and orientation components.   

2.5.2. Perception-Action Cycle based SA 
The Perception-Action Cycle (Niesser, 1976) describes an individual’s interaction with the world and 
the role of schemata in these interactions. Schemata are the active organisations of past reactions 
and past experiences, which are combined with information in the world (Bartlett, 1932) and direct 
one’s interaction with the world. The outcome of the interaction modifies the original schemata, 
which, in turn, directs further interactions. Adams et al. (1995) explain SA using the Perception-
Action Cycle, holding two views of SA: SA as a process of directed interaction and modification that 
continues in an infinite cycle; and SA as a product comprising of the state of the currently activated 
schema. They also propose that, schema part can be modelled in to two parts: explicit and implicit. 
The perceptual cycle model of SA (Smith & Hancock, 1995, p. 137) argue SA as “adaptive, externally 
directed consciousness”. As per this argument, goals appear in the environment rather than in the 
head (externally directed); humans use both knowledge and behaviour to achieve those goals 
(adaption); a portion of knowledge-generating behaviour may be manipulated intentionally 
(consciousness). This model holds that SA resides through the interaction of the person with the 
world.  
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2.5.3. Three-Level SA Model 
Although  influenced  by  the Wicken’s  (1988)  information  processing  model,  three‐level  SA  model 

(Endsley, 1995a) more specifically describes and explains how human utilize information processing 

in  complex and dynamic environments.  The  three‐level  SA model  suggests  that one’s  state of  the 

knowledge about the dynamic environment comprises three levels:  level 1  involves the perception 

of  cues;  level  2  involves  the  integration of multiple  pieces  of  information  and  a  determination of 

their relevance to the one’s goals; level 3 features the ability to forecast future situation events and 

dynamics  (see  figure  5).  SA  is  different  from  situation  assessment,  because  SA  is  the  state  of 

knowledge achieved through situation assessment. SA is also different from decision making; SA is 

the main precursor to decision making. The relationship between SA and performance is not always 

direct,  because performance  can be affected by  SA and also by other  factors. Although  there  are 

many overlapping concepts, defining SA in a way that is susceptible to measurement, distinguishes it 

from other concepts such as perception, workload, and attention (National Research Council, 1998). 

A number of theoretical hypotheses explain causality within the three‐level SA model. These include 

the following. SA is restricted by limited attention and working memory capacity; long‐term memory 

may overcome these limits even with limited information under uncertainty; goals and expectations 

affect  how  the  attention  is  directed,  how  information  is  perceived,  and  how  it  is  interpreted; 

automaticity  may  be  useful  in  overcoming  attention  limits,  however  it  may  leave  individuals 

susceptible  to missing novel  stimuli. More  recently,  Endsley  (2015c)  clarifies  the understanding of 

the three‐level SA model as: 

 Three levels of SA represent ascending levels, not linear stages;   

 SA model associates with both goal‐driven (top‐down) and data‐driven (bottom‐up) iterations; 

 SA depends on pattern matching between environmental cues and the mental model;   

 Salient cues will activate appropriate goals and models;   

 Novices combine, interpret, and strive to make projections in limited working memory; 

 Long term memory stores in the form of schemata can largely circumvent these limits. 

A number of  individual  related and  task  related  factors  could  influence  SA. A  taxonomy has been 

developed  for  problems  a  person might  have  in  developing  SA  (Endsley,  1995b;  Jones &  Endsley, 

1996). Errors at Level I, for example, centre on failures to perceive information, often due to some 

inherent  lack of discriminability  in data; alternatively,  the amount of data may surpass the human 

perceptual capacity. Errors at Level  II centre on failures to comprehend the significance of events, 

perhaps  because  of  an  overreliance  on  some  default  understating.  Errors  at  Level  III  centre  on 

difficulties  projecting  the  dynamics  of  the  situation  or  over‐projecting  a  trend  observed.  SA  is 

hindered  by  8  “demons”  (Endsley  2004):  “Attentional  tunnelling”,  “Requisite  memory  traps”, 

“Workload‐Anxiety‐Fatigue‐Stressors”,  “Data  overload”,  “Misplaced  salience”,  “Complexity  creep”, 

“Errant mental models” and “Out‐of‐the‐loop syndrome”.  

SA  theory  acknowledges  that  elements  in  the  environment  can  give  these  demons  more  or  less 

impact. Advancements  in SA  research offer a variety of  interventions  in  job and workplace design 

(Endsley  and  Jones,  2004)  addressing  a  wide  range  of  factors,  those  hinder  SA.  These  SA 

interventions have been proven effective in many applications such as, aircraft cockpits and ground 

control stations, military command and control centres, emergency management, medical systems, 

air traffic control, automobiles, financial and business management systems, space exploration, and 

power and process control  rooms.  In general,  these  interventions hold  that,  system design should 

not limit to hardware and software, but extended to focus on human interactions.   
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Figure 5. The Three‐level SA model (Endsley, 1995a) 
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2.5.4. Distributed Situation Awareness Model  
The Distributed Situation Awareness (DSA) Model is influenced by the concept of Distributed 
Cognition (Hutchins, 1991). The main argument of Distribution Cognition is that socio-technical 
systems have cognitive properties that are not reducible to the properties of individuals but 
distributed within various agents in the system: humans and the artefacts (Hutchins, 1991). 
Distribution Cognition attempts to represent information using the technical artefacts and their 
usage in a way that it can help the extraction of meaning, and to embed complex manipulations into 
simple actions. 

By favouring a socio-technical systems approach, Distributed Situation Awareness (DSA) views SA as 
an emergent cognitive property within the system, rather than an individual property. The theory of 
DSA identifies SA as a dynamic and collaborative process binding agents together on tasks (Stanton 
et al., 2006). This view broadens the general understanding of how a system undertakes tasks and 
what each agent is aware of at any given point (Neville et al., 2016). Depending on the stage, 
different ‘agents’ in a socio-technical system will have different awareness of a system.  

Major development versus Distribution Cognition, would be that the DSA forms a dynamic systems 
perspective. Extending the concept of knowledge status addressed in SA, DSA suggests that a 
situation requires the use of appropriate knowledge (held by individuals and captured by devices) 
that relates to the state of the environment and reflects those changes as the situation develops. 
With that, DSA is defined as “activated knowledge for a specific task within a system at a specific 
time by specific agents” (Stanton et al., 2010, p. 6).  

The theory of DSA is based upon six basic propositions (Stanton et al. 2006): 

• SA is held by both human and non-human agents; 
• Transactions (in the form of communications and interactions) between agents may be in the 

form of non-verbal behaviour, customs and/or practice;  
• Acknowledges that there is also implicit communication of information rather than detailed 

exchange of mental models; 
• Technologies transact through sounds, signs, symbols and other aspects relating to their state; 
• Non-overlapping and overlapping SA depends on the agent’s goals;  
• There are multiple facets of SA pertaining to the same scene held by different agents; 
• One agent may compensate for degradation in another agent’s SA.  

As modelled in figure 6 (Salmon et al., 2009) DSA considers four factors: individual factors, task 
factors, system factors, and team factors. It also considers the effect of those factors on the 
exchange of SA between agents. It considers those exchanges as transactions, not simply the 
communication of information between humans and artefacts. Applications of DSA in various 
domains (e.g. Neville et al. 2016) identify various classes of transaction failure that directly 
contributed to the unfavourable consequences: absent transaction, inappropriate transactions, 
incomplete transactions, and misunderstood transactions.  
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Figure 6. Distributed Situation Awareness (DSA) modelled by Salmon et al. (2009) 
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2.6. Situation Awareness Applications in Maintenance 
According to Reason and Hobbs (2003), maintenance performance is affected by written procedures, 
the reality of the situation, and the mental model of what should happen next. Attention and 
working memory are critical factors that affect operators’ ability to acquire and interpret 
information from the environment to form correct mental models. Perfect maintenance cannot be 
achieved if any element of the information processing chain is broken: failure of perceived stimulus, 
inability to discriminate among various stimuli, misinterpretation of meaning of stimuli, not knowing 
what response to make to a particular stimulus, physical inability to make the required response, 
and responding out of sequence (Meister, 1966). An adequate mental model is a pre-requisite for SA 
(Sarter and Woods, 1991).  

Interventions using various SA concepts have been found beneficial in a wide variety of fields, 
including operator interfaces, automation concepts, and training programs across many safety-
critical domains such as aircraft piloting, air traffic control, power plants, and advanced 
manufacturing systems (Endsley, 1989, 1995a, 1996, 2004, 2015b, 2017, 2018) (See table 2). 
However, SA in the maintenance context is the focus of only a few studies. 

Table 2. Situation awareness studies in various domains (title including the domain and “SA”) 

Application Domain Key Authors Number of articles 
(2000-2019)  

Automation in general Endsley (1989-2018), Parasuraman (2000) 79 
Driving Gugerty (1997), Kass (2007) 78 

Aviation piloting and TC Endsley (1989-2018), Wickens (2002) 70 
Medical Blandford (2004), Gardner (2017) 54 

Power Grid Operation Wang (2010), Penteli (2015) 49 
Maritime piloting and TC Rhodes (2007), Øvergårda (2014) 44 

Military command Entin (2000), Eid (2004) 33 
Manufacturing Kaber (2004), Lu (2008) 14 
Maintenance Oliveira (2014,2015), Endsley (2000) 8 

Most of the previous studies on SA in maintenance focuses on SA issues within maintenance teams, 
such as aviation maintenance teams (Endsley & Robertson, 2000) and rail track maintenance teams 
(Golightly, 2013). A common SA challenge for maintenance teams in these industries is the scattered 
nature of the assets, which makes communication difficult. A major focus has been on the SA 
requirements, technologies, and personnel resources used to meet those requirements across and 
within teams. Another line of the research looks at the SA of teams in maintenance control rooms 
(Truitt and Ahlsotrom, 2000; Bridges, 2013). These teams face SA challenges different to what is 
faced by teams at the site; they work on different technical facets and are responsible for multiple 
numbers of assets remotely. Overall, these studies suggest that maintenance personnel must have 
the skills and abilities to effectively communicate, and the ability to recognize which information 
needs to be exchanged among and between team members. The ultimate goal is better team 
synchrony, collaborating and coordinating tasks to achieve a common goal. 



Theoretical Frame of Reference 

             20 
 

Studies have also focused on fault diagnosis using SA framework. Lorenz et al. (2001) simulate fault 
diagnosis and recovery tasks with different levels of support from an intelligent fault management 
system. They conclude that the out-of-the-loop phenomenon (mentioned previously) depends not 
simply on the level of automation (LOA), but also on the intelligent system’s support for the human 
operator's information sampling and higher-level reasoning activities. Nadj et al. (2016) identify SA 
as a suitable approach for an effective predictive maintenance system in oil and gas pipeline 
operations. They argue that technical feasibility is only one determinant of a predictive maintenance 
system, it is also important to provide the maintenance personnel with the ability to make use of a 
vast amount of data. Accordingly, they use three design principles: sensing-acting-tracking to 
promote operational decision makers’ SA. Oliveira et al. (2014, 2015) suggest a human-centred 
interface for SA in maintenance. The interface comprises seven entities: task, equipment, system, 
environment, team, enterprise, and personnel. The interface intends to categorise entities of 
interest in maintenance, identify important information in each entity, present common problems of 
SA and suggest possible solutions. 

The concept of DSA has been applied in maintenance in the energy distribution sector (Salmon et al., 
2009) and the railway sector (Walker et al., 2006). These studies model SA using a propositional 
network approach to trace transactions between multiple agents. In this way, opportunities open up 
not only to trace information but also to relate it to the sequence and timing of actions and agents. 
These authors believe the DSA approach can be elevated from a theoretical level to one that is much 
closer to practical design outputs. 
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3. Research Design 
This chapter discusses some research options and explains which ones are chosen and why.  

3.1. Research Aim 
The aim of this thesis is to explore and describe the human abilities to develop Situation Awareness 
of the changing situations of engineering systems in order to facilitate maintenance and to make 
recommendations to improve Situation Awareness about intelligent maintenance systems. The 
research conducted in this thesis aims to explore, to explain, and to describe (Marshall & Rossman, 
1999) the concept of Situation Awareness. The exploratory sections investigate phenomenon and 
generated hypotheses, while the explanatory sections explain the patterns of the phenomenon in 
question, and identified plausible relationships shaping it (Zikmund, 2000; Yin, 2017). In 
continuation, the descriptive research sections describe the phenomenon.  

The research begins by examining the SA requirements in maintenance, serving an exploratory 
purpose. This includes a detailed literature review of empirical studies on SA in maintenance. With 
the literature review as a foundation, the research uses interviews, discussions, and observations to 
explore the topic, thereby gaining more background knowledge, a better understanding of the 
problem, and further questions. Analysing the role of SA interventions and different strategies used 
by humans to gain SA requires an explanatory approach and involves revealing the causes of the 
basic phenomenon. Experimental methods are commonly used for this type of explanatory task. This 
research considers a series of SA interventions. It also refers to previous experimental studies and 
case studies of different strategies used by human to gain SA. The research is also descriptive. It 
develops a series of interventions corresponding to the central SA theories and describes how those 
interventions are applicable in the future maintenance context. The final recommendation, how SA 
can be accommodated in future maintenance systems, is descriptive as well. 

3.2. Research Approach 
Although different approaches (such as deduction, induction, and abduction) can be used to answer 
research questions, they are often closely related, and several factors were considered before 
selecting a suitable approach. This section briefly explains why abduction was selected in this thesis.  

3.2.1. Deduction, Induction and Abduction  
The research in this thesis sought to answer the research questions using scientific reasoning (Davies 
& Hughes, 2014). Deductive reasoning tests hypotheses and theories to reach a specific, logical 
conclusion (Chalmers, 2013). In contrast, inductive reasoning makes broad generalizations from 
specific observations. For this research, abduction a combination of induction and deduction was 
deemed most applicable since it needed observation interpreted using a central hypothetical 
pattern; then in following, the interpretation was adjusted with new observations according to 
Alvesson & Sköldberg (2000).  

The deductive part of this research applies three-level SA theory to specific observations in 
maintenance. This consists of two premises. First, as the name suggests, three-level SA involves 
three levels of awareness: perception, comprehension, projection. Each can aid decision making in 
dynamic situations. Second, a set of key steps in maintenance, i.e., detection, diagnosis, and 
prognosis, depends on several work-system related external factors, as well as on the cognitive 
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abilities of the human. This research tests the analogy between three-level SA and the three key 
steps in maintenance.  

As the research progressed, several issues motivated an inductive stance. The three-level SA theory 
continues to be applied in many domains, such as medical diagnosis (Wright et al., 2004), however, 
theories that appear to be able to explain practically everything should be viewed with suspicion 
(Popper, 1962). While a traditional approach claims that the truth of a proposition lies in its 
agreement with the facts, the coherence theory (Bonjour, 1976) states a theory must agree with all 
other propositions. Accordingly, Endsley (2015c) clarifies many misconceptions about the three-level 
SA theory, while referring to a few supporting propositions; which may also be seen as an attempt to 
protect a core idea (Lakatos, 1977). As argued by Schlick (1979), attention is invariably paid only to 
propositions those can be employed as examples. Therefore, an alternative approach for this 
research would be to take an inductive approach, seeking a new explanation of the SA phenomenon 
in maintenance. However, a major weakness in inductive reasoning is that a limited number of 
observations can be the basis for a general rule. Induction requires built-in design controls for 
measuring potential hidden causes and possible alternative causes however, elimination of plausible 
alternatives is never complete because it is impossible (Neuman, 2005). Therefore, this thesis does 
not take an inductive stance.  

Abduction is both logical and innovative, leading to the rule-governed and replicable production of 
new and valid knowledge (Flick et al., 2004). Therefore, abduction is the most relevant approach for 
this thesis to address the interests of academia where a deeper theoretical understanding is 
required, and the real-life context in the industry that takes a more pragmatic view, seeking practical 
advice. In conclusion, this research takes an iterative approach, balancing theory and practice, in line 
with abduction. 

3.2.2. Qualitative Versus Quantitative Approach  
This research does not aim to quantify SA but rather to gain a deeper understanding of how SA can 
be characterised in the maintenance context. Focusing on understanding of a phenomenon 
(Merriam, 1988), using illustrations and descriptions to describe SA, the research is descriptive 
(Taylor & Bogdan, 1984). Study also shows relationships and causality between events, as such, can 
be seen as explanatory (Marshall & Rossman, 1999). Although qualitative research is defined as “any 
type of research that produces findings not arrived at by statistical procedures or other means of 
quantification” (Strauss and Corbin, 1998, p. 17), this definition focuses only on procedures and 
techniques used to collect and analyse data, ignoring other aspects of research design (Yilmaz, 
2013).  

Qualitative research comprises various orientations, such as who or what is studied. It can be 
interpretive, inductive, or reflexive, based on philosophical assumptions. In contrast, Quantitative 
research explains phenomena using numerical data analysed by means of mathematical methods, in 
particular statistics (Aliaga & Gunderson, 2000; Yilmaz, 2013), however this often requires the design 
of suitable research instruments aimed at converting phenomena of interest into quantitative form 
(Muijs, 2010). Qualitative research generates flexible and new data-gathering and analysis 
strategies; the various approaches are interpretive, reflexive, deep, rigorous, and methodologically 
heterogeneous (de Gialdino Irene, 2011). The hallmark of qualitative research is that they explain, 
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define, clarify, and illuminate constructs (Morse, 2004) and create, expand, modify, and supersede 
the proposition it studies (de Gialdino Irene, 2011). 

3.3. Research Methodology 
Types of research methodologies include experiments, surveys, archival analysis, and case studies. 
Case studies are suitable for this research for the reasons explained in this section. 

Case studies are suitable for answering “what” and “why” questions. The inquiries in this research 
comprise what and why questions. As per the defined scope, this research does not attempt to 
answer questions such as who, where, how many, and how much. Surveys and archival analysis are 
suitable for answering such questions (Jick, 1979, Gable & Sedera, 2009). While experiments, history, 
and case studies are suitable for answering what and why questions (Yin, 2017; Gibbert & Ruigrok, 
2010). The outcome of the case study can either be an answer to a descriptive question; answering 
what happened or answer to an explanatory question answering why something happened. Of 
these, case studies support the deeper investigation that is necessary to answer what and why 
questions of a certain observable event. In comparison to who-where questions, what-why 
questions are more descriptive and explanatory, and likely to be addressed using the case study 
method (Tellis, 1997; McCutcheon & Meredith, 1993). 

Case studies support studies in real-life context. In this thesis, how SA propositions apply in the 
maintenance context is understood in the real-life context, by referring to real applications in 
various industries. Compared to other methods, the potency of the case study method is its ability to 
examine a complex phenomenon in depth, within the holistic and meaningful characteristics of a 
real-life context (e.g. Baxter and Jack, 2008; Zucker, 2009; Thomas, 2015), when the investigator has 
little control over events (Yin, 2017). The boundaries between phenomenon and context may not be 
clearly evident in real-life events. One major difference between survey-based studies and case 
studies is that surveys capture perceptions and attitudes about events and behaviours, whereas case 
studies collect direct evidence (Yin, 2017). Therefore, an important strength of case studies is the 
ability to undertake an investigation into a phenomenon in its context, not having to replicate it in a 
laboratory or experimental setting.  

Case studies better support abstract constructs. As per sections 3.1 and 3.2, this research prefers a 
methodology that supports a qualitative approach. It deals with SA, a concept in human cognition, 
and thus refers to a number of related abstract concepts, such as memory, attention, and schema. 
Concepts range from very concrete ones easily evident in the familiar empirical world, to highly 
abstract ones far removed from direct, daily empirical life (Katja Wiemer-Hastings & Xu, 2005). 
Abstract concepts refer to aspects of the world we do not directly or easily experience, nonetheless 
use to organize our thoughts and expand our understanding. Higher-level abstract concepts are 
often defined using lower-level ones (Neuman, 2005). Case studies can better explore complex 
phenomena in a real-life context, and their validity can be ensured through the use of strategies 
such as triangulation (Riege, 2003). This is discussed in more detail under research design quality.  

Case studies facilitate rival analysis. One of the objectives in this research is to understand different 
strategies used by humans to gain SA. Adopting rival explanations and alternative perspectives helps 
to make sense of the complex relationships that underline practice and explain why efforts to 
improve a situation succeed in some circumstances, but not in others. One of the important roles of 
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case studies in developing new knowledge is to provide an understanding of the different impacts of 
different efforts.  

3.4. Data Collection  
There are six main sources of evidence for a case study (Yin, 2017): documentation, archival records, 
interviews, direct observations, participant-observations, and physical artefacts. As explained below, 
this research uses five of these. It does not use physical artefacts.  

3.4.1. Documents 
Documentation is a valuable source of evidence in this research because documents such as 
maintenance manuals contain important information about the technical systems. The regulations 
and standards such as Occupational Safety and Health Administration (OSHA) standards referred in 
this research give evidence of the expected functionality of the systems. One of the major strengths 
is that documents could be reviewed repeatedly. Documents such as the United States National 
Transportation Safety Board (NTSB) accident investigation reports; include precise information such 
as names, references, and details of events. If the documents have been prepared for another 
purpose, care must be taken in interpreting them (Yin, 2017); in this research, for example, the 
original intention of the NTSB reports was to analyse maintenance related deviations. Documents 
can cover a broad time span, with many events, and many settings. Documents can provide 
information to confirm and supplement the evidence from other sources. However, one weakness 
related to documentation is the possibility of low or blocked accessibility (e.g. Choi, 2002); for 
example, some material was classified as confidential because of the business competitiveness or 
security issues.  

3.4.2. Archival Records  
This research uses several types of archival records, including maintenance deviation records, 
interview scripts, test reports, and images. Archival records are the “documents made or received 
and accumulated by a person or organisation in the course of the conduct of affairs and preserved 
because of their continuing value” (Ellis 1993, p. 2). For example, the maintenance deviation records 
are originally meant for performing analysis; reporting the deviations are also mandatory as the 
flight safety regulations. However, there can be concerns with the archival records (Mills et al., 
2010); the reality as reflected in the archived records might differ from the reality as experienced. 
For example, around 70% of the maintenance deviations have been originally classified as “Not 
Specified”. Therefore, it required systematically combining archival records with information drawn 
from other sources, such as the descriptions of the deviations; then the relationships between the 
events could be better understood. In addition, more questions arise regarding archival records: is 
the archival record genuine? If not, has it been modified at a later time? Have the records been 
systematically collected, or have archive producers willingly destroyed material that would reflect 
negatively on the subject? In this research, the archived interview scripts, test reports, and images 
come from the NTSB, therefore considered as credible. These archives were easier to access because 
they are neatly catalogued. With less organisation, browsing would have been time-consuming, 
tedious, and expensive, without guaranteeing interesting findings. 

3.4.3. Interviews 
This research deals with a cognitive construct, SA; interviews is a very valuable source of data. For 
example, examining the alignments (or gaps) between the SA theoretical proposition and the actual 
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practice was accomplished by examining the participants’ narratives (Czarniawska, 2007). The 
research is based on industrial projects, making it relatively easy to identify which roles to examine 
and whom to interview. When combined with the other sources of data, interviews could elicit the 
cognitive processes in conducting the maintenance tasks, thus increased the validity of the results. 
Yin (2017) says interviews are an important source of case study evidence. The two-way 
conversation during the interview enabled the author to participate actively in the data collection; 
by directing the focus on the areas of interest. Conversations boost insights into the causal 
inferences. Both unstructured and structured interviews were useful; unstructured interviews gave 
participants the opportunity to make open comments that can be used to determine the questions 
to ask during structured interviews. The interview respondents should have the right kind of 
knowledge for the results of the study to be valid and valuable (Holme & Solvang, 1991), therefore 
purposeful stratified sampling was used. However, one major drawback of interviews was the 
possible bias of the interviewer and/or respondent; more details regarding this issue is presented in 
the research design quality section.  

3.4.4. Observations  
As an employee of one of the organisations studied in this research, the author had easier access to 
observations because it was a part of the managerial role. The Hawthorne effect (McCambridge et 
al., 2014) was possible as individuals were aware that observations were being made. However, the 
author’s regular presence in the organisation minimised the impact of such an effect. In fact, the 
author’s regular observer role in the organisation supported objective observations. It was a catalyst 
to dissolve the researcher role, even with the overt observation approach taken in this research. For 
the same reason, entering the field and managing rapport (Bonner & Tolhurst, 2002) was not 
difficult.  

Direct observations are a very valuable source of evidence in case studies; most of the other 
methods rely largely on self-reports (Morgan et al., 2017). Importantly, observations surpass 
interview methods, as observations can reveal insights that interview participants may not be aware 
of themselves (Furlong, 2010). Nearly, as a participant observer, as a member of the group being 
observed (Bloomer et al., 2012), the author experienced the concerns the technicians talked about 
during the interviews. Such experience validated the difficulties indicated by the technicians. 
However, participative observation is not considered a major data collection method in this 
research, because it was limited to a few special events. On the continuum of non participating 
observer (Quinlan, 2008) to complete participant, my involvement in this research can be considered 
somewhere in the middle or peripheral (Adler & Adler, 1987).  

3.4.5. Focus Group Discussions 
The focus group discussions allowed participants tell, negotiate, and reformulate their self-
narratives. The heterogeneous groups provided opportunities to illuminate certain aspects that lead 
to ongoing discussion. In contrast, a homogeneous group has similar experiences, and this is 
comforting during the discussions. Preparatory work was needed, including careful development of 
topic guides and selection of stimulus materials based on the points that need clarification. Location 
of focus group sessions and the associations they have for the group and individuals involved are 
likely to have an important impact on the discussions (Barbour, 2013), therefore selection of the 
location was given extra care. Participants can engage not just in presenting their own narratives but 
also in supporting or challenging others' narratives. However, narratives alone sometimes are 
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considered as weak and cumbersome (Miles & Huberman, 1994). The author, as the facilitator 
helped maintaining the focus in the discussion without harming the dynamics. To do so, it required 
careful examination of the contradictions and shades of meaning conveyed by participants, whilst 
keeping the discussion within the topic of research interest.  

3.5. Data Analysis   
The analysis of qualitative data requires three activities: data reduction, data display, and conclusion 
drawing (Miles et al., 1994). During the case studies, data were analysed as they become available, 
and the emerging results were used to shape the next set of observations as suggested by Glaser 
(2002).  

3.5.1. Qualitative Content Analysis 
During the analysis of qualitative data, the data were first broken into manageable pieces, and they 
were reconstructed to reflect the view of the reality (Beekhuyzen et al., 2010). The initial step 
involved reading the interview transcripts, focus group narratives and observation notes, leading to 
the development of initial categories, themes, and relationships. Memos were used to interpret the 
patterns found in the data, and to make general comments on issues revealed during the analysis; 
those were coded in the latter stages.  

Coding is an iterative and incremental process involving reading, reflection, and rereading of data, 
that was performed at differing levels of abstraction. Descriptive coding pertains to the broad topics 
those were developed before conducting interviews and observations (Morse & Richards, 2002), for 
example, the main categories of data such as SA levels affected. Topic coding pertains to issues that 
generally only become apparent during data analysis. Analytical coding involves arranging the coded 
data into a framework with categories that are generally more abstract than words in interview 
transcripts (Beekhuyzen et al., 2010). See Kohlbacher (2005) for a detailed description of Qualitative 
Content Analysis (QCA) in case study research.  

3.5.2. Cognitive Task Analysis  
Cognitive Task Analysis (CTA) tools are appropriate to arrange the findings of the case studies. CTA 
methods include semi-structured interviews that elicit the cues and contextual considerations 
influencing judgments and decisions. We cannot expect decision makers to accurately explain why 
they made decisions (Nisbett & Wilson, 1977) however, CTA methods provide a basis for making 
inferences about the judgment and decision process. Traditional task analysis can be used to identify 
the psychomotor skills required by a task, and to design the equipment and layouts. However, such 
analysis does not address the role of cognitive processes considered in this research, such as making 
judgements during maintenance work. CTA is useful for the analysis of the cognitive processes. It 
enables an understanding of non-observable cognitive activities and may elicit knowledge that is 
difficult to observe or for experts to verbalize (Seamster et al., 2017). 

Goal-Directed Task Analysis (GDTA) (Endsley & Rodgers, 1994) is one of the CTA method used to 
elicit SA requirements within maintenance. GDTA documents two things: the information needed by 
users to perform tasks, and how information is integrated to address their decisions. GDTA shows 
the hierarchy of goals, the decision requirements associated with the goals, and the SA requirements 
to make the decisions (Bolstad et al., 2002). GDTA consists of structured interviews, observations of 
operators performing their tasks, and a detailed analysis of the documentation on those tasks. GDTA 
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has been used in many domains, including the investigation of team SA in aviation maintenance (e.g. 
Endsley & Robertson, 2000; Romero et al., 2014).  

During the first step of GDTA, key decision makers of the task were identified. Next, each decision 
maker was asked about the main goals of the task. In the following step, each decision maker was 
asked about the sub-goals necessary to accomplish the main goals. This sets the direction for 
clarifying the primary decision needed for each sub-goal and the information needed to accomplish 
it. Predominantly, GDTA focuses on cognitive demands, not on the physical demands to accomplish 
tasks. Cognitive demands are associated with goals, the intention to achieve something. In contrast, 
tasks (or the elementary work) required to reach the goal depend on the technical artefact used to 
accomplish them. The SA requirements are associated with goals (what to achieve), not with tasks 
(how to achieve).  For example, GDTA attempts to identify a piece of information needed to reach a 
sub-goal, but not the type of media with which that information is conveyed. 

3.5.3. Taxonomic Analysis   
Analysing the case study evidence considered a number of techniques, such as, pattern-matching, 
explanation building, time-series analysis, logic models, cross-case analysis (Yin, 2017), constant-
comparative analysis, domain analysis, and taxonomic analysis (Baskarada, 2014). Pattern matching 
is one of the techniques used; it involves the comparison of predicted patterns and/or effects with 
the ones that have been empirically observed and the identification of any variances or gaps (GAO, 
1990). If the patterns coincide, this may strengthen the internal validity of the case study (Yin, 2017). 
This research also uses two taxonomies to analyse case studies about maintenance deviations: 
Human Factor Analysis and Classification System-Maintenance Extension (HFACS-ME), and 
Kahneman’s taxonomy about human judgements. Taxonomy is a classification system that 
inventories the domains into a pictorial representation to help the researcher understand the 
relationships among the domains. Taxonomic analysis depicts the hierarchical structure of the terms 
representing a domain by indicating the subsets of terms and the relationship of these subsets to 
the domain as a whole (Onwuegbuzie, 2012).  

3.5.4. General Strategy  
In this research, three general strategies were used to organize the case studies: founded on a 
theoretical framework, descriptive analysis, and rival explanations (Yin, 2017). Firstly, this research 
fundamentally deals with the SA theoretical framework. The proposition is that maintenance 
performance is affected by the gaps between what actually is going on and the SA of the technicians 
who intervenes with the maintenance actions, and these gaps can be bridged using SA interventions. 
Secondly, a rival analysis could consider different SA propositions. Rival explanations ensure robust 
analysis in case study research by providing critical checks and balances that increase the credibility 
of the findings. The Encyclopaedia of Case Study Research (Mills et al., 2010) says the following: rival 
explanations focus on fair consideration of other compelling ways to make sense of the data; rival 
analysis considers whether one explanation is equally matched by another; researchers using rival 
analysis seriously consider whether a better explanation is available. Thirdly, a descriptive 
framework was developed, so as to take into consideration that the dominance of IMS may put 
humans out of the loop, and therefore a novel SA approaches are required to keep human in the 
loop.  
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3.6. Developing the Descriptive Model  
The aim of this thesis is to explore and describe the human abilities to develop Situation Awareness 
of the changing situations of engineering systems in order to facilitate maintenance and to make 
recommendations to improve Situation Awareness about intelligent maintenance systems (IMS). The 
intended deliverables of the research require a suitable form of description; a modelling approach is 
desirable. The  Oxford English Dictionary says “a model is a simplified or idealized description or 
conception of a particular system, situation, or process, often in mathematical terms, that is put 
forward as a basis for theoretical or empirical understanding, or for calculations, predictions, etc.; a 
conceptual or mental representation of something”. Different models have different characteristics: 
qualitative models versus quantitative models, deductive models versus inductive models, 
descriptive models versus process models, universal models versus domain-specific models, and 
multi-level versus multi-perspective (see Börner et al., 2012, for details).  

This research tries to capture and describe the structures (patterns) and dynamics (processes that 
lead to change) in the environment of human-machine interactions, specifically during maintenance 
actions. Quantitative modelling of these interactions is not within the scope of this research. 
Descriptive models are capable of identifying basic issues of decision making in dynamic and 
uncertain environments, although they do not support a quantitative simulation of the process by 
which cues are processed into perceptions, situations are assessed, and decisions are made (Mavor 
& Pew et al., 1998). Therefore, this research develops a descriptive model as the deliverable.     

3.7. Research Design Quality  
This section discusses two major factors affecting the quality of the research design: validity and 
reliability. Validity is divided into construct validity, internal validity, and external validity (Riege, 
2003; Gibbert et al., 2008). Several strategies were applied to boost validity. 

3.7.1. Internal Validity  
Internal validity refers to establishing the causal relationships between different variables used in 
the study, and is a concern in explanatory studies (Yin, 2017), and it measures the plausibility of the 
causal argument defended in a scientific study. First, the formulation of the SA as the research 
framework was done using carefully defined criteria, to demonstrate that the outcome results from 
the variables used and not from other variables. The theoretical propositions related to SA, and the 
fact that SA comes after a chain of psychological constructs qualifies SA as a central construct to use 
as the research framework. In fact, the SA framework could be refreshed and revived as new 
findings and information came along. 

Internal validity is also supported and there is coherence with background assumptions of the 
research questions and methods. Verbal protocols, retrospective analysis, and performance analysis 
were assumed to be as sufficient indicators of SA; this research does not go into subjective or direct 
measurements, or direct experimental techniques to measure SA. This assumption is in alignment 
with the research questions that raise “what” not “how much”. During the case selection, success 
cases (i.e capturing maintenance deviations) were taken into consideration, assuming that successes 
are much more abundant than failures (accidents). This is in connection with the research questions 
about the most effective strategies to provide better Situation Awareness.  
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For internal validity, effectiveness of the methods used in the research should be evident in the 
results. The qualitative data collection and the CTA methods used for analysis are evident in the 
results, in their ability to answer the research questions. The subjects and events could be examined 
in-depth using CTA that helped answer the questions more accurate. For the internal validity, the 
empirically observed patterns of the events (maintenance deviations, and successful detection of 
deviations etc.) were compared with the predicted ones in the study (i.e. three levels of SA); they 
were also compared with the patterns established in previous case studies in different contexts as 
suggested by Eisenhardt (1989). This required a continuous search for confirming and disconfirming 
evidence, for example considering and arguing for different possibilities for the maintenance 
judgemental errors. In sum, these strategies allowed a query about the findings by adopting multiple 
perspectives, which helped improving the internal validity.  

3.7.2. Construct Validity 
Triangulation, combining methods to collect data (Jick, 1979; Yin, 2017), is one of the strategies used 
in this research to strengthen the construct validity. To achieve triangulation during case studies, 
different sources were consulted: interview transcripts, observations, narratives of focus groups, 
maintenance deviation records, accident investigation reports, and previous case studies. Construct 
validity is most important during the data collection, it reflects the extent to which the measures 
represent the intended proposition of the study (Dane, 1990), and how well the subjective 
judgements were avoided (Yin, 2017). This thesis presents a clear chain of evidence; starting from 
the research questions, attempts for deductions using three-level SA, developing alternative 
propositions and, concluding with a new model also helped to improve construct validity.   

3.7.3. External Validity  
The external validity of case studies points to the ability to generalise findings beyond the immediate 
case study. The case studies selected represent industries with different priorities (fastest return to 
production and maintaining flight safety), therefore the application of findings should be understood 
in a broader perspective. During the deductive part of the research, SA requirements and application 
of SA interventions were derived using 4 main case studies and their potential applications in the 
other domains has also been shown (i.e. applications in the railway maintenance). Inductive 
reasoning in particular should be justified by a large number of observations repeated in a wide 
variety of conditions, thus forming the basis for generalisation. Nevertheless, the generalisation of 
inductive reasoning can be suspected if the measurements that constitute the premises of the 
inductive arguments are inexact (Chalmers, 2013). Yin (2017) argues that neither single nor multiple 
case studies can generate a statistical generalization. However, an analytical generalization can be 
achieved by cross-case analysis (Eisenhardt, 1989). If this is done, the case study selection should be 
clearly justified. However, this research does not go into a complete induction, it adopts an 
abduction approach. Finally, in order to gain external validity, the research delivers value, by 
contributing to knowledge about the studied SA phenomenon.   

3.7.4. Reliability 
Reliability refers to the absence of random error. In other words, this research can be repeated by 
somebody else to arrive at the same results when the same methodology is used (Schwandt et al., 
1994). Reliability in case study research is challenging, as the qualitative data gathered from people 
may not be static (Riege, 2003). However, two important attributes reflect reliability: transparency 
and replication. Transparency requires the methodology used for data collection and analysis to be 
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clearly described (Yin, 2017). To increase transparency, the data collection, thematic analysis, and 
classification methodologies are presented in research protocols such as flow charts. Replication can 
be achieved by, for example, maintaining a case study database with materials such as notes, 
documents, and narratives (Gibbert et al., 2008), so another researcher can obtain the same results 
by following the same methodology. Multiple researchers conducted the thematic and taxonomic 
analysis of the case studies, and the alignments were maintained. Because the majority of the 
research occurred while the author was employed in one of the organisations, specific measures 
were taken to avoid errors and biases; these measures are mentioned throughout the thesis, Table 3 
presents a summary.  

Table 3: Methodological approaches to overcome the influences of employee-researcher dual role 
Challenge Mitigation strategy 

Dissolved overt ship due to 

familiar presence in the 

organization 

Conducting multiple introduction sessions on the research intent. 

Maintaining a peripheral membership (according to the code of 

conduct of the organization). 

Possible bias towards 

Individuals 

Qualitative content analysis of data based on conceptual themes. 

Categorisations and validation by an external researcher.  

Possibly influenced by 

managerial power  

Purposeful stratified sampling to ensure representation.  

Group discussions to provide fair dominance to participants. 

Transparency about possible impact. 

Conflict of interest with 

organisation’s project 

intents  

Sharing findings with the organisation. 

Maintaining interest in both academic and business objectives 

(according to the code of conduct of the organization) 

Subjects distracted by 

observations 

Single observer in the field, with dissolved observer role. 

Informed consent from 

authorities to collect data 

Informing about research intents during all data collection sessions. 

Obtaining formal permission to use data for academic research 

purpose (according to the code of conduct of the organization). 

Interpretations influenced 

by experience 

Qualitative content analysis of data, based on conceptual themes. 

Categorisations and validation by an external researcher. 

Validation of data by subject matter experts. 
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4. Research Process
The objective of this chapter is to provide a thorough understanding of the scientific orientation of 
the research process. While the specific methods of each study are presented in subsequent 
chapters, this chapter explains the thought process of the researcher, justifies the sequence of 
research activities and their interconnections, and provides transparency to the study. The key steps 
in the research process are briefly described, before each step is explained in greater detail.   

The research process had four main phases: I) a literature study of work on SA theories and 
applications in maintenance; II) case studies related to SA challenges and interventions; III) 
modelling how SA can help maintenance actions; IV) compilation, assessment, and dissemination of 
performed activities and obtained results (see figure 7). 

Figure 7. Illustration of the research process 

Because this research took an adductive approach, the process was not merely a forward one. In 
addition to books and scientific journals, activities, such as participation in conferences, seminars, 
and workshops helped the author refine research activities: European Conference on Cognitive 
Ergonomics, 2017; the International Conference on Intelligent Human Systems Integration, 2018; 
Workshops by the Centre for Maintenance and Industrial Services, 2018; 20th Nordic Seminar on 
Railway Technology, 2018; the International Conference in e-maintenance, 2019; Swedish 
Maintenance Society 50th anniversary conference, 2019; and Workshop in Industrial AI, 2019. Data 
collection techniques included observations, informal/formal discussions, and collection of 
documents. Emerging ideas within the research scope were followed up, through reference to more 
literature and more case studies. These phases are described in the following sections.  

4.1. Literature Study 
The research involved three main literature studies. The literature review at the beginning provided 
the foundation for the research in two ways: selecting a suitable SA framework and understanding 
the present SA applications and the gaps. The selection of a suitable framework rested on three 
well-defined criteria: the ability to explain key phases of operational maintenance activities 
(detection, diagnosis, and prognosis); the ability to accommodate multiple perspectives on 
awareness; and the successful previous use of the framework in similar domains. This initial 
literature review did not intend to provide a comprehensive list of published studies; rather, it was 
restricted to a body of literature related to the focus of the research. In the end, the three-level SA 
model was selected as the suitable framework, as the research is primarily interested in three 
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maintenance areas related to tasks, environment, and humans: dealing with machine abnormalities, 
safety during maintenance work, and complying with maintenance standards. The subsequent case 
studies were chosen for their relevance in these areas and for their ability to fit the three-level SA 
model.  

The case studies gave evidence to the fact that during real-life maintenance scenarios, technicians 
use both deliberate attempts and large amount of experience to gain awareness about the actions 
they take and the systems they deal with. Therefore, the focus moved towards thoroughly 
understanding the concepts guiding the strategies used by humans to gain SA, and another literature 
review was performed. This time, literature of case studies was chosen concerning various SA 
propositions related to understanding abnormal machine behaviour and an in-depth exploration of 
the related concepts. The key search words included “situation awareness”, “human-machine 
interaction”, “machine abnormality”, “diagnosis”, “accidents”, and “case study”. Section 4.2.3 and 
Chapter 8 present this in detail. 

A detailed study on the future of SA, requires the examination of a specific technology within 
Industry 4.0. It was evident that Augmented Reality (AR) is attracting attention in the maintenance 
domain as a decision support tool. Therefore, a third literature review was conducted, this time 
looking for work on state-of-the-art AR applications and trends in maintenance. Google Scholar was 
used to search “augmented reality” AND “maintenance” in articles published since 2008. Articles 
discussing various decision support competencies were quantified and analysed thematically. The 
review considered all relevant articles published from 2008 to 2018 (195 articles) and, as such, can 
be considered a meta-analysis (Lipsey and Wilson, 2001).  Section 4.2.4 and Chapter 10 explain this 
in detail. 

4.2. Case Studies 
The case studies conducted in this research fall into four main categories: case studies about SA 
requirements, case studies about maintenance deviations, case studies about different SA strategies, 
and a case study about contemporary SA applications (AR) in maintenance. The focuses of these 
case studies were determined as per the emerging research interests, within the aim and scope of 
the research. The following subsections give details of the four categories, while the strategy of case 
selection is described below.  

Case selection depends on the study’s main interest: justification, probability, best case, worst case, 
cluster, representative, typical, or special interest (Gerring & Cojocaru 2016). This research adopted 
three main strategies. First, to maintain a broader SA perspective, it intended to address industries 
with different maintenance implications; thus, case selection included both the manufacturing and 
the aviation industry. The maintenance failures within manufacturing mainly affect timely delivery, 
whereas maintenance failures in the aviation industry can lead to severe consequences, including 
loss of human lives. The choice of manufacturing and aviation industries met the requirements for 
representative examples. This choice was also influenced by the requirement of practical access to 
different types of qualified data, as well as project limitations on time and resources. As published in 
the related articles, the applicability of the findings to the railway maintenance sector was also 
shown.  
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Second, the cases from the manufacturing industry took a more human-oriented maintenance 
approach, whereas the aviation industry used a more advanced technical approach to risk-based 
maintenance. The empirical data from the manufacturing industry were focused on the application 
of SA interventions during the Total Productive Maintenance (TPM) implementation project at the 
organisation in question. The aviation data were collected during a project between Luleå University 
of technology and an aviation organisation on the development of decision support concepts. 
Further case study data for aviation were collected from archived records in the form of 
maintenance deviations and accident investigations.  

Third, this thesis maintains that safety or maintenance management must look ahead, not only to 
prevent things from going wrong but also to ensure sufficient emphasis on things going right. 
Proactive safety management must consider why everyday performance usually goes well, not just 
why it occasionally fails. Actively focusing on improving the former rather than simply preventing the 
latter (Hollnagel, 2013) can bring more applied benefits, as well as academic benefits as in this 
research. Therefore, this thesis refers to successful cases and seeks to understand the SA 
mechanisms that have been fruitful in either industry.   

4.2.1. Case Studies of Situation Awareness Requirements    
To conduct case studies concerning SA requirements in the maintenance of complex engineering 
systems is an objective of this research. Two case studies examined SA requirements: the detection 
of machine abnormalities and safety during maintenance work. These areas were determined during 
the first literature review (discussed in 4.1) and the aim was to clarify the SA requirements in detail. 
SA is a concept that depends on many other cognitive constructs (such as attention, memory, and 
schemata), so the actual SA requirements are not obvious. Therefore, these case studies used 
cognitive task analysis. The first case study focused on the detection of machine abnormalities. A 
CTA model called “concepts, process, and principles” (CPP) was used for interviews, observations, 
and a focus group with 20 machine operators and technicians selected using stratified purposeful 
sampling. This concept helped the elicitation of the expert knowledge used to handle typical 
machine abnormalities. CPP was preferred over the Critical Decision Method (CDM) (Klein et al., 
1989) because the focus was not on non-routine critical incidence, but on abnormality detection 
events. GDTA was not used for this study because the aim was to find the level 1 SA requirements 
(detection) only.  

The second case study focused on safety during maintenance work. GDTA was used for this case 
because the focus was on which levels were mostly affected, in addition to understanding the SA 
requirements. A maximally heterogeneous sample of 28 machine operators and technicians was 
selected using stratified purposeful sampling. The focus of the GDTA interviews was on the goals of 
various maintenance scenarios, not on specific technical support systems. This stimulated 
participants to think of what information was required for the decision-making tasks. The data 
collection also included a focus group and observations. These data were analysed using qualitative 
content analysis (QCA) to probe the latent meanings. In both case studies, data were verified by 
subject matter experts and the analysis was conducted by two researchers, and subject matter 
experts validated the results to ensure their reliability. More details of both studies are given in 
Chapter 6.       
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4.2.2. Case Studies of Maintenance Errors  
Two case studies looked into SA aspects of maintenance errors in the aviation industry where the 
consequences of maintenance errors can be very severe. This topic was identified as poorly studied 
in the literature (Section 4.1). Three types of maintenance errors were selected for study: those 
deviating from standard processes, those causing physical deviations in the aircraft, and those 
leading to aircraft accidents. In the first case study, maintenance deviations in a military flight 
maintenance facility were considered at two levels: deviations in the maintenance processes and 
physical deviations in the aircraft. These were selected because of their inherent differences: the 
consequences of aircraft physical deviations are easily observable, while those of process deviations 
remain latent for some time. SA aspects of both deviations were studied. Use of HFACS-ME 
taxonomy illuminated the affected SA levels, as well as the high-level contributory factors in the 
deviations. Because none of the deviations considered in this case study have led to any accidents, it 
can be considered a prospective study. Although HFACS-ME finds human judgemental errors in 
maintenance, it does not uncover the underlying cognitive mechanisms of those judgemental errors. 
Therefore, the second case study paid attention to the judgemental errors in maintenance. Unlike 
the previous study, this one took a retrospective approach by analysing the maintenance judgmental 
errors that have caused aircraft accidents. Kahneman’s taxonomy on bias during human judgements 
was used to analyse and classify the causes of accidents investigated and reported by the United 
States National Transportation Safety Board (NTSB); the study provides in-depth analysis of the 
hidden biases in typical cases; it did not consider probability or clustering.  

4.2.3. Case Studies Dealing with Various SA Strategies    
The above case studies gave insights into the benefits and shortfalls of different strategies used by 
humans to gain awareness during maintenance actions. Understating how humans gain Situation 
Awareness in dynamic systems is an objective of this research. This required a thorough 
understanding of various SA strategies used by technicians. Initially, six Critical Decision Method 
(CDM) interviews were held with manufacturing technicians (1 in Sri Lanka, 1 in Sweden), locomotive 
technicians (1 in Sri Lanka, 1 in Sweden), and flight engineers (2 in Sri Lanka). A questionnaire was 
also administered within 34 maintenance technicians (32 from Sri Lanka, 2 from Sweden). The 
objective was to understand strategies used by technicians during non-routine, critical events. 
However, a significant amount of time was required to uncover only part of the information, such as 
the use of perceptually based cues. It was noted that planning and conducting in-depth studies in 
the real-life context would require resources that were not permitted in this research. Therefore, the 
decision was made to select and review previously published case studies on different SA strategies 
of humans dealing with machines, particularly in the case of abnormal machine behaviour. Ten case 
studies were selected and reviewed. The underlying SA strategies and different definitions suggested 
in those case studies were compared using defined criteria, and the strategies were divided into 
explicit and implicit awareness. An important result of the review of case studies was the 
development of insights into the concept of Distributed Situation Awareness (DSA). This, in fact, was 
the foundation for the next case study. More details are given in Chapter 8.             

4.2.4. Case Study on Future SA Applications  
The fourth objective of this research is to develop a theoretical model how the Situation Awareness 
requirements can be facilitated, and how to utilise Situation Awareness in the future maintenance 
systems. The Introduction explained that various technological advancements in Industry 4.0 are 
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meant to improve SA, however for this to happen, we need a deeper understanding of the 
technology’s pros and cons. However, it is not possible to conduct a deep analysis of all possible 
Industry 4.0 applications. Therefore, this researched opted for a case study on AR applications and 
their facilitation of SA in maintenance. The selection of AR technology is justified in Chapter 10. The 
case study did not conduct experiments on the use of AR devices in maintenance, because such 
study requires extensive time and other resources, not permitted in this research. Many insights 
were obtained using Google Glass, however this was not the latest technology. Fortunately, the 
literature has a great deal of information of AR applications in maintenance, even though their 
original aim is not to discuss SA. Ultimately, the case study selected 103 (filtered from 195) articles 
on AR applications in maintenance since 2008. The work deviates from typical case studies in that 
out of the 103 articles, 85 refer to prototype experiments, so they are not entirely real-life scenarios. 

4.3. Model Development 
The objective of the model development phase was to develop and assess solutions, including 
methodologies, tools, and technologies to address the gaps in the development of SA during 
maintenance. The following activities were performed to achieve the objective: I) identification of 
tasks, subtasks, and SA requirements during various maintenance work; II) identification of various 
strategies used by humans to gain SA under different conditions; III) identification of characteristics 
of SA interventions suitable to meet SA requirements; IV) development of an approach for the 
provision of SA that satisfies the SA requirements in Industry 4.0. Although the final deliverable was 
the Distributed Collaborative Awareness model, many supporting deliverables were produced. The 
final model includes the relationships among those deliverables. Table 4 summarises the 
deliverables, and the key approaches used. More details appear in Chapters 5-10. 

Table 4: Summary of methods and models developed and the key approaches used 
Deliverable Approach Publication 

Ergonomic gap assessment matrix 
for abnormality detection 

CTA of authentic cases of machine abnormality 
detection  

Paper A 

SA requirements of three levels to 
ensure safe energy isolation  

GDTA of lockout and tagouts application Paper B 

Integrated SA strategies - Swiss 
cheese model 

Classification of maintenance deviations using 
HFACS-ME 

Paper C 

Heuristics bias and accident 
propagation models  

Classification of aviation accidents using 
Kahneman’s judgemental bias taxonomy  

Paper D 

Intelligent Systems-Intuitive 
Cognition collaboration model 

Literature review Paper E 

Continuum of human cognition of 
abnormal machine behaviour, and 
relevant characteristics matrix 

Review of case studies about different SA 
propositions during dealing with machine 
abnormalities  

Paper F 

Distributed Collaborative Awareness 
Model 

Based on cognitive fit theory and DSA theory Paper G 
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4.4. Compilation and Dissemination 
The purposes of the compilation and dissemination phase were to deliver the results of the various 
research activities, contribute new knowledge to both the academic and the industrial communities, 
and establish a foundation for further research. The following activities were conducted to achieve 
these goals. First, scientific journal papers and conference papers disseminated the results of the 
research activities to the academic community. Figure 8 shows the connections of the papers with 
the main questions asked in the research. Second, industrial documents treated the specific issues of 
and the results for the manufacturing and aviation industries. For example, internal reports and 
presentations were produced for the projects in the manufacturing industry, while the results of the 
project in the aviation industry were published in the project report “Context-aware Decision 
Support for Operative Aircraft Maintenance”. Third, this thesis compiles and summarises the results 
of the research. Table 5. shows how Chapters 5-11 are organised; it lists the studies performed, the 
industries in which the studies were conducted, and the relevant papers. 

Table 5. Relevant chapter, case studies, and published articles 
Chapter/ 

Section 

Study Industry Paper 

5 SA framework, applications and research gaps General E 

6.1 Case study about machine abnormality detection Manufacturing A 

6.2 Case study about SA perspective of lockout and tagout Manufacturing B 

7.1 Case study about maintenance deviations Aviation C 

7.2 Case study about maintenance judgemental errors Aviation D 

8 Review of case studies about different SA strategies General E 

9 Recommending a new model for future SA General F, G 

10 Case study about state-of-the-art technology for SA General G 
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Figure 8. Connections between questions answered in the published papers and the main questions 
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5. SA Framework, Applications and Research Gaps 
5.1. Introduction  
A theoretical framework is required to address human awareness during maintenance actions. 
Various theories and models show how humans develop awareness. This chapter explains the 
selection of a suitable theoretical framework for the study and notes the current research gaps. 

5.2. Methodology 
A structured literature review revealed the various theories and models to describe human 
awareness, including: the signal detection theory (Wickens 2002); the salience-effort-expectancy-
value (SEEV) model (Wickens et al. 2003); the lens model (Brunswik 1952); the perception action 
cycle model (Smith and Hancock 1995); the predictive account of awareness (Hourizi and Johnson 
2003); the theory of activity model (Bendny and Meister 1999); the distributed situation awareness 
model (Salmon et al., 2009); and the three-level situation awareness model. The framework was 
selected on the basis of three criteria: the ability to explain three phases of operational maintenance 
activities (anomaly detection, diagnosis, prognosis), the ability to accommodate multiple 
perspectives on awareness, and successful use in similar domains.  

5.3. Results 
5.3.1. Selection of SA Framework 
Signal detection theory, the SEEV model, and the lens model are limited to the detection of cues; 
they cannot theorise how a diagnosis or prognosis is performed, making them unsuitable for this 
research. The remaining possibilities were the perception action cycle model, the predictive account 
of awareness, the theory of activity model, the distributed situation awareness model, and the 
three-level SA model. The three-level SA model was selected because it meets all three criteria. The 
three levels (perception, comprehension, projection) are analogous to the three key phases in 
maintenance (detection, diagnosis, prognosis). Theoretical descriptions of the three-level SA model 
also suggest its ability to accommodate a number of different SA propositions, thus supporting the 
idea of a cognition continuum; as effective decision making requires flexibility, the model was 
suitable for present purposes. Also relevant is that the three-level SA model is widely used (7400 
citations from 1995 to 2019) in various domains, including a few cases of maintenance. Figure 9 
reviews the results of the framework selection. 

 

Figure 9. Selection of three-level SA model as framework  

Three-level SA Model
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Theories 
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cognition 
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5.3.2. SA Applications and Gaps in Maintenance 
The three-level SA model has been widely applied in many domains, including aircraft piloting, air 
traffic control, power plant control, construction management, control of offshore drilling, maritime 
operations, and advanced manufacturing systems. However, only a few applications have been in 
the maintenance domain. The major focus has been SA within maintenance team members. A 
description of these studies appears in Section 2.6. Limited studies have been conducted in the areas 
listed below, even though they have been identified as important SA issues in maintenance. These 
results appear in paper E (Illankoon et al., 2019c).  

• SA and detecting, diagnosing, and predicting the behaviour of abnormalities  
• SA and changes in system configuration  
• SA and complying with maintenance standards   
• Global SA or SA beyond maintenance work    
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6. Case Studies in the Manufacturing Industry 
6.1. Introduction  
 Two case studies were conducted in a manufacturing organisation in Sri Lanka. The research project 
focused on two deliverables,  

• Identifying challenges in detecting machine abnormalities and suitable interventions (case study 
on machine abnormality detection) 

• Identifying challenges in isolating energy during maintenance, and suitable interventions (case 
study on SA perspectives of lockout and tagout)  

6.2. Case Study on Machine Abnormality Detection  
The case study focuses on human factors during the implementation of autonomous maintenance as 
part of total productive maintenance (TPM). Autonomous TPM focuses on improving the 
competence of equipment operators, empowering them to look after own machines. Therefore, 
identifying and improving the human factors relevant to machine abnormality detection is an 
important concern.  

6.2.1. Methodology 
The main purpose of applying CTA was to identify challenges in detecting machine abnormalities and 
making suitable interventions. The CTA method has a five-stage process: collecting preliminary 
knowledge; identifying knowledge representations; applying focused knowledge elicitation methods; 
analysing and verifying data acquired; and formatting results (see figure 10).  

 

Figure 10. Research process using CTA 

The collection of preliminary knowledge included document analysis, observations, and informal 
interviews. The second stage, identifying knowledge representations, included extraction and 
organisation of information on sub-tasks of the task of abnormality detection. Concepts, process, 
and principles (CPP) method was used in the case study. Focused knowledge elicitation involved a 
multi-stage interview technique that captured the automated and unconscious knowledge acquired 
by experts through experience and practice. Focused knowledge included the primary and secondary 
sensory knowledge required to detect and overcome the challenges and difficulties that obstruct 
abnormality detection.  Data verification and analysis required subject matter experts to verify the 
coded and summarised data on the type of abnormality, sensory requirements, and obstacles. 
Finally, the results were translated into a model in the form of a matrix to reveal the strategies used 
by experts when performing abnormality detection and the related obstacles.   
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6.2.2. Results 
In order to assess the detection of a machine abnormality two matrixes (A and B) were developed. 
Matrix A and Matrix B were compared with the actual scenario to get an abnormality detection 
score, which was then used as an indicator to quantify the detection of a machine abnormality. 
These matrixes are based on the following.  

Twenty types of machine abnormalities (e.g. vibrations, rust, leakages) were identified. They were 
grouped into primary and secondary sensory requirements: sight, hearing, touch, and smell (see 
Table 6). Fifty-seven different detection challenges were categorised as physical, physiological, 
postural, cognitive, intensity, personal, and safety (see Table 7 for an example). Two matrixes were 
proposed to gain a better understanding of two relationships: abnormality group versus applicable 
sensors (Matrix A shown in figure 11); sensory demands versus the detection challenges (Matrix B 
shown in figure 12). 

The study concluded the following. The gap assessment matrix can be used as a tool to identify the 
obstructions and interventions required to improve machine abnormality detection using the human 
sensory system. The abnormality detection score provides a numerical indication of the presence of 
factors that ease machine abnormality detection. This indicator can be used as a quantitative 
technique to rate “detection” that can be applied in FMEA (Failure Modes and Effects Analysis). 
Guided by the identified gaps, suitable interventions can be made. Finally, this method helps to 
improve SA of machine abnormalities by improving level 1 SA. These results appear in Paper A 
(Illankoon et al., 2016).   

Table 6. Abnormality types grouped by primary and secondary sensors 
Abnormality Type Primary Sensor Secondary Sensor Group 

Vibration Hearing Touch Group 1 
Loosing Hearing Touch  Group 1 

Chattering Hearing Group 2 
Abnormal Noise Hearing  Group 2 

Eccentric Sight Kinaesthetic sense Group 3 
Bent Sight Kinaesthetic sense  Group 3 

Inclined Sight Kinaesthetic sense  Group 3 
Abnormal movements Sight Kinaesthetic sense  Group 3 

Rust Sight Touch Group 4 
Scratches Sight Touch  Group 4 

Missing Parts Sight Touch  Group 4 
Wear Sight Touch  Group 4 

Broken Sight Touch  Group 4 
Chipping Sight Touch  Group 4 

Holes Sight Touch  Group 4 
Leak Sight Group 5 

Splash Sight  Group 5 
Discolouration Sight  Group 5 

Odour Smell Group 6 
Excessive Heat Temperature Touch Group 7 
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Table 7. Detection challenges for sight, grouped by human factors 
Physical Cognitive Signal Intensity Personal 
• Controls,

instruments, Labels
and equipment  are
not in comfortable
visual range

• Visual access is not
adequate when it
requires extra
accessibility

• Seeing is not
possible with a
comfortable posture

• Parts & labels are
not big enough to
see

•Need to refer to
several sources, not
just a few sources

•Normal operation and danger
zone are not demarcated

• Colour discrimination not used
for components and wiring

• Analogue displays are not
used when incremental
change needs attention

• Digital displays are not used
when instantaneous values
need attention

•Warning lights not available
with meaningful colours and
flashing

• Illustrations are not sufficient
to localize components

• Displayed within one area,
hindering rapid analysis

• Illumination level
inadequate for the
visual demands
required

• Local lighting not
available where
required

• Cannot make
observations due to
discomfort glare

• Poor contrast
between original
colour and any
deposits

• Poor visual contrast
between workplace
and surroundings

•Operators not
screened for
visual acuity

•No allowances is
made for ageing

Hearing Sight Touch Temperature Kinaesthetic Smell 

Ab. Group1 2 - 1 - - - 

Ab. Group2 2 - - - - - 

Ab. Group3 - 2 - - 1 - 

Ab. Group4 - 2 1 - - - 

Ab. Group5 - 1 - - - - 

Ab. Group6 - - - - - 1 

Ab. Group7 - - 1 2 - - 

Figure 11. Matrix A - Abnormality group versus applicable sensors (1: primary, 2: secondary) 

Physical Physiolog
-ical Postural Intensity Cognitive Personal Safety 

Hearing - - - 4 5 2 - 

Sight 5 - - 5 7 2 - 

Touch 9 4 8 - 2 - 1 

Temperature - - - - - - 1 

Kinaesthetic 9 4 8 - 2 - 1 

Smell - - - - - 2 - 

Figure 12. Matrix B: An example showing the sensory demands versus detection challenges (numbers 
in the matrix show the number of challenges addressed)  
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6.3. Case Study on SA Perspectives on Lockout and Tagout 
The objective of this case study in a manufacturing plant was to identify challenges in isolating 
energy during maintenance and to find suitable interventions. Lockout and Tagout (LOTO) is a term 
applied to safe energy isolation during maintenance. It is necessary to keep employees aware of this 
during maintenance, so the SA perspective is applicable.  

6.3.1. Methodology 
Goal Directed Task Analysis (GDTA) was used in this case study to identify safety challenges in 
isolating energy during maintenance work by identifying the requirements necessary to make 
decisions. The GDTA consisted of structured interviews, observations of operators performing tasks, 
and detailed analysis of task documentation. The qualitative data gathered from focused groups and 
interviews were first filtered for the ones those represent dynamics, requiring three level of 
awareness, both top-down and bottom-up processing, and requiring active involvement of the 
technician. Then the resulting meaning units were analysed using qualitative content analysis (QCA), 
which allowed data to be divided into two main categories: SA level (perception, comprehension and 
projection) and LOTO phase (decommissioning, locking, tagging, recommissioning). Figure 13 
illustrates the QCA process.  

 

Figure 13. Application of qualitative content analysis 
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6.3.2. Results  
The study delivers two main results: the SA requirements needed during the task of energy isolation 
for maintenance, and what improvements are needed to fulfil those requirements. The results from 
this study led to recommending SA interventions to the manufacturing organisation. Implementation 
of the suggested SA interventions had favourable results, as the organisation reached zero injuries 
and incidents related to energy isolation in three consecutive years after the implementation. The 
SA requirements and the improvement needs are as follows.  

In the identification of the SA requirements, the results about the users’ major goals and sub goals, 
and the decision-making requirements were used. Four sub-goals should be met to ensure employee 
and equipment safety: communicating with other employees, assessing equipment status, assessing 
the risk of reactivation, and assessing the conditions for reactivation. Each of these sub-goals 
comprises information (SA requirements) (see figure 14) which assists in better decision making. 

In the identification of the improvements needed, the results about the affected SA levels and the 
affected phases of LOTO were used. The QCA revealed that during maintenance, the SA levels 
comprehension and projection were most affected. Out of the four LOTO phases (decommissioning, 
locking, tagging, and commissioning), the locking phase was most affected, and within that phase, SA 
projection level was most affected (see figure 15). Accordingly, specific SA interventions were 
identified in these areas: integrating information, providing consistency and standardization, making 
information more explicit, improving the understanding of the context, improving adequacy of 
procedures and validity of information, and improving the communication structure.   

 

Figure 15. Coding frequencies for different LOTO components with respective SA levels affected. 

The study also concluded that users’ involvement in risk evaluation can enable the identification of 
latent risks that might not be captured by a regular risk assessment survey performed by external 
authorities. These results appear in Paper B (Illankoon et al., 2019b). 
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Figure 14. Sub goals, decision making requirements and SA requirements to ensure safety during 
maintenance work 
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7. Case Studies in the Aviation Industry 
7.1. Introduction  
Two case studies were conducted in the aviation industry, with a focus on two deliverables: 

• Identifying causes of maintenance deviations and recommending SA interventions (case study 
on maintenance deviations) 

• Identifying causes of maintenance judgemental errors and recommending SA interventions (case 
study on maintenance judgemental errors) 

7.2. Case Study on Maintenance Deviations  
This study analysed the deviations during the maintenance of military aircraft at the aircraft services 
division in Luleå, Sweden. The objective was to evaluate the causes of maintenance deviations and 
make recommendations to mitigate them. The formulated recommendations can be used for 
context-aware decision support applications for operative aircraft maintenance. 

7.2.1. Methodology 
Human Factor Analysis and Classification System-Maintenance Extension (HFACS-ME) is a taxonomy 
comprising multiple levels (from management to maintainer acts) and multiple orders (1st to 3rd 
order). The first three levels are management, maintainer, and working conditions (latent 
conditions). Each influences the next; they are ranked in order, starting with the site of an active 
error (maintainer act). The three orders range from a macro to a micro perspective, reflecting the 
causal factors in maintenance errors. Order one factors are the broadest in scope, and order three 
are the narrowest. The HFACS-ME taxonomy was used to analyse 179 reported maintenance 
deviations at the aircraft services division in Luleå, Sweden. In addition, Maintenance Error Decision 
Aid (MEDA) classification was used to classify the type of maintenance deviation, and the SA 
taxonomy for the aviation domain was used to classify the failed SA levels and to identify the 
potential reason for those failures.  

7.2.2. Results  
During the investigation using MEDA, it has been observed that maintenance control failures, 
installation failures, and foreign objects were the most reported maintenance deviations; failure to 
isolate fault was the least reported (see figure 16). 
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Figure 16. Types of maintenance deviations classified using MEDA 

The 179 deviations could be divided into two main groups: 99 were reported as consequences of a 
maintenance technician’s lapses while undertaking aircraft maintenance (physical deviations in the 
aircraft), and 80 were reported in the maintenance processes, such as out-dated manuals or expired 
equipment calibrations (maintenance process deviations). The causal factors of these two main 
groups were separately analysed using HAFCS-ME (see figure 17 and figure 18). Main causal factors 
for aircraft process deviations were attention/memory, skill/technique, judgment/decision related 
errors and inadequate processes; inadequate documentation, inadequate processes, and damaged 
or un-serviced equipment were the main causal factors for maintenance process deviations. 

Turning to the SA taxonomy, Level 1 (perception) was the most affected, and Level 3 (projection) 
was the least affected (see figure 19). Various factors, such as hard to decimate data, memory loss, 
and failure to observe data, caused the detection phase to be most affected, resulting in 
maintenance deviations. The lack of or incomplete mental models affected Level 2 SA 
(comprehension). Although they appeared as (active) failures by the technicians, the causal factor 
analysis using HFACS-ME showed (see figures 17 and 18) a number of contributing (latent) factors at 
higher levels, including supervision and management.  
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Figure 17. Causal factors of active errors and latent conditions of aircraft physical deviations (n=99) 

Figure 18. Causal factors of active errors and latent conditions of maintenance process deviations 
(n=80)    
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Figure 19. SA levels affected and reasons identified using the SA taxonomy  

By combining the SA levels affected and the HFACS-ME causal factors, the case study found an 
important relationship. With a few exceptions, attention/memory errors dominated detection (Level 
1 SA), judgement/decision errors dominated diagnosis (Level 2 SA), knowledge/rule errors 
dominated prognosis (Level 3 SA), and skill/technique related issues dominated the final physical 
action (see figure 20).  

 

Figure 20. Relationship between maintenance action, SA level affected, and the frequent error type 

The identification of errors and their causal factors indicated suitable SA interventions. A model 
combining the Swiss cheese model, findings of the HFACS-ME taxonomy, and potential SA 
interventions was built to illustrate how SA interventions can be useful for mitigating latent and 
active errors in a maintenance setting (see figure 21). In this model, SA interventions applied at 
different levels of HFACS-ME can improve the defences against the causal factors in errors. The 
highest number of SA interventions recommended were for management conditions, suggesting SA 
is not just about operators, but can address risk factors at higher levels. The results appear in Paper 
C (Illankoon et al., 2019d). An extended version of these recommendations, showing the network of 
challenges, trends, and potential of SA interventions for flight maintenance decision support was 
submitted to the aviation organisation, in the fulfilment of the industrial project. 
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Figure 21. Potential of SA interventions to mitigate latent conditions and active errors 
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7.3. Case Study on Maintenance Judgemental Errors 
This study analysed the maintenance judgemental errors reported by the United States National 
Transportation Safety Board (NTSB). The NTSB conducts independent investigations of all civil 
aviation accidents and major accidents in the other modes of transportation. Its detailed 
investigations include those involving accidents or incidents that result in significant loss of life or 
physical damage, involve issues of importance to public safety, or have generated particular public 
interest. The investigations are performed by a team of specialists. Investigation reports contain the 
factual information, conditions, circumstances, analysis, conclusions, and most probable cause. The 
investigation reports and supporting information, such as interview transcripts, are available to the 
public, making them a valuable source of information about the accidents. The objective of studying 
the NTSB reports was to understand how human judgements during maintenance actions are 
affected by various biases, and how SA interventions can help improve the accuracy of those 
judgements.  

7.3.1. Methodology 
Kahneman (2011) proposes a taxonomy of 37 judgemental biases, classifying them according to their 
key characteristics: heuristics and biases, biases of under-overconfidence, biases when making 
choices, and biases that hinder the self-reflection of a person’s own thinking style (see figure 22). 
This study used Kahneman’s taxonomy to assess NTSB aviation accident investigation reports and 
the supporting evidence to identify the factors influencing judgemental errors. First, accidents 
reports published since 2000 containing the word “maintenance” were filtered from the NTSB 
accident investigation database. The HFACS-ME classification was used to filter the accidents caused 
by maintainer acts – judgemental errors in particular. Characteristics of the judgemental errors of 
each NTSB accident case were matched (pattern matching) with the features of cognitive 
mechanisms behind human judgements presented in Kahneman’s taxonomy. To ensure the internal 
validity of the taxonomic analysis (and to obtain triangulated results), a variety of data, including 
technical evidence from the investigations, reports before and during the accident, and interview 
transcripts, were used.  Once the type of judgemental bias was determined, they were also matched 
to the eight “SA demons”: attention tunnelling, requisite memory traps, workload-anxiety-fatigue-
stressors, data overload, misplaced salience, complexity creep, errant mental models, and out-of-
the-loop syndrome. Then suitable interventions were recommended using SA theory and SA 
interventions.   
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Figure 22. Illustration of Kahneman’s taxonomy of judgemental biases 

7.3.2. Results 
As the main result, the study proposed suitable SA interventions to mitigate judgemental errors. Out 
of the 89 NTSB aviation accident reports published since 2000, maintenance errors were found in 12. 
Out of these, as per HFACS-ME classification results, six were related to human judgement errors. A 
summary of the judgemental bias determined through Kahneman’s taxonomy is tabulated (Table 8). 
Judgemental errors in aviation maintenance were found to be influenced by a number of biases, 
including temporal discounting, theory induced blindness, optimistic bias, and substitution bias. 
Judgements at different phases of maintenance were also affected by biases: anomaly detection (2 
instances), diagnosis (3 instances), and prognosis (3 instances). Figure 23 summarises the 
contribution of the different biases to judgemental errors.  

By mapping the judgemental errors with the causes of the affected SA, study determined suitable SA 
interventions. Although human judgements can err because of mental shortcuts, there are ample 
possibilities for system intervention to ease cognitive demand and encourage more reflective 
thinking. Within those opportunities, a number of SA interventions are applicable: presenting Level 1 
information directly, providing assistance for projection, providing system transparency and 
observability, explicitly identifying missing information, supporting the right trade-off between goal-
driven and data-driven, and making critical cues salient for schema activation. Paper D (Illankoon & 
Tretten, 2019a) presents detailed SA recommendations for each judgemental error.  
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Table 8. Summary of judgemental errors in aviation maintenance and underlying biases 
Accident Case Maintenance 

phase failed 
Respective SA 
level failed  

Type of 
judgemental 
error (HFACS-ME) 

Biases for judgemental 
errors (Kahneman's 
taxonomy) 

Chalk G-73T 
wing separation 
(2005) 

Diagnosing the 
wing crack 

Level 2 
(comprehension)  

Misdiagnosed 
situation 

Theory induced 
blindness 
Substitution bias 

Temporal discounting 
American 
Airline DC 9-82 
engine  fire 
(2007) 

Diagnosing the 
engine  
starting issue 

 Level 2 
(comprehension)  

Misdiagnosed 
situation 

Theory induced 
blindness  
Substitution bias 

Temporal discounting 

Representativeness    
Alaska airline 
MD-83 loss of
pitch control
(2000)

Predicting the 
useful life of 
the jackscrew 
assembly 

Level 3 
(Projection) 

Misjudged/ 
Misperceived 

Temporal discounting 

Optimistic bias 

Omitting subjectivity 
Cessna 310R 
inflight fire 
(2007) 

Diagnosing the 
smoke,  

 Level 2 
(comprehension), 

Misdiagnosed 
situation 

Optimistic bias 

predicting the 
effects of 
reusing 

 Level 3 
(Projection) 

Misjudged/ 
Misperceived 

Trusting expert 
intuition  

Sandance 
AS350-B2 
helicopter main 
control rod 
separation 
(2011) 

Predicting the 
locknut’s 
useful life, 

Level 3 
(Projection) 

Misjudged/ 
Misperceived 

Theory induced 
blindness 

detecting the 
missing split 
pin 

Level 1 
(Perception) 

Misdiagnosed 
situation 

Temporal discounting 

Illusion of validity 
Air Midwest 
Beechcraft 
1900D loss of 
pitch control 
(2003) 

Detecting the 
rigging issue  

Level 1 
(Perception) 

Exceeded ability 
to judge  

Theory induced 
blindness 
Optimistic bias 

Figure 23. Contribution of different biases to judgemental errors 
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8. Review of Case Studies on Different SA Strategies  
8.1. Introduction  
The case studies already discussed in this thesis, i.e., SA for maintenance in the manufacturing 
industry and the aviation industry, give insight into how humans gain SA using various cognitive 
strategies. Findings include how awareness can be maintained during energy isolation using explicit 
communications such as LOTO, how human sensors are used for awareness of machine 
abnormalities in both overt and subtle ways, how human judgements can be useful to become 
aware of latent risk factors, and how biased judgements can result in severe consequences, such as 
aircraft accidents.  

In addition, the first literature review (presented in Chapter 5) suggested the three-level SA model 
can accommodate a wide range of human strategies to gain awareness. The initial literature review 
also highlighted the dual-process theories suggesting dichotomies in human cognition: 
heuristic/analytic, experiential/rational, autonomous/algorithmic, associative/rule-based, 
implicit/explicit, heuristic/systematic, autonomous/algorithmic, holistic/analytic, type 1/type 2, C-
system/X-system, and system 1-system 2. Finally, it noted that the cognition continuum theory 
rejects the notion of dichotomy, and effective decision making requires flexibility on a cognitive 
continuum. This case study reinforced this understanding in the context of human actions in 
maintenance.  

8.2. Methodology 
This case study reviewed ten published case studies pertaining to aviation, the naval industry, mining 
etc. The case studies were selected using three criteria: SA was seen from different perspectives, 
offering a rival analysis to the three levels theorized in Endsley’s SA model; they covered human-
machine interactions in the form of responses to abnormal machine behaviour; and they offered 
alternative models or definitions. A few laboratory studies were also selected to obtain a deeper 
understanding of the alternative SA propositions. These propositions were critically compared under 
five themes: types of memory used, rationality, automaticity, typicality of the event, and holistic 
view offered. This shed useful light on the relations between different cognitive demands and the 
effectiveness of different SA strategies in fulfilling those demands.  

8.3. Results  
Situation Awareness as a phenomenon mediated by controlled cognitive processes rather than 
automatic cognitive processes, following the three levels defined in Endsley’s SA model (Endsley, 
1995a). These controlled cognitive processes include deliberate attention to specific parameters, 
such as time and location in the environment. The three levels are occasionally criticised for their 
apparent linearity, however others note the ability of the three-level SA model to consider a wide 
range of cognitive processes (Endsley, 1995a, Endsley, 2015), as well as deliberate processes. 
Endsley’s claims (1995a) about SA as the collective process of three levels and identifying SA as the 
representation of the state of knowledge counter most of the criticism.  

Considering the contradictory perspectives, this research recognized the following claim: the 
awareness of a situation is better with explicit knowledge featuring the three levels (perception-
comprehension-projection), although awareness can also be supported by various cognition modes, 
both explicit and implicit. This led to a fundamental question: how should the state of knowledge 
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(SA) recognise perception, comprehension, and projection to assist successful performance (i.e. 
responding to machine abnormalities)? The theoretical perspectives in the empirical case studies 
connected performance to multiple SA propositions, such as DSA, sense-making, recognition primed 
decision making, skilled intuition, implicit learning and retrieval, and heuristics. Table 9 summarises 
the propositions of each case study reviewed.  

Table 9. Case studies and their SA propositions 
Case Study SA proposition 
1 SA for aircraft maintenance teams 

(Endsley and Robertson, 2000) 
Team SA based on 
Three-level SA 

2 Grounding of the ship Royal Majesty on a sand bank close to the 
Massachusetts (Dekker and Lutzhöft, 2004)  

Sensemaking 

3 Interactions between humans and synthetic teammates (Demir and 
McNeese, 2015) 

RPDM 

4 Integrating tacit knowledge for condition assessment of continuous 
mining machines (Amadi- Echendu and Smidt, 2015) 

Skilled intuition 

5 Critical incidents during dynamic positioning 
(Øvergård et al., 2015) 

Skilled intuition 

6 A case study of US airways flight 1549 ditching to Hudson river (Fraher, 
2011) 

Implicit learning 
and retrieval  

7 Influence of cognitive biases in distorting decision making during crucial 
unfavourable incidents (Murata, 2015) 

Heuristics 

8 Pilot error versus sociotechnical systems failure: an analysis of the Air 
France 447 crash (Salmon et al., 2016) 

DSA 

9 A field study of bridge operations on platform supply vessels (Sandhåland, 
2015) 

DSA 

10 An analysis of the 2002 mid-air collision over Uberlingen, Germany 
(Masys, 2005) 

Actor network 

These propositions have different potential to address routine or non-routine events under time 
pressure in a broader context. The critical comparison of these propositions against four dual-
process theories, based on the four main themes (rationality, autonomous processing, holistic view, 
type of memory)  put the propositions onto a continuum, with explicit cognition at one end and 
implicit cognition at the other. The approach and results are shown in figure 24. The DSA is close to 
the explicit end, and the degree of explicitness reduces as it reaches heuristics, located on the 
implicit end.   

The study also developed a collection of characteristics of different modes of cognition along the 
explicit-implicit continuum. This characterisation can help trace a cognition mode of abnormal 
machine behaviour on the explicit-implicit continuum and clarify the strategies used in a certain 
scenario, under certain conditions. The results appear in Paper E (Illankoon et al., 2019c). 
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Figure 24. Continuum of human cognition of abnormal machine behaviour 
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9. Recommending a New Model for Future SA 
This chapter presents the development of the theoretical model how the Situation Awareness 
requirements can be facilitated, and how to utilise Situation Awareness in the future maintenance 
systems.   

9.1. Introduction 
The case studies conducted in the manufacturing and aviation industries established the relevance 
and importance of SA in maintenance. They also gave an in-depth understanding of different 
cognition modes employed by humans to gain SA and covered some of the emerging SA challenges 
in Industry 4.0. It is pertinent to mention that the studies conducted in this research provided an 
account of knowledge in two important areas:  how humans employ SA, and how Industry 4.0 can 
use human SA. This section of the thesis focuses on the development of a model describing the 
merger of this knowledge in a useful way to utilise human SA in future maintenance systems. 

9.2. Methods 
The model is built upon the concept of decision support. A review conducted on the decision 
support a decade ago (Durand et al., 2008) finds only one third of the systems rely on a theoretical 
framework, and most are not explicit about how theory has guided the design and evaluation of the 
system. Therefore, this study performed a new literature review about the theories behind current 
decision support. It revealed the competencies and drawbacks, pointing to the gaps and suggesting 
modifications. The literature helped to explore the concepts behind the competencies, for example, 
“context-aware decision support models”, “decision support models for collaboration”, etc. A critical 
assessment of the strengths and limitations of the existing decision support revealed the following.  

9.3. Results 
Although “Distribution” and “Collaboration” have been often considered in previous studies, two 
main gaps were identified: first, there is not enough recognition of the technicians’ knowledge; 
second, there is little assistance for technician by providing the bigger picture. In sum, effective 
collaboration should account for wide modes of cognition, distributed among different agents, 
including both humans and intelligent systems. Two dimensions, as shown in the figure 25, drove the 
new model. Based on these, the development of the new model followed two stages. Two 
complementary foundations for the new model were identified: distribution and collaboration.  

Distribution identifies awareness as a system construct (among humans and intelligent systems). 
Motivated by the rise of connectivity through emerging technologies, advancing sensory networks 
for condition monitoring, the emerging abilities for machines to learn from each other, and the fast-
growing predictive technologies, the theory of Distributed Situation Awareness was selected as a 
more pragmatic approach to support a new model.  

Collaboration is the process whereby two or more agents (in this case humans and intelligent 
systems) work together to achieve shared goals (Terveen, 1995). Previous collaborative models 
identify the need for intelligent activities to be explicable to humans, however there is a lack of focus 
on the intelligent systems’ ability to understand the human cognitive processes. Therefore, 
collaboration should account for different types of awareness (explicit-implicit) held by both humans 
and intelligent systems. The human explicit-implicit continuum stretches from verbalised to intuitive 
knowledge; the intelligent system continuum stretches from rule-based to holistic approaches.  
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Five fundamental issues are connected with collaboration: agreement on a shared goal; planning, 
allocation of responsibility and coordination; context; communication; adaptation and learning. 
Therefore, the principles of the Collaborative Control Theory (Nof, 2007) for supporting effective 
human-AI collaboration were also considered.  

  

Figure 25. Collaboration illustrated on two dimensions (Explicit – Implicit, Human-Intelligent systems) 

9.3.1. Intelligent Systems-Intuitive Cognition Collaboration (ISICC) Model  
The first stage of this study resulted in the development of the Intelligent Systems-Intuitive 
Cognition Collaboration (ISICC) model (see figure 26) for maintenance. More details are available in 
Paper F (Illankoon et al., 2018). Key features of this model are the following: 

• It illustrates the ability for human to understand machine personalities of legacy systems by 
unconscious pattern recognition (the bottom row). It also illustrates the rise of real time 
condition monitoring, failure predictions using analytic engines and continuous improvement of 
those analytic engines (the top row). The dotted line illustrates the humans’ limited physical 
interactions due to real time condition monitoring of emerging systems.  

• To compensate for the loss of physical interactions, it suggests introduction of interactive 
environments that can enhance implicit learning for humans (design for intuition). 

• This model also identifies the elicitation of implicit knowledge from humans (digitalizing existing 
knowledge), with this, it conceptualises the collaboration of a wide range of cognition modes 
among intelligent systems and humans.  
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• The model also recognizes the need to control humans’ implicit behaviour by simulating, 
evaluating, and verifying it to avoid possible risks in the implicit behaviour, while supporting 
collaboration.  

 

 

Figure 26. Intelligent Systems-Intuitive Cognition Collaboration (ISICC) model for maintenance  

9.3.2. Distributed Collaborative Awareness Model (DCAM) 
The second stage of the study delivered the Distributed Collaborative Awareness Model (DCAM) (see 
figure 27) addressing SA in maintenance along two dimensions: multiple cognition modes (i.e. 
explicit-implicit) and multiple levels of agents (i.e., human-intelligent systems). DCAM 
accommodates the dynamic challenges involved in operational level maintenance actions identified 
in the previous studies of this research: diagnosis to prognosis (Papers A and D), compliance with the 
corporate environment (Paper C), team synchrony (Paper B), and global SA (work safety) (Paper B). 
As the foundations of DCAM are the Intelligent Systems-Intuitive Cognition (ISIC) model, extended 
cognitive fit model of distributed cognition (Shaft & Vessey, 2006), and the theory of distributed 
situation awareness.  

The DCAM considers provisions for both overt and subtle cues relating to these dynamics. Critical 
information is presented using overt cues, while ensuring humans’ access to non-critical information 
through subtle cues. This will help protect human from cognitive overloading. Criticality is 
determined by following the dynamics in the environment. The model allows for feedback of the 
task execution. It also accounts for possible risks associated with human implicit actions by providing 
continuous monitoring and feedback using the intelligent system, as well as human experts who may 
collaborate remotely. This interactivity will help users at all levels to engage more deeply with a 
variety of contexts by supporting a better collaboration. More details are available in Paper G. 
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Figure 27. Distributed Collaborative Awareness Model (DCAM)  
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10. Case Study on State-of-the-Art Technology for SA  
10.1. Introduction  
This section discusses how to apply and further improve the Distributed Collaborative Awareness 
Model (DCAM). Various technologies in Industry 4.0, such as advanced condition monitoring, digital 
twins, and Augmented Reality, can be used to assist SA. This study was not able to review all those 
technologies, and selection criteria had to be developed. First, given the research scope, the study 
focused on the maintenance actions performed by the technicians. Second, although the technology 
is still emerging, there should be enough applications showing it as a promising technology in 
Industry 4.0. A third criterion was having previous publications with rich insights. AR technology 
qualifies all these criteria. Therefore, Use of AR was selected as a potential use case to determine 
how to apply the DCAM.  

Since the use of AR is growing quickly, as one of the most promising technologies for maintenance 
decision support in Industry 4.0. However, successful use of AR in maintenance is still in progress: it 
needs to become easier to use, more powerful and robust, and should be adapted for specific 
purposes. Current studies about AR in maintenance lack a specific focus on the decision support 
competencies. In what follows, we review the fast-growing AR based maintenance decision support 
(MDS), assess their strengths and weaknesses against the DCAM. We make recommendation to 
improve AR based MDS so that the DCAM can be actualised (the results appear in paper G). 

10.2. Methods  
A meta-analysis of work on Augmented Reality (AR) based maintenance decision support examined 
103 articles published since 2008. This included both commercial applications and prototypes. Six 
previous literature reviews about the use of AR in maintenance were consulted as well. In addition, 
the functionality and features of six commercial AR applications in maintenance (Fountx_AsR, 
TSUNAMI XR, XMReality, Sharma’s, a Tablet AR, and Google glasses) were studied based on the 
information given in their commercial websites. The competencies of Google Glass were determined 
by using real equipment. A thematic analysis was conducted based on the technologies' decision 
support competencies, such as “is context-aware”, “provides remote expert support”, etc. Finally, a 
critical assessment was performed about the strengths and limitations in the AR support solutions 
referred to the DCAM. 

10.3. Results  
Results found three main lapses in the present AR solutions related to operational level maintenance 
decisions, recognition of technician’s knowledge, and awareness about the bigger picture. Ten key 
competencies in the existing AR solutions for maintenance were identified. Figure 28 shows the 
number of articles describing different competencies. AR support was currently applied in 
maintenance actions, maintenance training, and safety maintenance in various domains. Figure 29 
shows application domains combined with the type of application. Applications discussed in the 46% 
of the articles aimed to support physical manipulations during maintenance; providing procedural 
instructions came next (36% of the articles). This was largely driven by one of the key application 
domains, maintenance training.  

Most articles addressed the manufacturing industry (47%); only 8% solely targeted the aviation 
industry. The role of AR solutions was largely limited to operational level maintenance actions, 
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providing support for physical manipulations and/or providing step-by-step instructions (73% of the 
articles). Seventeen percent of the articles discussed capturing the knowledge from users, mainly to 
assess the knowledge levels and provide customised solutions. Only 5% discussed team synchrony. 
Support for the need for global awareness appeared only 3% of the articles. In summary, the 
thematic analysis resulted in the identification of three gaps:  

• Current AR solutions lack operational level maintenance decision support in some critical 
industries, such as aviation;  

• Present solutions do not adequately recognise human implicit knowledge; 
• Existing solutions do not assist maintenance personnel by providing the global awareness.  

The findings appear in Paper G. 

 

Figure 28. Number of articles describing various AR competencies in maintenance (n=103)   

 

Figure 29. Application domains of AR-based MDS, and their main applications (n=103)   
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10.4. Application of Distributed Collaborative Awareness Model (DCAM) 
The discussion of AR in maintenance showed the state-of-the-art technology and the gaps in current 
SA solutions. These gaps would be addressed by applying the DCAM model. The applicability of the 
proposed DCAM may be demonstrated by utilising the emerging technologies with AR-based 
maintenance support as demonstrated in the figure 30. As shown in the black arrows, current AR 
solutions are able to guide the technicians, by providing visual and audible instructions, and giving 
tactile feedback. More work should be done to present none critical information using subtle cues, 
for example, projected on the peripheral, audible alerts and tactile feedback provided in varying 
frequencies. Most importantly, the white arrows suggest a reverse approach. By the introduction of 
extended features to existing AR hardware connecting human senses, the opportunity can provide 
the intelligent systems to learn from humans in real-time. Sensors for collecting data from machines 
are increasingly smaller and less expensive; sensors can do beyond the collection of data from 
machines. It is possible to outfit technicians with sensors to elicit the psychomotor and cognitive 
responses that are beyond what technicians can verbalize. 

For example, in addition to providing support for physical manipulations, accelerometers can 
capture implicit psychomotor behaviours; in addition to providing visual instructions, implicit 
attention behaviours can be captured through eye tracking; in addition to providing audible 
instructions, captured real-time verbal protocols may reflect the thought processes. Another 
opportunity is linked to implicit cognitive responses captured using heart-rate, skin conductance, 
and respiration. These sensory data can be combined with performance measures to let intelligent 
systems elicit the useful implicit awareness, as well as to learn about and caution against potentially 
improper implicit behaviour. This work appears in Paper G.  

 

Figure 30: New AR features to facilitate Distributed Collaborative Awareness   
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11. Discussion  
This chapter discusses the major results of the research and the discussion centres on the stated 
objectives and how the research questions met those objectives. The chapter also discusses the 
research contributions and the validity of the research.  

11.1. Research Objectives  
The research objectives were formulated in a way that, by achieving them the research aim was also 
accomplished. In order to meet the overall intention of the research, four objectives were followed 
as specific steps. This discussion follows how each objective was build on the previous one. It also 
gives a clear direction to understand how the accomplishment of the objectives meets the overall 
aim: exploring and describing the human abilities to develop Situation Awareness of the changing 
situations of engineering systems in order to facilitate maintenance and makes recommendations to 
improve Situation Awareness about intelligent maintenance systems. 

The first objective of this research was to define a framework, for how humans gain Situation 
Awareness in dynamic systems. During the initial literature study, several concepts and theories 
those address the human awareness were considered. As presented in the initial part of the paper F, 
the criteria set for this research suggested to choose the three-level SA model as the suitable 
framework for the research. One main criterion was the ability of the framework to address wide 
variety of cognition modes, that may be used by human to gain SA. In the second part of the paper F, 
the review of previous case studies identified wide variety of cognition modes used by humans to 
gain SA, those could be compared using the three-level SA model framework. Although the major 
focus was on the strategies used by humans, the review of previous case studies also bought to 
surface some of the various strategies used by intelligent systems to gain awareness, such as the use 
of recognition primed decision making (RPDM) and heuristics. 

The second objective was to conduct case studies concerning Situation Awareness requirements in 
the maintenance of complex engineering systems. The initial literature review gave insights into the 
areas that need more focus on SA requirements in maintenance (Section 5.3.2.). The subsequent 
studies were planned to conduct much deeper analysis of those requirements.  

The third objective was to determine the potential role of and apply Situation Awareness 
interventions in meeting those Situation Awareness requirements in the maintenance of complex 
engineering systems. The second objective (SA requirements) and the third objective (SA 
interventions) are closely interlinked; mapping the SA requirements with the SA design principles 
enabled an understanding of the suitable SA interventions. Some of these interventions could be 
seen as general improvements, however approaching this thorough the SA perspective assisted the 
selection of more suitable improvements out of possible alternatives. Below is a brief description 
how this objective was achieved using different studies in this research. 

• In paper A, applying CTA in the manufacturing case study enabled an examination of machine 
abnormality detection using human sensors; according to the three-level SA model, these are 
Level 1 SA requirements (Section 6.2). Both technicians and machine operators need this 
awareness; they prefer provision for both primary and secondary sensors to detect 
abnormalities.  
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• In paper B, applying GDTA in the manufacturing case study enabled an examination of 
information and SA requirements for maintaining safety during maintenance actions (Section 
6.3). The SA requirements of maintenance technicians and other stakeholders are similar. They 
all want to be aware of what is going on with the machines, although the information 
requirements are not the same for all stakeholders.  

• In paper C, the examination of the maintenance deviations in the aviation case study showed the 
connections of the causal factors with the SA requirements (Section 7.2). The application of the 
HFACS-ME taxonomy enabled the investigation of management, supervisory, and workplace-
related latent causal factors of maintenance deviations. The examination included the SA 
interventions required to mitigate these latent causal factors.  

• In paper D, the application of Kahneman’s taxonomy in the aviation case study led to a much 
deeper analysis and uncovered the hidden cognition mechanisms behind judgmental errors 
(Section 7.3). Comparison of these mechanisms to the “SA demons” helped to determine how 
SA is affected, as well as the requirements of SA interventions.  

The fourth research objective was to develop a theoretical model how the Situation Awareness 
requirements can be facilitated, and how to utilise Situation Awareness in the future maintenance 
systems. This objective was met by considering the different cognition modes employed by both 
humans and intelligent systems and their ability to overcome SA demands in the future.  

• As presented in the paper F, while human naturally use different modes of cognition (from 
explicit to implicit) to gain SA, intelligent systems will use both rule-based algorithms and holistic 
approaches to model and understand machine behaviour.  

• When dealing with complex technical systems, such as in Industry 4.0, a more pragmatic 
approach would be to consider SA as a system construct that is distributed among humans and 
intelligent systems.  

• Two important dimensions to model SA in the future maintenance systems are cognition 
continuums and distribution continuums: “distribution” of knowledge among different agents, 
and “collaboration” of knowledge for reaching a shared goal. Referring to these two continuums, 
the final recommendation of this research was to collaborate awareness along these two 
dimensions, as demonstrated in the new model, which is presented in the paper G.   

• The study presented in the second part of the paper G, used AR in maintenance as a use case 
and identified the existing gaps that must be filled to meet the requirements of these two 
dimensions. The study recommends some technological developments required in AR based 
maintenance decision support to bridge those gaps. 

11.2. Research Questions  
Section 4.4 presented an illustration showing how the questions of each study connect with the 
research questions. The second and third questions are different because of their context; the first is 
more general and concerns the SA requirements in maintenance, while the third is more specific and 
concerns the SA challenges in an Industry 4.0 perspective. The answers to the research questions are 
summarised below.  
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11.2.1. What are the major information requirements related to the task, human, and 
environment that influence a human’s Situation Awareness during maintenance 
actions of complex engineering systems?  

Situational awareness is important in the case of dynamic events in time and space. The research 
found major information requirements related to the maintenance tasks, the technicians, and the 
maintenance environment in the following areas:  

• Requirements for effective handling of machine abnormalities: The research considered the 
sensory requirements for early detection of machine abnormalities, factors that hinder 
awareness, and interventions required to improve early detection (manufacturing case study 1). 
These are level 1 SA requirements (perception), as the focus is on detection. However, SA is 
necessary not only for the detection of abnormalities, but also for correctly diagnosing and 
predicting machine behaviour (aviation case study 2). Diagnosis and prognosis are affected by 
judgemental errors, such as temporal discounting, theory induced blindness, and optimistic bias; 
these are connected with the “SA demons” such as incorrect mental models, attention 
tunnelling, and misplaced salience. The research discovered the following interesting 
relationship:  Level 1 SA is about anomaly detection, hindered by attention /memory errors; 
Level 2 SA is about problem diagnosis, hindered by judgment errors; Level 3 SA is about 
prognosis, hindered by knowledge/rule-based errors (aviation case study 1).  

• Requirements for safe execution of maintenance work: SA is critical to maintaining safety while 
conducting maintenance actions, or in other words, global SA is a key (manufacturing case study 
2). The research looked at not only the maintenance actions, but also what was going on in the 
environment and identified four important sub-goals during maintenance: communicating with 
other employees, assessing equipment status, assessing the risk of energy reactivation, and 
assessing the conditions for reactivation. It also identified the data required (Level 1 SA), higher-
level information on the significance of the data (Level 2 SA), and the projection of future events 
for each of the sub-goals (Level 3 SA).  

• Requirements for mitigating maintenance deviations: Causes of maintenance deviations 
include attention and memory errors, inadequate processes, and inadequate documentation, 
and SA is connected to these. The research found humans use a range of cognitive processes to 
be aware of latent erroneous conditions in the maintenance process, allowing them to be 
rectified at earlier stages. It showed that applicable SA interventions improve the defences by 
capturing process deviations at various levels of the organisation (aviation case study 1).  

• Requirements for improving judgemental accuracy: SA can leverage the effectiveness of human 
judgements in maintenance (aviation case studies 1 and 2). SA interventions to improve 
judgement accuracy include: presenting Level 2 information directly, providing assistance for 
projection, providing system transparency and observability,  transmitting SA within positions, 
making the status of elements and states overt, taking care in filtering information, explicitly 
identifying missing information and many others.  As shown in the aviation case study 2, most of 
these judgements are related with being aware of the changes in the system configuration.   

• Requirements for maintaining team synchrony: SA is not only a concern of the maintenance 
technicians and users (i.e. machine operators, pilots) who directly work with the system or 
equipment. Other employees who work around it, as well as anyone who has a connection to or 
authority over the task accomplishment (supervisors, technicians, planners, operators of 
adjacent operations, raw material handlers), must have an understanding of what is going on. In 



Discussion 

             70 
 

this way, SA interventions can facilitate team synchrony by informing all stakeholders of the 
status of the maintenance task, thus assisting them to achieve a common goal (manufacturing 
case study 1, aviation case studies 1 and 2).  

In summary, this research found acquiring SA in dynamic and time-critical environments is an 
important and ongoing process. Maintenance is often seen as dealing with a certain state of a 
system; therefore, at the beginning of the research, whether SA was applicable was a question. 
However, the research showed that the elements to deal with in maintenance change, as they are 
subjected to a number of dynamic situations: the presence of intermittent faults, development of 
failures, changes in operational priorities (e.g., tactical changes in production plan), changing 
maintenance teams and individuals, and the progression of the maintenance work itself. A longer-
term perspective should include the ever-changing dynamics of machinery configurations and 
processes, and changes in regulatory requirements.  

In addition to the major work conducted in the manufacturing and aviation sector, as published in 
the related articles, the importance of SA and the applicability of SA interventions in the railway 
maintenance sector was also shown. The major focus is on making recommendations using proper 
SA interventions for meeting the emerging challenges of digitalization on the railway maintenance. 
For example, providing facilities for parallel processing, ensuring logical consistency; and providing 
transparency can assist handling huge amount of heterogeneous data, generated in the digitalised 
railway maintenance.  

11.2.2. What kinds of strategies do humans use to be aware of the necessary 
information for maintenance actions  

The case studies performed in the manufacturing and aviation industry, as well as the review of 
previous case studies found different kinds of strategies employed by humans to gain SA and 
revealed the roles of those strategies in different circumstances. The study suggests a cognition 
continuum between explicit and implicit awareness: DSA on the explicit end and heuristics on the 
implicit end. Implicit nature of the information handled, and the implicit nature of the underlying 
mental processing increases gradually from the DAS to heuristics, through sense-making, RPDM, 
skilled intuition and implicit learning and retrieval. The strategies are briefly explained below, 

• DSA: accepts awareness among the agents, however, demands explicit presence of them and 
explicit transactions between them during an abnormality, thus positioned at the explicit pole.  

• Three-level SA: recognises both explicit and implicit cues about machine abnormalities, however, 
stresses explicit presence as awareness. 

• Sense-making: presence of explicit cues about machine abnormalities through deliberate efforts, 
however the explicit requirement is limited to create a plausible story, thus sits next to there-
level explicit awareness. 

• RPDM: no sequential flow for four aspects of recognition, however, includes mental simulation 
of different abnormal machine behaviour scenarios, suggesting some level of explicit awareness 

• Skilled intuition: perceived cues about the abnormal machine behaviour are not certain, remains 
personal and not verbalised; however, activities with subsidiary awareness seems to demand 
some level of working memory.  

• Implicit learning and retrieval: perceived cues show no relation to working memory, non-
intentional learning and retrieval about machine abnormalities without deliberation. 
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• Heuristics: highly implicit thus the underlying cognitive mechanism remains unknown, highly 
vulnerable for bias about the machine abnormalities. 

 

11.2.3. How can Situation Awareness interventions support those strategies, in order to 
facilitate maintenance of complex engineering systems?   

With our insights to the SA requirements associated in maintenance, SA interventions were mapped 
against those requirements.  Below are some of the key findings how SA interventions can assist the 
SA requirements in maintenance and the SA strategies use by human. The majority of those 
interventions focus on facilitating the explicit awareness; only a few such as supporting parallel 
processing attempts to implicit awareness as well. 

• A high degree of transparency of system behaviour and functioning is needed for reducing the 
complexity and support maintenance judgements. Providing facilities for transparency can also 
assist handling huge amount of heterogeneous data. In this respect, efforts should be made to 
provide transparency to the maintenance analytics. 

• Supporting global SA is closely related with the need for context awareness, giving the operator 
the ability to attend information about the overall status of the system at all times. This can 
largely help the safety during maintenance actions. One specific SA intervention is to present 
information in timelines, which will aid one aspect of the context awareness.   

• Support trade-off between goal driven and data driven processing is an applicable SA 
intervention for real- time prioritization of information. Allowing both goal-driven processing 
and data-driven processing, and making these modalities complement each other can largely 
assist the users to consider situational or context related information. This was found useful in 
tracing the maintenance deviations. Organizing information around the goal rather than 
following a technology-driven approach can help identify the goals and the information needed 
for each goal, such as when performing safe energy isolation prior to maintenance work.  

• SA interventions use information filtering carefully, explicitly identify missing information (from 
neutral readings), and assessing confidence of composite data can increase the sense of data 
reliability. The filtering of extraneous information is often considered as a useful feature that can 
increase SA by reducing information overload. However, filtering information can easily 
compromise the operator’s ability to develop a high SA. Therefore, such filtering has to be done 
with care, not to harm the criticality. This is an applicable intervention among all the SA 
requirements.  

• SA interventions ensuring logical consistency; and providing transparency can assist improving 
judgemental skills. Complexity increases if there are inconsistencies in the system. Ensuring 
logical consistency across the controls, adjustments, analysis, and visualization options can help 
SA as well as faster gaining the skills. A high degree of transparency and observability of system 
behaviour is needed for reducing the complexity, thus will assist making correct judgements, as 
well as safe performance of maintenance work.  

• Assisting comprehension and projection is an applicable SA intervention for the causality, 
inference and prediction. Three levels of perception, comprehension and projection can be seen 
analogues to detection, diagnosis and prognosis in maintenance. Thus, SA design principles in 
general can assist maintenance trouble shooting.  
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• Although predictive analytics can autonomously identify patterns and predict system behaviour, 
SA interventions suggest providing the technicians / maintenance decision makers access to 
comprehend those patterns. This is to reduce surprises.  

• SA seen as “State of knowledge” suggests assistance for knowledge domain construction. SA 
interventions in general can aid contribution of knowledge domain, provided that knowledge is 
recognized in explicit form. This will also help the anticipation of user needs and produce 
customized solutions to be supported by previous experience. 

• SA intervention for promoting parallel processing addresses the challenge to overcome some of 
the technology limitations. Although VR and AR bring new opportunities, they bring new 
challenges by hindering the natural human abilities to perceive the world, such as by blocking 
the peripheral visibility and hearing. Interactions with digital aid are largely limited to seeing and 
hearing. Attempts should be taken to utilize other sensory modalities in order to bring SA in a 
broader perspective. 

 

11.2.4. Why will developing Situation Awareness about information of complex 
engineering systems be more challenging in the future? 

This research produced a better picture of the future challenges while uncovering those unique to 
maintenance. The review of previous case studies and the case study on state-of-the-art technology 
for SA revealed several challenges why developing SA will become more challenging in the future. In 
sum, there will be seven major challenges in the future.  

• Lack of direct exposure to subtle cues: A major challenge will be the limited physical exposure 
to machines; this will hinder the development of awareness in a wide range of cognition modes 
available to humans; particularly the implicit awareness. With the increased use of real-time 
condition monitoring through advanced sensors, human technicians will have less or no physical 
involvement with monitoring and inspection of machines and will miss subtle cues on machine 
behaviour. A major challenge of remote operations is how to compensate for the lack of 
exposure to subtle cues. Design efforts are being made to bring in more information, thus 
promoting explicit awareness about the system behaviour. However, contemporary decision-
making aids, such as AR, introduce additional overt cues, ultimately resulting in more 
obstructions to the human access to subtle cues.  

• Interpreting large amount of and heterogeneous types of sensory data: Advanced and new 
types of sensors will collect machine health information in ways that are not natural to humans. 
With the large number of different types of sensors and the introduction of machine networks, it 
will become challenging for humans to learn individual machine personalities. However, these 
personalities may be understood by intelligent systems, and pattern matching will be done using 
machine learning algorithms. The multifaceted sensory data will include current, voltage, 
pressure, humidity, vibration, and electromagnetic radiations, etc. Because of the huge amount 
and the heterogeneous nature of these data, data will be combined in digital representations to 
humans, using decision support systems. Comprehending this information and making successful 
projections is beyond the human cognitive abilities. Even if the visualisations and presentations 
are carefully designed incorporating the current SA interventions to assist predictions, it can still 
be challenging for human to comprehend them successfully. Instead, the trend will be the IMS 
making predictions and prescriptive decision alternatives, and human to make final decisions, 
out of those alternatives suggested by the IMS.  
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• “Expanded” resolutions in time and space: The increased amount of data handled by intelligent 
systems poses SA challenges, as their spatial and temporal resolutions are not natural to 
humans. The distribution of sensors in space defines the spatial resolution, and the sampling 
frequency of the sensors defines the temporal resolution. The monitored machines may not 
have a common geographical presence; they may be connected by the Industrial Internet of 
Things (IIoT) and cyber physical systems (CPS). Furthermore, the algorithms will not limit the 
pattern matching of the events those occur during a well-defined time span; they will consider 
different time spans, from the moment the machines are connected and configured to the CPS. 
SA is the ability to perceive, comprehend, and predict environmental events within a volume of 
space and time; the enormously wide geographical coverage, as well as the wider temporal base 
handled by intelligent systems, will create challenges for humans to gain and maintain SA.  

• Trust on AI: Another challenge will be the growing dominance of AI, as AI employs less 
explainable reasoning mechanisms; this leads to a more acute black-box problem. There is an 
increasing interest in heuristics and recognition primed decision making (RPDM) intelligent 
systems for machine anomaly detection. One main motivation is to improve the interactions 
between humans and synthetic teammates by mimicking expectancy-based decisions. However, 
the decision mechanisms will become less explainable to humans, affecting the trust about the 
intelligent system. Lack of trust hinders communication, thus negatively affecting the SA. A new 
SA requirement will be to know what is happening within the intelligent system itself. Intelligent 
maintenance systems employ condition monitoring, fault detection, diagnosis and making 
predictions, however human interventions may be required for the final decision making. The 
question remains: how well can humans comprehend the background behind these predictions? 
Adding to this challenge, the reliability and the trustworthiness of the critical communication 
infrastructure requires maintenance itself.  

• “Cry wolf syndrome”: Faults, and failures to diagnose them may be a challenge in the future. 
Real-time condition monitoring uses rule-based, model-based, or advanced machine learning 
algorithms; humans will be alerted for faults. Especially with digitally controlled equipment, 
system restart can often resolve an alert, even if the fault is not explicitly known. An anomaly 
detected by an intelligent maintenance system (IMS) may not necessarily be associated with a 
fault; it could be an anomaly with no-fault or a false alarm. An anomaly in a given context could 
be seen as regular in a different context, even with identical data. Uncertainties with missing 
data, heterogeneous data types, calibration problems, or non-standard distributions in 
maintenance data, can produce false alarms, which can develop deep rooted mistrust in the 
monitoring system. An emerging challenge is that the large variety of sensors require proper 
maintenance, making maintenance management a more complex task. Excessive false alarms 
and subsequent no fault found (NFF) incidents can lead to the “cry wolf syndrome”, where 
humans neglect a genuine alarm, believing it to be faulty. Here, the SA levels beyond 
“perceiving” are affected, as humans are not able to comprehend the meaning and make a 
correct projection.  

• Need of extra awareness: Presence of intelligent agents make maintenance situations more 
complex, as human and intelligent agents enter situations. This not only makes intelligent agents 
to possess more complex cognitive abilities, but humans also to adapt awareness about the 
intelligent agents’ behaviour. Intelligent agents do not only have to operate efficiently in the 
maintenance environments, but also be able to achieve higher levels of cooperation with human 
technicians. In fact, beyond the question of physical collaboration, there is a more challenging 
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question: cognitive collaboration. Human cognitive aspects, such as thinking, sensing, 
understanding and predicting, and using experience have to be considered. The question centres 
on the role of technicians expertise knowledge, in a maintenance environment dominated by 
intelligent systems.  

• Lack of contribution to knowledge domain: Another challenge is the decreasing opportunity for 
humans to contribute to knowledge domain construction. The expertise knowledge personal to 
technicians spreads in a wide spectrum; this knowledge is often not verbalized, but realized only 
during action commitments. The dominance of AI predictions leaves fewer opportunities for 
humans to conduct experiments and trials and experience their significance. Unless this 
knowledge is recognised, the IMS will also become less adaptive. The question is how 
maintenance technicians can contribute their personal knowledge within the dominance of 
intelligent systems.  

11.2.5. What are the most effective strategies to provide better Situation Awareness to 
facilitate maintenance of future engineering systems? 

A great deal of research has already considered how to address emerging SA challenges, for 
example, through information visualisation, and using SA interventions to bring about explicit 
awareness. This strategies attempt to keep the humans in the loop by assisting them to perceive 
what is happening, understand why they are happening and project their consequences. However, 
as discussed in the previous section, the rise of IMS are making the application of these strategies 
even more challenging, and SA research community continue to improve those strategies. This 
research paid attention to areas that are not thoroughly considered in the previous studies and 
found the following answers to the last research question. 

• Acknowledgement of situation awareness as distributed: The concept of Distributed Situation 
Awareness recognizes the prominent role of emerging technologies in detection, diagnosis, and 
prognosis and, as such, was used by this research. With the advancements in cognitive 
computing in the maintenance domain, we acknowledge SA as a system construct and 
something that is not totally residing in the human mind. However, the research did not restrict 
itself to explicitly traceable transactions by agents, as traditional approaches do with the DSA 
concept. The study considers the implicit awareness (or in DSA terms – implicit transactions) 
among the various agents in the system such as the human, the machines and the IMS.  

• Recognition of the various modes of cognition: Based on the explicit-implicit awareness 
continuum, this research developed a method to organise different modes of human cognition 
of abnormal machine behaviour along a continuum. The method shows the background of a 
situation that may encourage a certain cognition mode to become dominant. The research also 
put the types of knowledge processed by intelligent systems for decision making/supporting 
human decisions onto a continuum between explicit (rule based) and implicit cognition (holistic).  

• Facilitation of implicit learning: For example, the use of wearable technologies may provide 
more implicit learning opportunities by giving subtle cues about non-salient information. 
Providing more opportunities for implicit learning can help humans become aware of system 
behaviour with less cognitive effort. Improved implicit learning can aid the SA of faults, the 
corporate environment, the team synchrony, and the safety of the work. More optimistically, 
enabling implicit learning opportunities may help humans to gradually develop a better sense of 
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the holistic decisions made by intelligent systems, despite their multifaceted and distributed 
(spatial and temporal) nature.  

• Elicitation of implicit knowledge: Sensory technologies may elicit human knowledge, including 
non-verbalised (implicit) knowledge. Advanced machine learning methods may learn from 
humans’ implicit involvement in maintenance actions. This will ultimately provide opportunities 
for humans to contribute to the knowledge domain. This research presented a use case using 
the extended technologies based on the AR platform.  

• Collaboration of cognition modes within human and intelligent systems: With above facilities, 
this study suggests that collaboration should account for the different modes of awareness of 
humans and intelligent systems (between explicit-implicit). Although collaboration has been 
addressed before, it is largely limited to the knowledge that is verbalised (i.e. explicit 
knowledge).  

• Distributed, Collaborative Awareness Model: Supports the collaboration of human and 
intelligent agents along two important dimensions. First, it accounts for different types of 
awareness (explicit-implicit) held by both human and intelligent systems. The human explicit-
implicit continuum stretches from verbalized to intuitive knowledge; the intelligent system 
continuum stretches from rule based to holistic knowledge. Second, it takes into account the 
awareness distributed among different agents between human and intelligent systems.    

11.3. Research Contributions  
This research contributes to new knowledge by introducing new tools, integrating existing methods, 
and developing new models. A great deal of literature in the medical and cognitive psychology 
domains discusses the use of sensors to detect abnormal human behaviour, such as during a medical 
diagnosis. Although it is obvious that humans also use their sensors to detect machine 
abnormalities, this is the first work to consider how different human sensors are used for machine 
abnormality detection and to analyse the related hindrances to such detection. The research also 
developed a quantifying method (“detectability”) of machine abnormalities, which can be 
incorporated into failure modes and effects analysis (FMEA) as a more structured quantification 
method. 

Although one of the main intents of lockout and tagout (LOTO) is to improve awareness about the 
machines being maintained, previous improvements and standardisation attempts have not used 
the SA concept. Applying SA helps to uncover specific issues at different LOTO phases at different 
levels of gaining awareness: perceiving cues in the environment, comprehending their meanings, 
and projecting the risks of exposure to hazardous energy. 

HFACS and HFACS-ME have been often used in previous studies; however, this research used HFACS-
ME as a prospective tool. By uncovering latent conditions, it found many opportunities for mishaps. 
No previous studies address the underlying cognitive mechanisms that drive judgemental errors in 
the maintenance domain. In this respect, this research has further implications, notably its proposal 
of interventions by linking judgemental errors and heuristics with the concept of SA. 

The research applied the cognitive continuum theory to the domain of machine abnormality 
detection. It also developed a method of detection that involves collecting the characteristics of 
different cognition modes. This characterisation can assist in tracing a cognition mode of certain 
abnormal machine behaviour on the explicit-implicit continuum. Understanding how humans utilise 
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different cognition modes of abnormal machine behaviour can support the design of safe and 
reliable systems. Modelling how humans naturally and successfully respond to abnormal machine 
behaviour supports the advancement of intelligent maintenance systems, including attempts to 
model and replicate human naturalistic decision making.  

This research has identified the ability to use implicit (non-verbal) human knowledge collaboratively, 
proposing that the provision of personalised collaboration tools that track users’ activity and 
interactions with the system and analysis of the behavioural feedback could lead to more effective 
collaboration. It embedded the structuring and management of implicit cognitive interactions in the 
Distributed Collaborative Awareness Model and presented the appropriate technological support 
required for implementation through a case study on AR use in maintenance. Findings point to new 
opportunities for humans to learn implicitly about machine behaviour and for intelligent systems to 
learn from human implicit awareness.  
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12. Conclusions and Future Work 
This chapter presents the conclusions of the research and identifies future research opportunities.  

12.1. Conclusions  
Initially, this thesis identified the necessity to keep humans’ “in the loop” so that they can readily 
perform at the level of human expertise required to operate/maintain more and more advanced 
systems. The goal was to avoid the human falling “out of the loop” when intelligent maintenance 
systems are in control. The main conclusion of this thesis was that with the advancements of the 
intelligent maintenance systems, Situation Awareness should be identified as a system construct 
while accommodating both explicit and implicit awareness and that human and machine actors need 
to collaborate. The conclusion consists of three subparts:  

Firstly, the rise of intelligent maintenance systems hinders humans’ ability to effectively use their 
implicit awareness; this thesis concludes that the rise of intelligent maintenance systems is even 
challenging the present interventions those deal with explicit three-level SA. For example, intelligent 
maintenance systems do not provide a visibility over what information were perceived and 
comprehended in making the intelligent predictions. Therefore, the explicit three-level SA 
interventions must be improved; research communities strive to work on these lines, for example 
research on explainable AI. The main contribution of SA here is that it can employ reflexive thinking 
to overcome heuristic biases. This thesis reinforced that in the present context, both explicit and 
implicit awareness is useful, their application in the maintenance domain were supported by the 
case studies.  

Secondly, the importance and relevance of implicit awareness, a uniquely human ability, has not 
been a point of study since the onset of the 3rd industrial revolution and now with intelligent systems 
we see that it must be better understood.  Presently, the SA community has focused on the explicit 
three-level SA concept, although it is necessary that good representations of SA with both implicit 
and explicit dimensions to help understand opportunities beyond explicit three-level SA 
interventions. There are connections on how human SA is influenced by the intelligent maintenance 
systems which relate to the explicit-implicit representations. As a result of the findings a novel 
representation of explicit and implicit awareness of both human and intelligent systems was 
developed from the dual-process cognition and distributed situation swareness theories.  

Thirdly, there is a need for a Distributed Collaborative Awareness Model which extends the 
distributed awareness concept to include collaborative awareness, while accommodating both 
explicit and implicit awareness. Such collaboration recognizes the strengths of both intelligent 
systems and human cognition and compensates for their inherent weaknesses. This also takes into 
consideration competencies and gaps in the emerging SA solutions (i.e. Augmented Reality) which 
have been discussed and recommendations were made so as to actualize the Distributed 
Collaborative Awareness Model. The foundations of the new approach rely on the two streams of 
studies on distribution and collaboration of awareness; combined with a novel intelligence paradigm 
that learns from and provides for implicit awareness. This is an important part of the knowledge 
domain construction, by keeping human in the loop. In particular, the thesis proposed original 
solutions taking the emerging constraints into account; by realising both implicit and explicit 
awareness, which can produce more benefits to promote human-in-the-loop intelligent systems in 
maintenance.  
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12.2. Future Research 
This research paves the way to a number of future research opportunities of which four are 
presented here. Firstly, since “maintenance” involves decision making in broad areas can a better 
understanding of SA in a maintenance context be helpful to the organisation when working with 
strategic, tactical, and operational maintenance levels. Many studies in other domains discuss the 
dominance of naturalistic decision making at the managerial level, driven by holistic and visionary 
thinking, hierarchical positioning, and the use of soft data in decision making. However, this research 
mainly addressed the SA aspects related to decision making at the operational technician level and 
their significance in Industry 4.0. Because of this scope, some important areas where SA can be 
important in future maintenance systems were not considered; IT security in the CPS is one of them. 
This represents a future research opportunity.  

Secondly, more work can be done on the suggested collaboration approach. Collaboration using 
human implicit knowledge raises new issues concerning questions on how intelligent systems will 
distinguish implicit and explicit human involvement, and how intelligent systems will able to learn 
unique and universal implicit human involvement so support solutions can either assist in 
customised ways.  

Thirdly, researchers could consider how to handle potential conflicts between the implicit 
components of human cognition and the "black box” of AI algorithms. When using technology for 
the facilitation and elicitation of implicit knowledge needs must care be taken in respect to the 
reliability of the technology. A technological deviation can lead to serious latent errors in the 
collaboration system, especially by producing faulty implicit knowledge. Although existing 
approaches, such as collaborative control and dissonance control, offer high-level strategies for 
handling conflicts between agents, specific techniques are required to address conflicts between the 
implicit components of both human and intelligent systems. This can emerge as a research field 
itself.  

Fourthly, all propositions in the suggested distributed collaborative awareness model need further 
validation. In the absence of full-fledged solutions that facilitate the propositions is testing and 
validation of the model needed. Extended technologies with AR have potential and experimental 
studies are needed to justify their practicality and usefulness. In addition, with the proposed 
technologies, there is a possibility of new problems. As well as the fact that recording and storing 
technicians’ implicit behaviour can lead to privacy issues, and on top of that, the elicitation of 
personal knowledge brings up ethical concerns.   
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Abstract.
BACKGROUND: Detecting abnormal machine conditions is of great importance in an autonomous maintenance environ-
ment. Ergonomic aspects can be invaluable when detection of machine abnormalities using human senses is examined.
OBJECTIVES: This research outlines the ergonomic issues involved in detecting machine abnormalities and suggests how
ergonomics would improve such detections.
METHODS: Cognitive Task Analysis was performed in a plant in Sri Lanka where Total Productive Maintenance is
being implemented to identify sensory types that would be used to detect machine abnormalities and relevant Ergonomic
characteristics.
RESULTS AND CONCLUSIONS: As the outcome of this research, a methodology comprising of an Ergonomic Gap
Analysis Matrix for machine abnormality detection is presented.

Keywords: Autonomous maintenance, sensory types, cognitive task analysis

1. Introduction

There has been a general lack of synergy between
maintenance management and quality improvement
strategies in organizations, together with an over-
all neglect of maintenance as a competitive strategy
[1]. Inadequacies of maintenance practices, have
adversely affected the organizational competitive-
ness thereby reducing the throughput and reliability,
leading to fast deteriorations in production facilities,
lowering equipment availability, lowering produc-
tion quality and increasing inventory. The emergence
of Total Productive Maintenance (TPM) is intended
to bring both production and maintenance functions
together by a combination of goodworking practices,
team-working and continuous improvement. TPM,

∗Address for correspondence: Prasanna Illankoon, No. 14,
Sangabo Mawatha, Borupana Road, Rathmalana, Sri Lanka. Tel.:
+94 772640795; Fax: +94 112465011; E-mail: illankoon@
yahoo.com.

is defined as an innovative approach to maintenance
that optimizes equipment effectiveness, eliminates
breakdowns, and promotes autonomous maintenance
by operators through day-to-day activities involving
the total workforce [2]. Japanese Institute of Main-
tenance Management (JIPM) introduces 8 pillars in
TPM; Autonomous Maintenance is one of them.
As defined by International Ergonomics Associ-

ation (IEA), Ergonomics is the scientific discipline
concerned with the understanding of the interactions
among humans and other elements of a system, and
the profession that applies theoretical principles, data
and methods to design in order to optimize human
wellbeing and overall system performance. Mainte-
nance task in general is different from the routine
machine operation task because it requires special
problem solving skills, reach to unfavorable locations
such as high places and narrow spaces, working in
awkward postures, excessive force required for irreg-
ular operations, poor lighting and thermal conditions

1051-9815/16/$35.00 © 2016 – IOS Press and the authors. All rights reserved
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and high noise and vibration levels hazards. Mainte-
nance tasks being very human intense; it is important
to evaluate relationships between human and activi-
ties in different aspects.
Physical human aspect in the field of heavy engi-

neering is noted as a frequently researched topic.
Impact of organizational human factors to organi-
zational performance has also been subjected to
research. Impact of human factors in maintenance
errors is found as the prominent area been subjected to
research in the field of cognitive ergonomics. Dhillon
[3] presents comprehensive listing of publications
on the field on Human error in maintenance and
their classification according to industry covering
fields of Aviation Industry, Nuclear Power, Chemical
Processing, Medical Devices, Mining and miscella-
neous cases. Ajukumar [4] used a system approach
of the Graph Theory for quantifying human error in
maintenance activities that models the identified fac-
tors and their interactions, interrelationships in terms
of human error digraph. Field [5] summarizes arti-
cles representing phases of the NASA maintenance
human factors research, including the characteriza-
tion of high-priority safety needs and the design of
methods and analysis tools to support the devel-
opment of human factors interventions. Drury [6]
investigates the potential for human errors unique
to the aviation third-party repair station environ-
ment concluding that “information” was a significant
causal factor associated with specific error types.
Johnson [7] presents a model to explain human
factors in maintenance recalling four important con-
siderations for human factors programs; People,
Environment, Actions and Resources.
While literature has focused on multidisciplinary

aspects in the field of Ergonomics, there is lack of
literature presented on the ergonomics challenges
and improvement needs particular to maintenance
operation.

2. Research question

Autonomous Maintenance aims operators watch
over their ownequipment, carryingout routine checks
and spotting problems at early stages. Detecting
abnormal machine conditions is of great importance
in an autonomous maintenance environment. One of
the most important skills required is the ability to
identify machine abnormalities using all kinds of
human senses. This research outlines some of the
ergonomic challenges involved in detecting machine

abnormalities and suggests how ergonomics would
improve such detections.

3. Objectives of study

Main aims of this research are to:

• Demonstrate identifying machine abnormalities
using human senses, ergonomics is invaluable

• Develop an ergonomic gap analysis matrix for
the task of machine abnormality detection

4. Methodology

The research has been conducted in apparel acces-
sories manufacturing organization situated in Sri
Lanka, which started implementing TPM in the
year 2011. The organization comprises of five tech-
nologies for printing and weaving and employs
approximately 650 employees. The research focuses
on identifying ergonomic challenges in detecting
machine abnormalities by machine operators. The
objective is to investigate the operator’s sensitiv-
ity levels to machine abnormalities that link with
higher level of cognitive functions such as diagnosis
and problem solving. In this research paper, Cog-
nitive Task Analysis (CTA) has been identified as
the suitable methodology to capture a description
of the knowledge that experts use to perform com-
plex tasks [8]. The CTA method used in this research
work follows a five stage process [9]; collecting
preliminary knowledge, identifying knowledge rep-
resentations, applying focused knowledge elicitation
methods, analyzing and verifying data acquired, and
formatting results for the intended application. In this
case study, 17 machine operators and 3 maintenance
staff members with 5 to 10 years of work experience
on 10 differentmachine units were selected as subject
matter Experts (SME).

4.1. Collection of preliminary knowledge

The case study begins with “Collecting pre-
liminary knowledge” phase which includes docu-
ment analysis, observation, and interviews (struc-
tured/unstructured). The documentation Analysis
allows comparison of content on existing procedures
against what is actually practiced. It includes review-
ing of written resources such as Standard operating
procedures formulated for ISO 9001 : 2008 Quality
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Management System, Standard work instruction for
carrying out maintenance task and Machine user and
maintenance manuals. Thereafter, observations were
made at each machine to identify the tasks involved,
possible limitations and constraints for subsequent
analysis so as to determining an abnormality. This is
followed by unstructured and structured interviews.
Unstructured interviews provided opportunities for
open comments on experience with machine abnor-
malities and challenges in detecting them. It provides
an overview of the domain and to raise issues or
questions for further exploration during subsequent
structured interviews. Moreover, during structured
interviews, questions were asked from the expert
to focus on a task, event or case with instructions
directing to particular instance. Questions such as
“what is the most frequent type of abnormality you
experience”, “how would you attempt to detect the
abnormality”, “whatwouldyoudo immediatelywhen
you sense indications of an abnormality” are of that
kind. The outcome of data collection provides infor-
mation of machine abnormality types and where they
would present; primary and secondary sensory types
require detecting and localizing machine abnormal-
ities and list of challenges that restricts abnormality
detection.

4.2. Identifying knowledge representations

The second stage “Identifying Knowledge Rep-
resentations” of CTA includes extraction and
organization of information on sub-tasks of abnor-
mality detection, types of knowledge and sensory
types required to perform the detection, challenges
and difficulties that restrict abnormality detection.
During the discussion on challenges in identify-
ing abnormalities, responses of diverse nature were
received. They were not limiting to using key sensors
but comprised attitude and personal interests, organi-
zational characteristics such as persuasion of daily
production plans, level of experience and percep-
tional skills and logical reasoning with experience.
Thus, in order to intensify ergonomics characteris-

tics only, it required applying a methodology to elicit
knowledge and experience from the vast comments
on challenges.

4.2.1. Applying focused knowledge elicitation
method

Knowledge elicitation methods are relatively easy
to use and require less training than formal meth-
ods such as protocol analysis [10] or repertory grids

[11]. In this study, a CTA model named “Concepts,
Processes, and Principles” (CPP) [12] has been uti-
lized to effectively elicit experts’ knowledge [13].
CPP involves a multi-stage interview technique that
captures the automated and unconscious knowledge
acquired by experts through experience and practice.
Initial, semi structured interview began with a

description of the CTA process by the researcher. The
subject matter Experts (SMEs) were then asked to
outline the performance sequence of all key sub-tasks
necessary to perform the task of machine abnormal-
ity detection and to describe at least five authentic
problems relevant to detecting machine abnormality.
The resulting sequence of tasks was used to develop
the outline for developing the ergonomic gap anal-
ysis matrix. Starting with the first subtask in the
sequence, each subject matter expert was asked a
series of questions,

• Sequence of actions (or steps) necessary to com-
plete the sub task

• Decisions that have to be made to complete the
sub task, when eachmust be made and, the alter-
natives to consider, and the criteria to decide
between alternatives

• Concepts, processes and principles that are the
conceptual basis for the experts’ approach to the
sub-task

• Conditions or initiating events that must occur
to start the correct procedure

• Equipment and materials required
• Sensory experiences required
• Performance standards required, such as speed,
accuracy or quality indicators.

• Difficulties to reach expected standards

4.3. Data verification and analysis

The analysis stage in CPP began with preparing
a summary of the interview in a standard format
that includes the task, a list of sub-tasks, conditions,
standards, equipment and materials required. The
knowledge elicitation techniques used in this research
is less formal, therefore it becomes necessary to code
and format results for verification, validation, and
application. While performing interviews, recording
and transcribing was done separately to avoid any
distraction. Transcripts were coded to summarize,
categorize, and synthesize the collected data. Fol-
lowed by coding, formatted outputs were presented
to the participating SMEs for verification, refine-
ment, and revision to ensure that the representations
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Table 1
Sensory types used to detect machine abnormalities

Sensory type Biological term Traditional/ Usage to detect
Non-Traditional machine abnormality

Hearing Audioception Traditional Used
Touch Tactioception Traditional Used
Sight Ophthalmoception Traditional Used
Smell Olfacoception Traditional Used
Taste Gustaoception Traditional Not Used
Temperature Thermoception Non-Traditional Used
Kinesthetic sense Proprioception Non-Traditional Used

Table 2
Abnormality types grouped as per primary and secondary

sensory requirement

Abnormality Type Primary Secondary Group
Sensor Sensor

Vibration Hearing Touch Group 1
Loosing Hearing Touch Group 1
Chattering Hearing Group 2
Abnormal Noise Hearing Group 2
Eccentric Sight Kinesthetic sense Group 3
Bent Sight Kinesthetic sense Group 3
Inclined Sight Kinesthetic sense Group 3
Abnormal movements Sight Kinesthetic sense Group 3
Rust Sight Touch Group 4
Scratches Sight Touch Group 4
Missing Parts Sight Touch Group 4
Wear Sight Touch Group 4
Broken Sight Touch Group 4
Chipping Sight Touch Group 4
Holes Sight Touch Group 4
Leak Sight Group 5
Splash Sight Group 5
Discoloration Sight Group 5
Odor Smell Group 6
Excessive Heat Temperature Touch Group 7

of tasks and the underlying cognitive components
are complete and accurate. Once the information in
the formatted output were verified or revised by the
expert, the outputwas validated by another expert that
the results accurately reflect the desired knowledge
representation.

4.4. Formatting results

In this research, the results have been translated
into a model that reveals the problem solving strate-
gies used by experts when performing complex tasks.
In the final stage, the individual CTAs were edited
into one formatted description of how to accomplish
all tasks. After final approval by the SMEs, this final
formatted document provides the information for the
design of intended application.

5. Results and discussion

The result of the research is presented in two sec-
tions “categorization of abnormality types, sensory
demands and detection challenges” and “develop-
ment of the application matrix”.

5.1. Categorization of abnormality types,
sensory demands and ergonomic
challenges

In the research, 20 types of machine abnor-
mality were identified during the second phase of
“identifying knowledge representatives” followed by
the interviews. The CPP exercise identified inclusive-
ness of each abnormality types to applicable sensors.
Table 1 presents the sensory types used to detect
machine abnormalities grouped into traditional and
beyond traditional. As an outcome of elicitation of
focused experience by reviewing actual cases, sen-
sory requirement could be prioritized as primary
and secondary. Individuals attempt to identify abnor-
mality using the primary sensor and then switches
to secondary sensor to localize the abnormality. To
detect some abnormality types, only primary sen-
sor is used and no further attempt is possible with
a secondary sense. Abnormality types could be cate-
gorized in to 7 groups as per primary and secondary
sensory requirement for detection (Table 2).
SMEs descriptions of five authentic problems

about machine abnormality were organized to 12
sequential steps in order to elicit the ergonomic chal-
lenge they encounter. The twelve sequence steps
contains key task, sub tasks, decisions that have
to be made to complete the sub task, when each
must be made and alternatives to consider, criteria to
decide between the alternatives, concepts-processes
and principles that are the conceptual basis for the
approach, initiating event that must occur to start the
correct procedure, equipment and materials required,
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Fig. 1. Focused elicitation of Ergonomic challenges – Case Example 1.

sensory experiences required, performance standards
required such as speed, accuracy or quality indicators
and finally difficulties to reach expected performance
standards. Such two cases have been reflected in
Figs. 1 and 2, as examples.
In the case 1, the initiating event that must occur

to start correcting procedure (perform adjustments)
is an abnormal sound emission from the sonic cut
unit that requires the sensory type hearing. The key
challenge that affects the performance expectation is
the hindering noise emission from adjacent machine
in the cell arrangement. Challenge would have been
different if hearing protections were worn, that could
obstruct hearing of abnormal sounds as well.

In the case 2, the initiating event is the eccentric-
ity of bearing that holds the axis of conveyer pulley
that requires sight as the primary sensor, expecting to
observe bearing eccentricity before conveyer gets dis-
torted. The key challenge that affects the performance
standard is making observations under no local light-
ing and uncomfortable postural requirement to make
such observation.
Fifty-seven different sensitivity challenges were

identified under sight, hearing, touch, smell and tem-
perature. Thosewere grouped in to 7 ergonomic disci-
plines and then coded with terminology (Tables 4–7).
These seven Ergonomic disciplines used for the cat-
egorization are briefly described in Table 3.
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Fig. 2. Focused elicitation of Ergonomic challenges – Case Example 2.

5.2. Development of ergonomic gap assessment
matrix

Categorizations discussed under section 5.1 were
used to develop below matrixes.
A. Abnormality group against the applicable sen-

sory type (Fig. 3)
Abnormality types against the applicable sensory

types (as listed in Table 2) would be put in to a
Matrix. To indicate the priority with a weight for
each sensory type the primary was marked with 2
and secondary as 1.
B. Sensory demands against the ergonomic disci-

pline (Fig. 4)

Guided by the list of ergonomic challenges in
Tables 4–7, a situation can be evaluated for the

presence of challenges to accomplish abnormality
detection. Presence of each ergonomic challenge can
be rated 0 and absence of a challenge would be rated
1 to indicate good ergonomics. Once the assessment
is done, the rates would be summed up under each
ergonomic discipline. Higher the summation indi-
cates good ergonomics presence that makes detection
easy and vice versa. Figure 4 shows the Matrix
B: Sensory demands against presence of ergonomic
disciplines with maximum score that represents a
situation where all ergonomic aspects are available
without any challenge.
An actual assessment of a situation, results in

a Matrix that carries absolute score representing
an actual situation. Each element of such resulting
Matrix would be divided by the maximum score
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Table 3
Groups of ergonomic discipline with short description

Ergonomic discipline Description

Physical aspects Extent of the field and working envelop
Physiological aspects Muscle movements, force and energy requirements
Postural aspects Posture of different body parts to accomplish task
Intensity of signals Own characteristics of signals such as strength and contrast
Cognitive aspects Perceiving and processing of information
Personal aspects Behavioral abilities based on acuity and aging
Safety Aspects Consciousness on own safety

Fig. 3. Matrix A - Abnormality group against Sensory type ranked with priority.

Fig. 4. Matrix B- Sensory demands against presence of ergonomic disciplines with maximum scores.

(elements in Matrix B) to obtain Matrix C that would
represent the presence of ergonomic aspects as a ratio
of the all available scenario.

Matrix C =Elements of absolute score of actual
assessment/Elements of Matrix B

C. Determination of Abnormality Detection Score

An abnormal situation would be first assessed
for relevant sensory types using Matrix A with
the priorities assigned for sensory type. Then the
situation can be assessed with Tables 4–7 for
ergonomics that ease detection, Matrix C provides
the directions to identify presence of ergonomic
gaps. Results of Matrix C highlight the ergonomic

opportunities to improve detection of an abnormality
that was rated for. Required improvement would be
attended based on the results of Matrix C as per the
priority.
Once Matrix A is multiplied by Matrix C and

elements are summed up, a numerical score can be
obtained. This score would be used as a single indi-
cator of ergonomics presence, thus can be used to
quantify the “detection “of a machine abnormality.

AbnormalityDetection Score = Summation of Ele-
ments (Matrix A. Matrix C)

Quantification of “detection “can be utilized in
an attempt to reduce risk of machine breakdown.
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Table 4
Ergonomic challenges for sight, grouped in to ergonomic discipline

Physical Cognitive Intensity Personal

Controls, instruments, Labels
and equipment are not in
comfortable visual range

Normal operation and danger
zone are not demarcated

Illumination level inadequate
for the visual demands
required

Operators not screened for
visual acuity

Visual access is not adequate
when it requires extra
accessibility

Color discrimination not used
for components and wiring

Local lighting not available
where required

No allowances is made for
ageing

Seeing is not possible with
comfortable posture

Analogue displays are not
used when incremental
change needs attention

Cannot make observations
due to discomfort glare

Parts & labels are not big
enough to see

Digital displays are not used
when instantaneous values
needs attention

Poor contrast between
original color and any
deposits

Need to refer several sources
than few sources

Warning lights not available
with meaningful colors and
flashing

Poor visual contrast between
workplace and
surroundings

Illustrations are not sufficient
to localize components

Displayed within one area,
hindering rapid analysis

Table 5
Ergonomic challenges for hearing, grouped in to ergonomic discipline

Intensity Cognitive Personal

Audible not distinguishable
from surrounding noise

Machine-related auditory signals are not
distinguishable from background sounds &
distinct from other signals

Operators not screened for
auditory acuity

Too soft to hear Characteristics of auditory signals are not
appropriate for message conveyed

No allowances is made for
ageing

Too loud so localizing is not
possible

Confusion possible because of auditory signals
required for other tasks

High frequent noise so
localizing is not possible

Alarm defeatable with no reminders

Silence not considered as warning nulsance

FailureMode andEffectAnalysis (FMEA) comprises
of three factors, namely Severity, Occurrence and
Detection. Whilst most of the FMEA analyst qualita-
tively estimates Severity, Occurrence and Detection
with experience, the Abnormality Detection Score
can be used as a quantitative tool to assess the detec-
tion factor.

6. Limitations and future work

This research develops the Ergonomic Gap Analy-
sisMatrix andAbnormality Detection Score. Though
verification was conducted over the data collected,
results were not verified by comparing against results
of any other available technique. Future work may
be carried out to evaluate the applicability of this
technique.
In developing the Abnormality Detection Score,

assumption was made that presence of ergonomic
aspect alone would improve abnormality detection.

Multiple aspects been considered in this assess-
ment, it would cover the influencing factors of
detecting machine abnormality to a great extent,
but future work would be carried out to broaden
the coverage of all possible aspects. During future
research, other aspects such as logical reasoning, per-
ception skills, alertness, memory and plan fullness
that affect abnormality detection may be included.
Findings of this research also lay the founda-
tion and justify the requirement for future research
with focused approaches towards specific ergonomic
characteristics that effect successful implementation
of autonomous maintenance.
To broaden the scope further, more alterna-

tive sensory demands would be determined even
supplementary from primary and secondary types.
Alternatives would be assigned with wider weights
(ex. 1,2,3, . . . ) indicating the priority, so the matrix
would becomemore inclusive of the reality. Presence
or absence of ergonomic aspect were rated 1 or 0 sce-
narios to represent only the highest contrast between
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Table 6
Ergonomic challenges for touch and kinesthetic sense, grouped in to ergonomic discipline

Physical Physiological Postural Cognitive Safety

Inadequate access for
manipulative tasks
because of external
packaging, covers,
panels, cables, supports,
etc.

Difficult enclosure or
panel removal

Neck flexion, extension,
twist and side bending

Controls and tools are
not recognized by
touch

Dangerous to touch
vibration, infrasound
or ultrasound

Whole body clearance not
sufficient – access
opening, Horizontal
hatch, vertical height,
kneeling height

Task requires accurate
position movements

Trunk extension, side
bending or twist

Controls and tools are
not positioned
correctly

Internal access difficulty
because of internal
construction and part
location

Task requires exact
application of
muscular force

Feet/legs/knees bent

No individual space No quick disconnects Feet/legs/knees crouch
Poor access to test point Arms extension
Diameter for elbow,
shoulder not sufficient

Reach over shoulder

Two tight for two hands Reach overhead
Opening not sufficient for
open hand

Wrist Prolonged
extension /supination/
pronation

Insufficient opening area to
admit hand

Table 7
Ergonomic challenges for temperature and smell grouped in to ergonomic discipline

Temperature Safety Dangerous to reach due to
possibly high temperature

Smell Personal Operators not screened for
ability

No allowances is made for
ageing

presence and absence of such aspects. Assigning rat-
ing for the breadth of presence using a rating scale
would result in more realistic representation of the
ergonomic gaps.
This research carries the key objective of

identifying ergonomic gaps in detecting machine
abnormalities. A Separate study was carried out to
investigate how to rectify these gaps. Some of the
techniques identified were switching between visual
and auditory signals, analogue and digital displays,
introducing flash lights, grouping of signals and
Introducing different frequencies in both visual and
auditory signals etc. Literature is yet to be published.

7. Conclusions

Fifty-seven ergonomic aspects were determined
under each sensory demand; it can be concluded that
ergonomics is essential for improving detection of
machine abnormalities.

Though it is fundamental, the ergonomic gap
assessment matrix can be used as an applied tool to
identify ergonomic gaps laying the ground to identify
improvement opportunities.
Abnormality Detection Score provides a single

number indication of the presence of ergonomics
over machine abnormality detection. This indicator
would be utilized as a quantitative technique to rate
“detection” that would also be applied in an FMEA
assessment.
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Abstract: Applying lockouts during maintenance is intended to avoid accidental energy release,
whereas tagging them out keeps employees aware of what is going on with the machine. In spite
of regulations, serious accidents continue to occur due to lapses during lockout and tagout (LOTO)
applications. Few studies have examined LOTO effectiveness from a user perspective. This article
studies LOTO processes at a manufacturing organization from a situation awareness (SA) perspective.
Technicians and machine operators were interviewed, a focus group discussion was conducted,
and operators were observed. Qualitative content analysis revealed perceptual, comprehension
and projection challenges associated with different phases of LOTO applications. The findings
can help lockout/tagout device manufacturers and organizations that apply LOTO to achieve
maximum protection.

Keywords: lockout; tagout; qualitative content analysis; situation awareness

1. Introduction

The past decades have seen hundreds of maintenance workers suffering fatal injuries while
performing their work. Almost half of the fatalities occurred during planned preventive maintenance
operations [1]. Those who are at high risk, installation, maintenance, and repair workers report an
overall rate of 9.4 fatalities per 100,000 workers, compared to 2.6 for production workers and 3.6 for
all workers [2]. The United States (US) Occupational Safety and Health Administration (OSHA) and
the US National Institute for Occupational Safety and Health (NIOSH) find significant risk results
from exposure to hazardous energy during maintenance. Studies [3] have reported the most common
mechanisms of such injuries: being caught in or between parts of equipment, electrocution, and being
struck by or against objects. Distinctive maintenance scenarios of these injuries include cleaning
mixers, cleaning conveyors, and installing or disassembling electrical equipment. Given the risks,
special procedures are necessary to protect workers.

In order to safeguard employees from the unexpected release of hazardous energy or energization
from equipment during service or maintenance activities, lockout/tagout (LOTO) safety procedures [4]
are used in industries. These procedures are to ensure that harmful machines under maintenance
are properly tagged and shut off until the completion of maintenance work and to verify that the
hazardous energy has been controlled. LOTO is considered a positive restraint [4] because a key is
required to unlock, whereas, tagout is a warning device to warn employees not to reenergize the energy
sources [4], thereby improving the awareness of potential hazards near equipment and machinery.

Safety 2019, 5, 25; doi:10.3390/safety5020025 www.mdpi.com/journal/safety
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In many countries, LOTO activity has been regulated, and it became mandatory in the United States in
1989 when OSHA promulgated the control of hazardous energy (lockout/tagout) standards [5].

1.1. Ongoing LOTO Issues

In spite of the regulations, LOTO-related fatalities continue to occur. LOTO violations in industry
ranked fifth in the top 10 violations in 2016 [6] and second in willful violations [7]. LOTO-related
fatalities occur for a number of reasons [3], including individual characteristics, energy control status,
and type of activity. Shortcomings in LOTO programs include incomplete programs; missing steps in
general procedures; users not reading the placards; a tendency to use alternative methods without
proper risk assessment; the absence of supervision and coordination of subcontractors; and a lack
of audit tools and documentation of audit results [8]. To be successful, an LOTO program requires
personnel training and specific plant equipment access restrictions. In addition to training, designing
equipment for easy lockout helps prevent LOTO related injuries [9–11]. Authors have highlighted the
significance of adding a safety committee for LOTO improvements [12]. A self-audit checklist was
found to be useful in manufacturing firms’ efforts to assess and improve their LOTO programs [13].
However, the implementation phase of LOTO frequently lacks a human factor approach, causing
a mismatch between the LOTO system and the users. A human factor perspective can also fuel a
long-term pragmatic intervention; such a need has been identified in earlier studies [12]. This article
identifies the circumstances of such deviations and their cognitive mechanisms, and makes suggestions
for improvements.

1.2. Situation Awareness and LOTO

Situation awareness (SA) is the ability to develop and maintain awareness of ‘what is going
on’ [14]. Various SA models in the literature refer to individual [14], team [15], and sociotechnical
system perspectives [16]. These models provide the foundation for decision making across a range of
complex and dynamic systems. A popular understanding of SA is the “perception of the elements in
the environment within a volume of time and space, the comprehension of their meaning, and the
projection of their status in the near future” [14]. This view recognizes SA as the state of the knowledge
about a situation, at three levels: informational cues are perceived in Level 1; multiple pieces of
information are integrated in Level 2, and their relevance to goals is determined; future situations,
events, and dynamics are forecast in Level 3. SA principles have been applied to the development
of operator interfaces, automation concepts, and training programs in a wide variety of fields across
many safety critical domains, such aircraft, air traffic control, power plants, advanced manufacturing
systems and maintenance [14,16–22].

In this study, we hypothesized SA as an important consideration in a human factor approach to
LOTO. In previous studies, the LOTO process was partially or completely validated, but few studies
have attempted to look for the underlying causes. By doing so, our SA approach makes an original
contribution to the literature.

1.3. Objectives

The aim of this study is to show that SA is an important concept in LOTO, and SA interventions
can improve effectiveness of LOTO. The study’s objectives are the following:

1. To critically assess the LOTO system of a manufacturing organization through the perspective of
a user and determine SA requirements for the LOTO applications.

2. To classify the issues based on SA levels and components of the LOTO system.
3. To prioritize the SA issues and recommend ways to rectify them.
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2. Materials and Methods

This research was an applied study, seeking to solve a practical problem. It attempted to improve
the effectiveness of LOTO in a manufacturing organization by assessing user SA. Since few previous
studies of LOTO use SA, we opted for a basic method.

2.1. Study Design

To fulfill the first objective of determining the SA requirements, we used goal-directed task
analysis (GDTA). GDTA seeks and documents the information needed by users to perform their tasks
and how this information is integrated to address a decision [18]. In this study, GDTA consists of
structured interviews, observations of operators performing their tasks, and a detailed analysis of
the documentation on those tasks. GDTA shows the hierarchy of goals, the decision requirements
associated with the goals, and the situation awareness requirements necessary for addressing the
decisions. [18]. GDTA has been successfully used in many domains, including the investigation of
team SA in aviation maintenance [17]. The first step of GDTA is to identify the key decision makers.
In the second step, each decision maker is asked about the main goals. In the third step, each decision
maker is asked about the sub goals that are necessary to accomplish the main goal. In the final step,
SA information requirements for making those decisions are identified. Importantly, GDTA focuses on
cognitive demands, not on physical tasks; tasks should be distinguished from goals, because tasks are
technology-dependent. In other words, the SA requirements are associated with the goal, rather than
the task. For example, the goal is to restrict energy activation of the equipment under maintenance;
the respective task with LOTO is to apply the lock.

To fulfill the second objective, we assessed SA levels. There are different techniques available
for assessing SA; most depend on questionnaires. For example, SART (situation awareness rating
technique) [23] is a post-trial subjective rating technique. SART measures 10 dimensions on a seven-point
rating scale: familiarity of the situation, focusing of attention, information quantity, information quality,
instability of the situation, concentration of attention, complexity of the situation, variability of the
situation, arousal, and spare mental capacity. Then, the ratings are combined to form three dimensions:
demands on attention resources, supply of attention resources, and understanding of the situation.
These calculate a measure of participant SA. The SASHA (Situation Awareness for Solutions for Human
Automation Partnerships in European ATM) questionnaire [24] assesses the effect of automation on
controller situation awareness. In the questionnaire, items address three aspects of SA: information
extraction, integration and anticipation. Responses to these items are given on a seven-point Likert
scale, ranging from ‘never’ to ‘always’.

In this study, we investigated how SA aspects of LOTO are perceived by users. We implemented a
qualitative survey design to collect and study machine technicians’ and machine operators’ responses
on how well the existing LOTO system makes them aware of what is going on. Qualitative data were
collected using three methods: interviews, observations, and a focus group discussion. These methods
have an edge over simple questionnaires that are suitable for relatively clear and simple questions,
and their choice of replies is limited to fixed categories [25]. Although the methods we used are more
time consuming than a questionnaire, they gave us the advantage of collecting a large amount of
data. The technique used in this study can be identified as a combination of inductive and deductive
methods [26], as we condensed qualitative data under subcategories (in a deductive pathway), and then
developed main categories following an inductive pathway. To make recommendations, thus fulfilling
the third objective, we determined the highest priority issues, i.e., the most frequently raised ones.

2.2. Data Source and Selection Criteria

The manufacturing organization has five different production lines: offset printing, flexography
printing, screen printing, thermal printing, and weaving technologies. The machines’ energy sources
are electrical, mechanical, and pneumatic (Figure 1).
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In this study, we sought a diverse sample of participants to yield a maximally heterogeneous
sample, using stratified purposeful sampling [27]. Although many different workers (e.g., team leaders,
planners) are affected by LOTO, we identified the key decision makers in the LOTO tasks: machine
technicians and machine operators. Technicians are not specialized in different production technologies
but rather in technical disciplines such as electrical and mechanical. Machine operators are multi-skilled;
they are trained to handle several production technologies. All the technicians and operators were
males; the organization did not have female employees in these positions at the time of the study.
Two authors were involved in data collection and analysis. Author 1 was an employee in the
organization at the managerial level. Table 1 shows details of the sample participants.

Figure 1. Fabric tape-printing machine with three stored energy sources: electricity, compressed air, and heat.

Table 1. Heterogeneous study sample.

Interested Group Sampling Criteria Sample Group No.

Machine technicians
Technical specialty Mechanical 8 (53%)

Electrical 7 (47%)
Years of experience Mean ± SD 9.6 ± 2.4

Age (yrs) Mean ± SD 37.3 ± 7.1

Machine operators
Production specialty Multi skilled 20
Years of experience Mean ± SD 5.9 ± 1.9

Age (yrs) Mean ± SD 29.4 ± 6.4

2.3. Interviews

We used unstructured and structured interviews for data collection. Participants were first
educated about the research purpose of the interviews in a verbal introduction prior to the interviews.
The unstructured interviews gave participants the opportunity to make open comments: for example,
what goes on during LOTO applications, and what they are looking for (i.e., SA information required).
The comments made during unstructured interviews led to the questions to ask during structured
interviews. During the initial part of the interviews, participants were asked about their maintenance
goals, the sub goals, and the decisions required in the attainment of those goals. The next task was
to identify specific SA information requirements to make those decisions. In structured interviews,
we applied GDTA [18] to determine a situationally-based maintenance scenario describing performance
in the absence of LOTO. It is pertinent to mention that the analysis was based on operators and
technicians’ goals in the maintenance scenario, rather than on specific support systems (i.e., LOTO).
The imagined absence of an information system stimulated participants to think of what information is
required for the decision-making tasks they had just listed. During the structured interviews, planned



Safety 2019, 5, 25 5 of 25

questions addressed the second research objective: the affected SA level (level 1 to 3) and the respective
LOTO system component. Participants were asked to focus on an event with instructions directing
them to a particular instance. Questions included: ‘What is the most difficult task with LOTO?’;
‘How do you attempt to handle the problem?’; ‘What would help you manage the problem?’; ‘If LOTO
can be improved immediately, what you want to be fixed first?’ Transcribing was required because the
substantive content was the focus of the analysis [28].

2.4. Observations

Participants were made aware that we make observations for research purposes. LOTO application
was observed during machine service and repair work. For example, the technicians were observed
trying to follow the content on a tag and attempting to insert locks into heavily restricted locations.
Although such observations validated the difficulties that were stated, we did not consider participative
observation [29] to be a major data collection method in this study, as we observed only a few cases.
On a continuum of complete observer to complete participant, involvement in this research can be
considered peripheral [30]. We consider that Author 1′s regular presence in the organization minimized
the Hawthorne effect [31] and supported objective observation, even in an overt role [32].

2.5. Focus Group Discussion

A focus group was arranged for participants who mentioned risk with LOTO. Focus groups can
be viewed as a stage where participants tell, negotiate, and reformulate their ‘self-narratives’ [33].
The group was heterogeneous, representing different production departments, different technologies,
and different years of experience. Preparatory work was carried out by developing topic guides and
selecting stimulus materials based on the points requiring more reflection. The location of the focus
group and the associations that it has for the participants are likely to have an important impact [34];
therefore, the focus group discussion was held in the organization’s training room, which was a very
familiar place for all the participants. All the participants knew each other, as they were employees in
the same organization. As the facilitator and moderator, Author 1 began with the discussion points;
then, he let the team discuss them and helped maintain the focus in the discussion without harming the
dynamics. Participants were engaged not just in presenting their own narratives but in supporting and
challenging others’ narratives. We did not attempt to categorize individuals in terms of their views,
and we attempted to contain the discussion within the frame of our study.

3. Qualitative Content Analysis

The qualitative data collected was analyzed to address the research questions and to understand
what participants meant to say. The initial step of qualitative content analysis (QCA) [35] is to get a
better interpretation of data followed by dividing the text into smaller parts, i.e., the “meaning units”.
These “meaning units” are further categorized as codes and subcategories [28,36].

We closely examined the qualitative data obtained from interviews and the focus group discussion
to segregate what was relevant to the research objectives. Then, we delineated the meaning units
related to the research objectives. One major challenge was to filter the meaning units referring to SA.
The three-level SA model is conceptually similar to human information processing models [16,37,38].
We had to avoid creating a traditional information processing model [39], whilst carefully selecting
the meaning units reflecting specific characteristics of SA. Criteria used for selection were dynamic
aspects of the situation (not static information), situations requiring the knowledge of three levels of
SA [14], situations requiring both top–down and bottom–up information processing (not merely
linear information processing) [40], and the active (not passive) nature of the person who is
seeking information [17]. Then, the units were condensed to shorter versions by determining the
underlying meanings.

From the meaning units, we developed codes through an iterative process involving reading,
reflection, and rereading. Following the coding, we determined subcategories and main categories.
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Subcategories summarize what is said, and main categories are what the study wants to answer.
Therefore, subcategories are data-driven (in our case, based on the interview and observation records),
and main categories are concept-driven. As per our research objectives, subcategories can also be
identified as causal factors for the difficulties identified in the meaning units. Whenever a pertinent
theme was identified (that is, mentioned by at least two participants), we added it as a new subcategory.
Our intention was to identify two dimensions: the SA level affected and the respective component in
the LOTO system. These became our two main categories. Figure 2 illustrates the data collection and
analysis method. Each category had a definition, description, and decision rule; decision rules ensure
that categories are mutually exclusive (see Table 2).

This coding frame was examined for consistency and validity. The authors conducted independent
pilot coding using the first version of the coding frame, categorizing the same set of transcripts.
Coding consistency was 80% across the main categories and 70% across the subcategories during
the pilot version, and 90% across the main categories and 80% across the subcategories for the final
version. Since we had two main categories, we summed the content under two main categories when
calculating consistency. One-third of the transcripts were again categorized by both authors during main
coding. As per the definition of validity, the coding frame will not adequately describe the qualitative
material if coding frequencies are high for residual categories; this requires the introduction of additional
subcategories [41]. However, through this exercise, we learnt that certain subcategories became residual for
reasons other than the inadequacy of the coding frame. Provided that the coding frame is well evaluated
for consistency, content that is mostly spoken can still denote frequency. In fact, in this study, the amount
of distinct content under each category, i.e., the coding frequency, was considered as the variable that
determined the priority of concerns in terms of SA level affected and the respective LOTO component.

Figure 2. Illustration of the data collection and analysis method.
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and OSHA 1910.147 Appendix A: Typical minimal lockout procedure. Since the organization studied
is based in the US, we referred to applicable OSHA standards in the US. In the GDTA, we included all
the dynamic information requirements mentioned in the above OSHA documents. Notably, the input
from interviews provided a great deal of dynamic information on topics not mentioned in the OSHA
documents; for example, these included a possible extension of work, the availability of spare parts,
details on the production work-in-progress, equipment modifications, other equipment affected by
blocks, the detection of accidental activation, time taken for reactivation, etc.

Overall, a review of sub goals indicated that information must be communicated between
technicians, operators, and other employees. SA is not only a concern of the technicians and operators
who directly work with the equipment. Other employees who work around it, as well as anyone
who has authority over or a connection with task accomplishment (supervisors, technicians, planners,
operators of adjacent operations) must have an understanding of what is going on with the machine
under maintenance. In this way, LOTO must facilitate team synchrony by informing all the stakeholders
of the status of the maintenance task, thus assisting them to achieve a common goal. LOTO must
also standardize the energy isolation and provide good communication with other areas; for example,
these areas include tactical planning and the provisioning of assets, particularly during shift changeovers.
Importantly, these elements keep changing, as they are subjected to dynamic situations, mainly with
the progression of the maintenance work itself, changing of teams and individuals, and changes in
operational priorities (e.g., tactical changes in production plan). In a longer-term perspective, lockout
practices require adaptation to ever-changing dynamics of machinery and processes, tighter schedules,
and regulatory compliances.

The SA requirements that we identified for LOTO are consistent with the findings in previous
studies on SA requirements, generally in maintenance. With respect to maintenance fieldwork,
previous studies [17,21,22] identify four important elements of SA:

1. Identifying abnormalities, understanding the problems, and predicting failures;
2. Comprehending the environment and their risks to avoid accidents are SA requirements;
3. Maintaining team synchrony by collaborating and coordinating tasks to achieve a common goal;
4. Maintaining a good corporate environment, standardized work routine and terminology, and

communicating with other supporting areas.

Although goal-directed task analysis (GDTA) implies a focus on goal-driven cognitive processes
(top–down), our use of it facilitated the identification of the demands in data-driven processes
(bottom–up) by asking the participants to imagine different scenarios. In fact, the critical importance
of the GDTA technique was its ability to elicit user experience, beyond what was mentioned in the
documentation. As a result, GDTA was able to detect the demands for both goal-driven and data-driven
decisions while applying LOTO under changing environments. With this, we could establish that
LOTO-related issues are subject to data-driven and goal-driven dynamic conditions. Goal-driven
and data-driven iterative processes to perceive dynamic information and match mental patterns is
a major character of SA [14] (this data-driven/goal-driven process should not be confused with the
data-driven/concept-driven categories in QCA). Therefore, a framework comprising the three levels of
SA is useful to explore how well LOTO accomplishes its key intent of making employees aware of
what is going on with equipment in a dynamic maintenance environment.
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4.2. SA Issues

In the QCA, the coding frame itself can be considered the main result. The categories and the
interrelations between the categories serve as discussion points. In our study, we defined two main
categories: the SA levels affected and the respective components of the LOTO system. By coding
the frequencies with which those main categories were mentioned, we ascertained their priority.
For the first main category ‘affected level of SA’, we determined issues of perception, comprehension,
and projection. For the second main category, ‘affected LOTO system components’, we looked at
decommissioning, locking, tagging, and recommissioning. The coding frame with the content provided
the basis for the first objective: critically assessing the LOTO system for SA issues. Table 3 shows three
examples, meaning units representing each level of SA (perception, comprehension, projection) with
their subcategories and categories. Table A1 presents the complete coding frame with distinct meaning
units (N = 27) and the developed subcategories and categories.

In summary, regardless of the main category, lack of integration of information (n = 6) has the
highest coding frequency of the subcategories. This is followed by poorly standardized information (n
= 4), information not being made explicit (n = 4), and a lack of understanding surrounding the context
(n = 4) (see Figure 4).

 
Figure 4. Coding frequency by subcategory (causal factors).

These issues can affect different levels in SA; for example, a lack of integration of information
makes comprehension difficult. Therefore, the second research objective was to classify the issues
based on the SA levels affected and the respective LOTO system components.
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4.3. SA Levels Affected

The subcategories (presented in Figure 4) are data-driven, but major categories are concept-driven.
Therefore, the outcome of the meaning units for our two major categories served our second objective.
The first part of the second objective refers to classifications for the SA levels affected. Meaning
units (N = 27) were categorized under perception (n = 4, 15%), comprehension (n = 12, 44%), and
projection (n = 11, 41%) (see Figure 5a). Overall, comprehension and projection appear to be highly
affected, but the perception of information is not. This finding is different in other domains; in a
study of aviation, for example, 76% of the pilot errors were traced to problems in perception, and 20%
were associated with comprehension [14]. However, it should be noted that the aviation study used
retrospective analysis; we present how users perceive the LOTO ability to support SA. Despite the
difficulties, users might be able to comprehend the situation and project future events by exerting more
cognitive effort. This may not be the result in a retrospective analysis.

  

(a) (b) 

Figure 5. (a) Distribution of perception, comprehension, and projection-related issues in LOTO.
(b) Distribution of SA issues among different LOTO system components.

The three SA levels are not linear, but rather ascending [40]. SA is not a process; it represents the
operator’s mental model of the state of the environment [14]. Therefore, it is possible that some of the SA
requirements will not exactly fit into a single SA level. However, our QCA exercise enabled a disclosure
of the main issues, which were categorized into different SA levels, making it possible to design specific
SA interventions particular to those levels. We discuss this further under recommendations.

4.4. LOTO System Components Affected

The second part of the second objective was to identify and understand the affected LOTO system
component. This understanding is vital for prioritizing interventions. The locking component of
the LOTO system has the largest number (n = 11, 41%) of meaning units referring to a lack of SA,
when all the SA levels are taken into consideration. Decommissioning (n = 9, 33%), tagging (n = 6,
22%), and recommissioning (n = 1, 4%) follow sequentially (see Figure 5b).

This result was not anticipated, as we built our justification for the study mainly on the ability of
tagging to aid awareness of what is going on. Interestingly, decommissioning and locking surfaced
as SA issues. The greatest number of SA requirements were identified for assessing the equipment
status; here, the LOTO system components of decommissioning and locking appear more relevant.
A number of SA requirements were identified with the sub goal of communication between employees
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(more related to tagging), while QCA reveals many SA-related issues in tagging. Notably, despite
mentioning a rather high number of SA requirements for recommissioning, participants did not
highlight many SA-related issues with the current LOTO system during the re-energizing phase.
Only one specific incident was bought to our attention; in this case, a lithography machine was severely
damaged when the machine was put back into operation, as a tool had been left inside.

4.5. SA Level Affected and Respective LOTO System Component

Figure 6 presents the coding frequency for different LOTO components with the respective levels of
SA affected. The figure shows the sequence of decommissioning, locking, tagging, and recommissioning
with the SA levels affected at each stage. This visualization sheds light on the issues associated with
different SA levels throughout the LOTO procedure.

 
Figure 6. Coding frequencies for different LOTO components with respective levels of SA affected.

The distribution of coding frequencies for different LOTO components with respective levels of SA
affected gives insight into the completeness of the state of the employees’ knowledge [14] at each LOTO
stage. Although there were no perceptual challenges at the decommissioning stage, comprehension of
that information seemed to be challenging. In contrast, what was challenged most at the locking stage
was the projection of future status. Tagging was equally problematic for perception and comprehension.
Finally, recommissioning was the least challenged component; here, only perception seemed to be
challenging. In general, perceptual challenges were the least often found in this study. They became
more prominent at later stages: tagging and recommissioning.

In the section on SA issues (Section 4.2), we discussed factors affecting SA in general.
Above, we presented the different SA levels and LOTO components affected. We now look at
the causal factors that are specific to those effects. First, we establish the key difference between two
types of assessments. More specifically, the assessment of the activities performed in SA is different
from the assessment of the result of these activities. If the objective is only to assess SA (whether or
not one is aware of a situation), then the manner in which one becomes aware of a situation is not
important [17]. However, since our focus was to investigate what hinders each SA level, we also
looked at difficulties during the process of gaining SA. Subcategories of the SA levels affected can
reflect causal factors that hinder those levels. Figure 7 shows the causal factors on each SA level.

There are a few notable characteristics of the SA levels and their causal factors (Figure 7).
The integration of information is shown to be a major requirement for developing Level 2 SA [14].
However, four out of six ‘lack of integration of information’ cases affect SA up to the projection level.
For example, in the absence of integrated information (number of locks installed, when they are
installed, size of locks to use, etc.), it is difficult to predict the aftermath of installing locks on the
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disconnect switch; this ultimately hinders the closure of the electrical panel door, opening more risk
opportunities (see Figure 8).

 
Figure 7. Coding frequency of subcategories (causal factors) with different SA levels affected.

Figure 8. Group of circuit breakers inside a control panel.

Second, although lack of understanding of the context seems to be more relevant to loss of Level
2 SA (comprehension), situations such as lack of understanding about the circumstances of blocking
(instead of locks) affect the projection of consequences, and this ultimately hinders some other operations.
Long-term memory stores in the form of schemata and mental models can assist in making projections
of the risks even with incomplete information [14]. However, novel situations caused by frequent
alterations demand that projections be made with limited working memory. Designs that clearly reflect
the system’s alterations and associated risks can assist in the development of a correct mental model.

Figure 9 shows the causal factors for each LOTO component; the analysis leads to two major
discoveries. First, the lack of integration of information is a major issue at the locking stage.
This suggests that care should be taken in the selection of locks and allowing for blocks. Second, a lack
of understanding of the context is a major issue during decommissioning. Since there are challenges
beyond what is covered in the documented procedures, there is a need for a more comprehensive
assessment of scenarios that arise during decommissioning.

Overall, Level 2 SA (comprehension) is challenged, predominantly at decommissioning.
Comprehension requires putting together the knowledge elements of Level 1 to form patterns
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(gestalt), which enables forming a holistic picture of the environment [40]. At decommissioning,
workers have to deal with disparate data, including interconnections between energy sources, salience
of their presence, multiple work instructions, illustrations that differ from alterations, documents with
different standards, etc. Meaningful integration of these disparate data, filtered through their relevance
to the goal of safe energy isolation, yields safe decommissioning.

 
Figure 9. Coding frequency of subcategories (causal factors) with LOTO components affected.

At first glance, LOTO seems to be in a static state from the time it is installed until it is removed.
A major question addressed by this study was whether SA really matters when the state is static.
This study makes an important point here: we did not focus on the situation assessment of a single
state in LOTO, but rather on an ongoing and continuous process for acquiring SA in a dynamic and
time-critical environment. Therefore, we established the dynamics of the LOTO environment. We were
most concerned with the variability of the information on machine status; these include, for example,
whether equipment was under maintenance or not, what level of maintenance had been completed,
what modifications had been made, and the change of status followed by a shift changeover. We were
also interested in the status of a group of machines locked together and situations where group lockout
was being applied. Finally, an updated goal status of production and the tactical planning required to
meet those plans created more dynamics. Although documented procedures and technical manuals
are viewed as static information, they can incorporate attributes of dynamics in situations when
machine are modified and locking devices are altered. Goals of accomplishing a production target and
tight expectations of a machine bought back to life can influence how attention is directed to LOTO,
how information is perceived, and how that information is interpreted. When top–down processes
of goal accomplishment operate on par with bottom–up processing of perceived information, SA is
required. In this context, salient cues should activate appropriate mental models of the situation,
leading to correct decisions. Therefore, a focus on SA is vital to facilitate the appropriate mental model
by ensuring the appropriate design of LOTO equipment and processes.

5. Recommendations

In the discussion, we established the dynamics involved with LOTO and thus the importance of SA.
In this respect, the ideal scenario would be to rectify those dynamics as much as possible, for example,
by performing the least possible number of alterations on a machine. However, the dynamic information
requirements that we found in the GDTA suggest the need for a more pragmatic approach, sometimes
going beyond what OSHA standards require; in such cases, SA is important. The design of a LOTO
system should focus on helping employees develop a correct picture of what is going on with the
machine and the environment.
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The third objective of this study was to prioritize the critical SA issues of this organization’s
LOTO system and make recommendations to rectify the issues. We found that a lack of integration of
information, poorly standardized information, information not made explicit, a lack of understanding of
the context, and inadequate processes are the major issues of the LOTO system affecting SA. Endsley [18]
provided a detailed and systematic methodology of the design principles of SA interventions.
Below, we briefly explain how SA interventions could possibly rectify the SA issues in LOTO.

5.1. Integrating Information

The lack of integration of information subcategory includes several issues: difficulty identifying
interconnections, confusing multiple work instructions, unexpected interference with existing controls,
restricted access to controls, and risks with alternative blocks. Under time pressure, these conditions
can lead to LOTO violations. Organizing information around the goal rather than following a
technology-driven approach can help identify the goals and the information needed for each goal.
For example, the goal of assessing the equipment status can be assisted by providing integrated
information about the status of the interconnections between sources, not merely about the status
of individual power sources. At best, this information can be made explicitly available at the point
of operation (see Figure 10); otherwise, explanations of how to obtain it can be provided. Similarly,
confusing multiple work instructions are often an adverse effect of a technology-based approach;
integrating them based on what is required by the goal is preferable. Data-driven processing can be
assisted by making information available on what is happening in the context of other employees,
other machines, and tactical production plans. What is critical here is supporting trade-offs between
goal-driven and data-driven goals in a such way that those complement each other. For example,
such trade-offs are often needed between the goals of the timely accomplishment of work schedules
and data-driven information on the context; high salience of either type of information can affect the SA.
The design of a LOTO system should consider how the user can switch between the two modalities.

Figure 10. Improved work instructions to ensure that information is integrated. Multiple energy
sources are mentioned. Instructions include waiting for 15 min after disconnecting electricity for the
heater to cool down.
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5.2. Providing Consistency and Standardization

The poorly standardized information subcategory includes difficulty understanding illustrations
and procedures, difficulty understanding tag colors, and confusion regarding the unintended use of
tags. SA interventions for consistency and standardization directly address this issue. SA interventions
using techniques to ensure logical consistency can reduce inconsistencies in the system by making
consistent presentations of information and illustrations, the modes they represent, and the formats
used in the presentation. For example, the closure of the valve shown in Figure 11 is anti-clockwise,
which is not consistent with others, so it requires specific information. Interventions to map system
functions to the goal and mental modes of the user can assist standardization. Mapping enables the
operator to understand how the system works and how it is connected to achieve goals. Grouping
information based on Level 2 and 3 SA requirements and goals can provide the basis for standardization
and help organize the information. For example, all the information that is needed to achieve the goal
of assessing conditions for safe re-energizing would ideally be grouped together; at least the sources of
the information could be grouped and presented to the technician.

 

Figure 11. Air cut-off value that closes in an anti-clockwise direction, which is not consistent with the
other valves.

5.3. Making Information More Explicit

Information not made explicit was reflected in participants’ comments on uncertainty about
updated procedures, not knowing what alternations have been made, what alternative blocks are
needed, and the difficulty of knowing whether LOTO should be applied at all. Attempts should be
made to make information explicit. For example, in the case of a machine being stopped, there should be
no uncertainty about whether it is locked out; this information needs to be very explicit. Whenever no
information is available, such as in the absence of a tag, it is important to explicitly identify missing
information. SA interventions using data salience can support the operator in assessing the certainty
of information. For example, in assessing stored energy, estimated information should be presented
as ‘estimated’, together with the accuracy of that information, if possible. Supporting uncertainty
management activities promotes awareness of the situation and the certainty of the information.

5.4. Improving the Understanding of the Context

A lack of understanding of context includes not understanding the documented content,
not knowing the risk factors, and not knowing the exact purpose of LOTO. Supporting comprehension
by presenting Level 2 SA directly by integrating information can assist in the understanding of
the meaning of perceived information. For example, in the case of a block applied to support a
part of a machine in place, it is more meaningful if the load applied on the block, as well as the
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load-bearing capacity, is explicitly presented. In fact, there was an accident in the organization when
workers depended on a single door damper instead of two while conducting a maintenance activity.
Interventions to provide system transparency and observability can improve the understanding of
the system. For example, schematics can provide system transparency by presenting how actuators
are linked together. Whenever the direct presentation of comprehension is not possible, further SA
interventions can help. Making critical cues for schema activation more salient can improve the
understanding of a situation by referring to a prototypical situation. For example, in addition to
switching off a machine using a disconnect switch, it is important to ensure that controls are in the off
position to avoid unexpected activation when the machine is re-energized. As shown in Figure 12,
it helps if all off positions are aligned. As mental models and schemata play an important role in
achieving high SA, it is important to trigger the operator’s schemata with obvious information from
the system.

 
Figure 12. Prominence of emergency button in de-energizing. Each controller must be switched off to
avoid sudden activation during re-energizing. Off positions are oriented in the same direction.

5.5. Improving Adequacy of Procedures and Validity of Information

Inadequate procedures and outdated information hinder comprehension. SA interventions
presenting information with timelines can support temporal awareness and thus promote the awareness
of outdated information. The management of change procedures can enforce the requirements to keep
updated information about machine alterations. Although minimizing task complexity can lessen the
demands for detailed procedures and frequent updates, the complexity of the maintenance task is
largely attributed to how well the machine has been designed for maintenance [42] by the original
equipment manufacturer (OEM). Within the scope of LOTO, minimizing the complexity applies during
de-energizing and re-energizing, particularly by making it easy to determine interconnections between
different energy sources. When dealing with multiple sources of information, SA interventions for
assessing confidence of composite data can aid the operator in appraising the reliability or confidence
level of the information (e.g., coming from different sensors). This level of appraisal is required
to determine the fault and the need for maintenance; it is also required during de-energizing and
re-energizing phases. It is indirectly associated with determining the extent of the task required,
tool requirements, and estimated time for completion.
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5.6. Improving Communication Structure

Poor communication structure hinders the projection of risks involved with the locking component.
When the operator is pursuing a maintenance or production goal, attention is usually directed toward
a subset of information. As a result, the operator may fail to acknowledge other problems in the
environment. Supporting global SA means giving the operator the ability to attend to information
about the overall status of the system at all times. Interventions to support global SA can aid
awareness by improving communication among team members and creating a holistic situation.
Communication is particularly important when maintenance is performed by a group of technicians.
Group LOTO operations typically require more coordination and communication than single-person
LOTO operations. Greater coordination between employees is particularly important when more than
one department is involved in the task. Design principles suggested for facilitating team SA can be
useful in the collaborations of technicians, supervisors, and machine operators demanded by the LOTO
process. Further interventions to support the transmission of different comprehension across teams and
a shared mental model will result in more efficient communications by reducing misunderstandings.

6. Conclusions

We set up this study to show the importance of the SA concept for companies wishing to determine
the efficacy of their LOTO systems. Our use of GDTA revealed decision requirements under a dynamic
context and indicated what SA information is required. Our classification using QCA found that the
comprehension and projection levels were more affected. Out of the four major components of LOTO,
the locking component was found to be most affected, and in the locking component, the projection
level was most affected.

As this study shows, SA interventions can be used to mitigate high-priority issues. The intent of
LOTO is to make workers aware of what is going on with machines undergoing maintenance; thus,
SA is well suited to attempts to improve LOTO effectiveness through special interventions. One major
conclusion that we can make is that users should be involved in risk evaluation; their input will identify
latent risks of a cognitive nature that might not be captured by regular physical risk assessments
performed by experts.

Overall, this study confirms that SA is an applicable concept for evaluating and improving
the effectiveness of LOTO systems, despite the somewhat static nature of LOTO applications.
Varying production demands, shifting operations, machine modifications, and the progression of
maintenance work itself make SA an important issue with LOTO. Acknowledging that these systems
are and will continue to be used by humans and understanding how they can serve their primary
purpose of making humans aware of what is going on will make LOTO use more effective. This study
suggests the need to prioritize the SA intentions of LOTO, ultimately to make a safer workplace.
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A B S T R A C T

The factors initiating aviation accidents are usually hidden behind various steps, systems, and tasks, and sys-
tematic root-cause analysis is required to uncover the initial factor(s). To reduce the risk of unfavourable events,
it is more appropriate to study their causal factors. We argue that an in-depth study on maintenance process
deviations could assist in uncovering hidden causal factors. We therefore analyse reported maintenance de-
viations from an aviation organisation using the Human Factor Analysis and Classification System-Maintenance
Extension (HFACS-ME) taxonomy to aggregate and map hidden causal factors. We find attention and memory
errors and inadequacy of processes and documentation are major causal factors. We argue a well-run organi-
sation can capture hidden causal factors and reduce the risk of incidents and accidents. More specifically, we
show how situation awareness (SA) interventions can assist in the mitigation of maintenance deviations and
capture hidden causal factors.

1. Introduction

The factors initiating aviation accidents are usually hidden behind
various steps, systems, and tasks, and systematic root-cause analysis is
required to uncover the initial factor(s). To reduce the risk of un-
favourable events, it is more appropriate to study their causal factors, so
that we can stop a future incident before it happens. Maintenance is an
area where such analysis is critical, as proper maintenance is crucial to
aviation safety (Gramopadhye and Drury, 2000; Kraus and
Gramopadhye, 2001; Usanmaz, 2011; Cusano and Napoletano, 2017).
Roughly 12% of aircraft accidents result from maintenance faults, and
one third of all malfunctions can be attributed to some kind of main-
tenance deficiency (Marx and Graeber, 1994; Boeing, 2003; NASA,
2011; Rashid et al., 2013; CAA, 2015; IATA, 2018; ASN, 2018). We
argue that an in-depth study on maintenance process deviations could
assist in uncovering hidden causal factors.

In fact, studies analysing aviation accidents over the past two dec-
ades (e.g. Latorella and Prabhu, 2000; Wenner and Drury, 2000;
Goldman et al., 2002; Schmidt et al., 2003; Krulak, 2004; Dhillon and
Liu, 2006; Liang et al., 2010; Rashid et al., 2013; Wang and Chuang,
2014) agree that attention, memory, and judgemental errors are the
most common cause of accidents. Problems of attention and working
memory limit operators from acquiring and interpreting information
from the environment to form correct mental models. Mental models
guide maintenance performance (Reason and Hobbs, 2003) and its lack
is linked to errors in the information processing flow (Meister, 1966).

An adequate mental model is a pre-requisite for situation awareness
(SA) (Sarter and Woods, 1991), defined as the detection of elements in
the environment within a certain volume of space and time, the com-
prehension of their meaning, and the projection of their status in the
near future (Endsley, 1995).

Errors can be active or latent. In active errors, the effects are
manifested immediately or almost immediately in two ways; either the
result is not as desired, or the error itself is detected before the un-
desirable outcome is completed. In latent errors, a significant time has
elapsed between an error being made and the existence or consequence
of that error being manifested (Whittingham, 2004). Obviously, if la-
tent errors can be spotted, maintenance will improve. Systematic
proactive monitoring and early error detection can assist in accident
mitigation (Rashid et al., 2013; Morag et al., 2018) whilst errors are still
latent. Several common and overarching methods are available to
identify the opportunities for error, but they are limited to technical
details. Studies provide rich evidence of the human, environmental, and
organisational aspects that can also lead to maintenance errors (Reason
and Hobbs, 2003), making it appropriate to learn more about these
factors, especially in areas such as aviation where maintenance errors
are not an option. In this study, we analyse reported maintenance de-
viations from an aviation organisation using the Human Factor Analysis
and Classification System-Maintenance Extension (HFACS-ME) tax-
onomy to aggregate and map hidden causal factors. We apply our
findings to a three-level situation awareness model to discover ways the
aviation organisation can improve its maintenance.
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2. Current methods used to study the causal factors of
maintenance errors

Studies can be retrospective or prospective. In a retrospective study,
the outcome of interest has already occurred at the time of study in-
itiation. In a prospective study, the documentation of the interest begins
at a time period preceding the onset of the condition being studied
(Salkind, 2010).

2.1. Retrospective methods

Most studies on aviation accidents are retrospective, seeking the
causal factors in unfavourable events. Maintenance Error Decision Aid
(MEDA) (Rankin, 2000; Boeing Commercial Aviation Services, 2013)
provides specific error descriptions and identifies a group of con-
tributing factors. Human Factors Analysis and Classification - Main-
tenance Extension (HFACS-ME) (Schmidt et al., 1999) is designed for
deeper analysis of human factors related to aviation maintenance er-
rors, drawing on Reason's Swiss cheese metaphor of latent and active
failures (Reason, 1990). The model represents a complex system with a
series of defences in place at different levels; if weaknesses are aligned,
a hazard will most likely result in an accident. In most cases, main-
tenance deviations are hidden within system. A major weakness of
retrospective methods is their inability to detect potential causal fac-
tors; they can only deal with accidents that have already occurred. In
addition, uncovering the causal factors of human errors can be chal-
lenging because of the complex cognitive mechanisms involved.

2.2. Prospective methods

Considering the high social and economic costs of aviation acci-
dents, prospective methods are better than retrospective ones (Bligård
and Osvalder, 2014). Table 1 tabulates the pros and cons of the existing
prospective methods.

3. Why is this study a prospective study?

To explain why we consider this study as a prospective study, we
first illustrate the different stages where maintenance deviations can be
identified (Fig. 1) and then explain our rationale (below).

Maintenance deviations can be identified at four main stages: after
an aircraft accident, as a physical deviation in the aircraft that led to an
incident, as a deviation in the maintenance process, or as an

improvement need discovered in the maintenance process. Studies of
aircraft accidents are obviously retrospective. Studies of process de-
viations or improvement opportunities are prospective, as an accident
has not yet occurred. In this study, instead of accidents, we analyse the
latter three, taking a prospective approach.

3.1. Why HFACS-ME is limited to retrospective use

Studies using HFACS-ME are largely restricted to analyses of acci-
dents (see Table 2), as HFACS-ME does not offer the ability to find la-
tent conditions. In addition, unlike many formal risk assessment tech-
niques (such as FMEA), HFACS-ME does not have the inbuilt ability to
quantify the risks.

3.2. Potential of HFACS-ME as a prospective method

The main advantages of HFACS-ME include its systematic approach
and comprehensive examination of the many possible factors con-
tributing to a chain of events leading to an adverse event. It also enables
analysis during data collection, thus avoiding the loss of important
information. Therefore, we argue that HFACS-ME can be used to ana-
lyse maintenance process deviations and improvement opportunities to
uncover their latent conditions. For example, inadequate access or in-
adequate maintenance procedures can be analysed using HFACS-ME to
find the latent conditions behind them. In short, if a process deviation
or improvement opportunity is identified by some means, HFACS-ME
can qualitatively analyse the latent conditions to be rectified. A pre-
vious study (Hsiao et al., 2013) used a modified method of HFACS-MA
to analyse audit records; this usage is similar to ours.

4. Aim and objectives

The overall aim of this study was to critically assess aviation
maintenance deviations and to identify relationships between latent
conditions and active errors. To this end, we formulated the following
objectives:

• To classify maintenance deviations.

• To identify and classify causal factors in maintenance deviations.

• To identify existing defences and to make recommendations to mi-
tigate deviations.

Table 1
Pros and cons of existing prospective methods.

Method Pros Cons

Swiss cheese model (Reason, 1990) Comprised of multi-faceted factors: individual, task, environmental,
and organisational

No underlying analytical methodology

Identifying Needed Defences In the Civil Aviation
Transport Environment (INDICATE) (ATSB, 1990)

Performs continuous examination of systems. Reports weaknesses in
regulations.

No risk assessment or classification guidance.
Not purpose built for maintenance errors.

Aviation System Risk Model (ASRM)
Luxhoj (2002)

Explores interrelationships between organisational, tasks,
environmental, and individual variables.
Assigns conditional probabilities.
Handles both qualitative and quantitative methods.

Not built for maintenance errors.
No common terminology for risk identification.

Human Error Risk Management for Engineering
Systems (HERMES)
Cacciabue (2004)

Analyses human-machine interfaces in complex contexts. Links
retrospective and prospective analysis.

Not built for aviation industry. Focus is limited
to human and machine elements.

Aviation Maintenance Monitoring Process (AMMP)
(Rashid, 2010)

Proactively monitors causal factors during design, manufacturing,
workplace or workforce conditions. Retrospective-prospective hybrid
method.

Meant for helicopters. Multi teamwork protocol
makes it harder for a single researcher.

Risk assessment model of error in aviation
maintenance (Xiao et al., 2011),

Reproduces expert experience, knowledge and intuitive thinking by
achieving a qualitative and quantitative analysis.

Number of samples selected greatly influences
the quality.
No formal classification and analysis of risk
opportunities.

Failure mode and effect analysis (FMEA) Includes proven general approaches to assess risks associated with
engineering systems.

Lack human, environmental and organisational
aspects.
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5. Methods

We use HFACS-ME to analyse maintenance deviations occurring
well before an accident. HFACS-ME comprises multiple levels (man-
agement to maintainer) and multiple orders (1st to 3rd order) (see
Section 5.2.2 for details). The first three levels are management,
maintainer, and working conditions (latent conditions). Each influences
the next; they are ranked in order, starting with the onset of an active
error (maintainer act). The three orders range from a macro to a micro
perspective, reflecting the causal factors in maintenance errors. Order
one factors are the broadest in scope, and order three are the narrowest.

5.1. Data source

Our data comprised maintenance deviation reports from a fleet of
fighter aircraft reported by: flight engineer/pilot, technician during
self-inspection, technician/engineer during the flight clearance, process
deviations reported by technicians, process deviations detected and
reported during formal audits, and opportunities identified by internal
staff. The deviation report is written by the person who noticed the
deviation and the responsible safety personnel verifies the report. The
event type, cause, affected system of the aircraft, the weather

conditions, what stage the error was detected, and severity of the de-
viation are reported using the organisation's own coding system. The
severity of the disruptions, incidents, and critical incidents is decided
based on several perspectives of the failure, not just the safety con-
sequences. (Note that in what follows, we use the word “incident” to
refer only to the original classification of severity by the organisation.)
In the reports, the comment field explaining the deviation can be sup-
plemented with images. Once the report is received by incident in-
vestigation personnel, additional descriptions to the causal factors of
the deviation may be added. In this study, we analysed all maintenance
deviation reports for a fighter aircraft during a 38-month period be-
ginning January 2013.

5.2. Data classification

Our first step was to classify the data according to deviation type
and causal factors.

5.2.1. Classification of maintenance deviations
The original data resulted in 140 deviations (out of 202) as “Not

Specified” (Code 90). Therefore, they were reanalysed using the ori-
ginal report descriptions and the existing classifications in the deviation

Fig. 1. Illustration of different stages where maintenance deviations can be identified.

Table 2
Previous use of HFACS-ME for analysis of accidents and incidents.

Study Accidents Incidents Process Deviations Note about accidents/incidents

Schmidt et al. (1999) 26 75 26 mishaps, 75 hazards (and 23 injury reports)
Schmidt et al. (2000) 470 Maintenance Related Mishaps
Fry (2000) 283 316 232 Flight, 51 Flight Related, 316 Air Craft Ground
Schimidt et al. (2003) 15 NTSB accident investigation reports
Krulak (2004) 1016 Aircraft mishaps of high/low severities
Rashid et al. (2013) 40 18 Accidents and “No injury” incidents
Hsiao et al. (2013) 78 HFACS-MA for analysing audit records

Total 1850 409 78

Table 3
MEDA deviation types, description, and examples.

Deviation Type Description Example

Installation failure Incorrect installation leading to an event Equipment not installed, wrong orientation, cross connection
Servicing failure Failures occurring during servicing lead to an event Not enough fluid, access not closed, system not reactivated
Repair failure Failures occurring during an on-wing repair, either a system or

structural repair
Incorrect repair, unapproved repair, incomplete repair

Fault isolation, test, inspection failure Failures occurring during fault isolation, a system test or an
inspection

Did not detect fault, not found by fault isolation, not found by
functional test

Foreign object damage/debris Failures leading to foreign object damage or to foreign object
debris being left on the aircraft

Tooling left in the engine, debris falling in to open system, debris on
the ramp

Airplane or equipment damage Failures associated with airplane/equipment damage Tools used improperly, defective equipment used, struck against
Maintenance control failure Typically resulting in an airworthiness control event Scheduled task omitted, incorrectly controlled defect, time expired

part, incorrect record control
Personal injury Failures associated with personal injury; explaining how a

personal injury has occurred
Caught in between, struck against, exposure to hazard substance
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reports to determine the appropriate MEDA category (see Table 3).
Keeping “personal injury” aside for a moment, we can distinguish

two major types of maintenance deviations in MEDA: physical devia-
tions found in the aircraft and maintenance process deviations
(Table 4). These have different retrospective and prospective tenden-
cies.

5.2.2. Classification of causal factors of maintenance deviations
Our causal factor classification included two main stages: classifi-

cation of active errors and classification of latent conditions. The active
errors are seen on the surface as either Aircraft Physical Deviations
(ADev) or Maintenance Process Deviations (MPDev). The latent con-
ditions cannot be seen on the surface; they can only be found by in-
depth investigation of the ADev and MPDev (see Fig. 2).

The original deviation reports contained only one causal factor al-
though, the causal factors are a mix of active errors and latent condi-
tions. Our classification using HFACS-ME 3rd (see Table 5) was based
on the deviation reports’ original classification, the description of de-
viations in the text field, and the additional comments. Our major focus
was to extract the lowest level causal factors (maintainer acts) and the
highest-level causal factors (management condition) from the in-
formation available in the deviation reports. Our study has one im-
portant difference from previous work; since we consider “active er-
rors” in the maintenance process deviations, we expect to find “active
errors” at levels other than “maintainer acts”. By combining MEDA and
HFACS-ME, our classification attempts to show what happens (type of
deviation) and why it happens (causal factors).

In the next step was the consistency and validity of our proposed
classification examined. A pre-test of 20 reports resulted in a classifi-
cation consistency 70%. After reclassification of all reports was an 85%
consistency recorded. Finally, 23 deviation reports (out of 202) were
excluded due to insufficient information.

5.2.3. Classification of failed SA levels
We argue in the introduction of the possibility of deviations being

associated with SA through the underlying SA failures (Jones and
Endsley, 1996) and propose a taxonomy for the aviation domain (see
Table 6). Although this taxonomy is not exclusively intended for
maintenance actions, we used it to classify the failed SA levels in se-
lected reports.

6. Results and discussion

In this section, we first present our classification of maintenance
deviation types. This is followed by the results showing active errors
and latent conditions. We explain how latent conditions have propa-
gated into active errors. We conclude the section by discussing several
maintenance perspectives and making recommendations for improve-
ment. The analysis of deviations resulted in 99 ADev and 80 MPDev. All
maintenance control failures of MEDA aligned with MPDev and the rest
of the MEDA types fall under ADev (Table 7).

6.1. Maintenance control failures

Maintenance control failures (N= 80) are mainly associated with
misplaced objects, damaged or improperly serviced instruments, am-
biguous workplace, software failures, and disturbing environment. Five
of the maintenance control failures led to incidents, including the loss
of an accessory, non-activation of emergency report, and failure to
complete an overhaul. The rest are disturbances. Maintenance control
failures increase the risk of accidents, unless rectified at early stages.

6.2. Installation, repair and service failures

Overall, we found 79 installation, repair and service failures. Within
the installation failures, the most frequently appearing failures are part
not installed, incorrect mounting, and loose screws. Three (3) of the
repair failures led to incidents; two were serious incidents affecting
flights. Although there were fewer service failures (12), four of these led
to incidents. Our finding of the dominance of installation and repair
errors within the maintenance deviations aligns with previous findings
and also confirm that omissions make up the largest single category of
maintenance errors commonly associated with reassembly and in-
stallation.

6.3. Foreign object damage/debris

In our data, 13 deviations are linked to foreign objects found in the
aircraft. Two of these led to incidents: one was a flashlight left in the
gearbox, and the other was loose material kept within the engine ha-
zard zone. The others were disruptions.

Table 4
Aircraft physical deviations and maintenance process deviations used in this study.

Deviation Type Description Examples

Aircraft Deviations (ADev) Adverse changes found in the aircraft as a result
of maintenance actions.

Installation failures, servicing failures, repair failures, failure to isolate faults, test and
inspection, foreign objects, damage to airplane equipment.

Maintenance Process Deviations
(MPDev)

Non-compliance with maintenance processes.
(maintenance control failures)

Expired manual, improperly maintained tools, improper storing of spare parts.
Improvement opportunities are not essentially a deviation from existing procedures.

Fig. 2. Illustration of the maintenance deviation categories and the classification used in this study.

P. Illankoon, et al.



6.4. Failures to correctly diagnose faults

Our finding of a relatively few number of failures to diagnose faults
contradicts earlier studies finding diagnostics and “no fault found” to be
significant issues (e.g. Pickthall, 2014; Khan et al., 2014; Hockley and
Lacey, 2016). This raises questions about the scope of the organisation's
reporting system in keeping reports of non-occurrences (failing to find
faults). Trouble-shooting errors with the Multifunctional Information
Distribution System (MIDS) is the only fault isolation error reported in
the data.

6.5. Absence of “personal injury failure”

The personal injuries requiring medical intervention was not re-
ported. it is common for a few first-aid cases to occur in a maintenance
environment. The maintenance deviation reporting system we studied
is not based on the MEDA categorisation, so personal injuries may have
been excluded from these reports.

6.6. Causal factors in maintenance deviations

Fig. 3 presents all active errors and latent conditions under each of
the maintenance deviation types. The deviation type “Fault isolation,
test, or inspection failure” is excluded from the figure because there is
only one deviation of that sort.

6.6.1. Active errors and latent conditions of maintenance control failures
Inadequate documentation is the most frequent active error

(n=20) appearing in the maintenance control failures. Confusing and
contradictory information, slow outcome from software, outdated in-
formation, and absence of documentation are the most common doc-
umentation issues. For example, issuance of wrong O-rings in absence
of correct specification is repeated.

Inadequate process is the most frequent (n=26) latent condition in
maintenance control failures, including the absence of processes to
identify documentation requirements. The greatest single concern is
connected to working with external parties. For example, one deviation
refers to storage of spare parts under substandard conditions. The ab-
sence of at least one of the three procedural controls is prominent.

These controls are: acknowledging recommended storage conditions
from the suppliers, determining alternative storage facility, and de-
termining alternative replenishment strategies.

The mention of damaged or un-serviced equipment as an active
error in 15 of the maintenance control failures suggests the need for
improvements in the maintenance infrastructure.

6.6.2. Active errors and latent conditions of installation failures
Attention/memory failures represent the main active error in in-

stallation failures (18) and the majority of the installation failures re-
flect inappropriate techniques, not inadequate skills. In many instances
procedural steps are omitted, the process is interrupted, and conditions
are not recognised. Skill/technique related issues also led to installation
failures (n=13). Whereas fault isolation can be difficult because the
work is so complex. On the other hand, it is relatively easy for tech-
nicians to gain the skills required for standard installation tasks.

Some of the installation failures can be connected to latent condi-
tions. For example, forgetting to fasten the magazine is connected to
inadequate communication and supervision issues, more specifically,
the belief that someone else will perform an installation or a lack of
communication concerning what to do on the next work shift. Many
installation failures appear as judgement errors on the surface (n=10),
with inadequate communications as the latent condition. Five in-
stallation failures occur because of exceptional violations; in the ab-
sence of information allowing us to find latent conditions, we speculate
they may be associated with signing off without inspection (blind
stamping).

6.7. Propagation of latent conditions into active errors

In this section, we explain how causal factors propagate from latent
conditions into active errors and note the role of defences to avoid this
propagation. We begin by discussing the latent conditions behind three
major active errors.

6.7.1. Propagation of attention/memory failures from latent conditions
Whilst attention/memory errors are the active errors behind many

deviations (n= 47), they are more commonly connected to various
types of latent conditions. Around 40% (18) of the attention/memory

Table 5
Error categories of HFACS-ME framework (adapted from Naval Safety Centre School of Aviation Safety, 2003).

Different Orders

Different Levels First Order Second Order Third Order
Management conditions Organisational Inadequate Processes Inadequate Documentation Inadequate Design Inadequate Resources

Supervisory Inadequate Supervision Inappropriate Operations Uncorrected Problems Supervisory misconduct

Maintainer Conditions Medical Mental State Physical State Limitation
Crew Coordination Communication Assertiveness Adoptability/Flexibility
Readiness Training/Preparation Certification/Qualification Infringement

Working Conditions Environment Lighting/Light Weather/Exposure Environmental Hazards
Equipment Damaged/Un-serviced Unavailable/Inappropriate Dated/Uncertified

Maintainer Acts Error Attention/Memory Judgement/Decision Making Knowledge/Rule based
Violations Routine Infraction Exceptional Flagrant

Table 6
Taxonomy of levels of situation awareness and causes of failure (Jones and Endsley, 1996).

Level 1 SA Level 2 SA Level 3 SA

Data not available Lack of or incomplete mental model Lack of or incomplete mental model
Hard to discriminate or detect data Use of incorrect mental model Over projection of current trends
Failure to monitor or observe data Over-reliance on default values Other
Misperception of data Other
Memory Loss
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errors have a connection to latent conditions. These are: inadequate
processes (5), inadequate resources (4), inadequate supervision (3),
adverse mental and physical conditions (2), damaged equipment (1),
inadequate communication (1), and obstructed workplace (1).
However, the majority did not result from latent conditions.

6.7.2. Propagation of skill/technique errors from latent conditions
Poor or inappropriate techniques and inadequate skills fall into this

category (n=29). This category of HFACS-ME differs from the skill-
based errors of the Rasmussen's (1983) skill-rule-knowledge (SRK)
model. Fifty-five percent of the skill/technique issues have latent con-
ditions, mainly inadequate processes (5), inadequate resources (4), and
inadequate supervision (3). Incorrect decisions on how an infrequent
maintenance task should be done are usually connected to the degree of
supervision.

6.7.3. Propagation of judgement/decision errors from latent conditions
Almost 86% (n= 18) of the judgement/decision errors resulted

from latent conditions. In two cases, judgment and decision errors di-
rectly led to incidents. The latent conditions in judgement/decision
errors are diverse, including inadequate communication (5), unavail-
ability of correct tools and measuring equipment (5), and inadequate
processes (4). One major problem with communication seems to be how
to handle the material. Two of the judgement errors are connected to
the maintainer's adverse mental state.

There are two types of judgement/decision errors. First, despite the
availability of a technical manual and established procedures, there are
lapses of memory concerning procedural steps. Some are deviations
from the standard procedures, with maintainers relying on their ex-
pertise. Secondly, in many instances, although the technical manuals
provide sequential steps, the diverse nature of the maintenance activ-
ities calls for human judgement.

6.7.4. Propagation of violations from latent conditions
In this study, exceptional violations show a unique feature. They

show no interference with other factors as either active errors or latent
conditions. In other words, all exceptional violations are direct results
of themselves, and exceptional violations are not the latent condition
for any other active error.

6.7.5. Propagation of active errors from latent conditions: a general view
In this section, we discuss propagation under the two major devia-

tion types: ADev (Fig. 4) and MPDev (Fig. 5). Out of the total 179
maintenance deviations, 99 are ADev. All the ADev are caused by
maintainer acts (attention/memory, knowledge/rule based, skill/tech-
nique, judgment/decision, and exceptional violation). Fifty percent
have latent conditions, including unsafe management conditions (27),
maintainer conditions (13), and working conditions (11). As per the
information available in the reports, 50% of the active errors are the
direct result of maintainer acts, so no latent conditions can be found for
these errors. This may challenge the Swiss cheese model, which says
that most unsafe maintainer acts are the result of latent conditions at
higher levels suggesting a need for further improvements in the in-
vestigation of maintenance deviations.

The results showed 80 MPDev deviations. Of those Active errors
included: 38 management conditions, 24 working conditions, 6

maintainer conditions, and 12 maintainer acts. Almost one third of the
MPDev had latent conditions, and these differ from the active errors.
Latent conditions for the MPDev include 59 management conditions, 8
working conditions, 6 maintainer conditions, and 7 maintainer acts.

To gain more insight, we present ADev and MPDev together. We
cannot directly compare the different quantities of ADev (n= 99) and
MPDev (n=80). Therefore, we consider the composition of first-order
causal factors (see Fig. 6). Notably, unsafe maintainer act is an active
error for 100% of the ADev; this reduces to 9% when the latent con-
ditions of the MPDev are considered. In contrast, although management
conditions have 0% presence as active errors of the ADev, this type
becomes the largest (74%) latent condition for MPDev.

6.8. Organisation's potential for avoiding errors

In this section, we discuss two ways for the organisation to avoid
errors. Out of all the HFACS-ME factors, personal readiness, adverse
physical state, and obstructed or inaccessible workplace contribute the
least to maintenance deviations. Within the unsafe maintainer acts,
knowledge/rule based and violations appear the least frequently, and
they show no connection to some of the HFACS-ME factors (see
Table 8).

The factors which contribute less to errors demonstrate organisa-
tional strengths. The absence of infractions and flagrant violations and
the non-appearance of supervisory misconduct indicate a well-ordered
workforce, as does the absence of inadequate assertiveness or in-
adequate adoptability. The absence in the reports of inadequate
lighting, unsafe weather exposure, confined space, inadequate design,
adverse physical state, and unsafe limitations demonstrates reasonably
good physical ergonomics. Finally, the absence of any mention of in-
adequate knowledge demonstrates the strength of the organisation's
competency development programmes.

6.8.1. Potential of human expertise
Out of the MPDev, 20 occur as a consequence of inadequate doc-

umentation, 9 because of inadequate processes, 5 because of inadequate
communication, and 2 because of uncorrected problems. Notably, de-
spite the absence of standard procedures to detect MPDev in a formal
manner, experienced technicians find such deviations as absence of
required checks, incorrect instructions, and incorrect regulations. In
other words, the “experienced” aspect that leads to disregarding formal
guidance also leads to the detection of process deviations. This finding
of the simultaneous weaknesses and strengths of expert judgements
supports claims about the distinction between heuristics bias and
skilled intuition (Kahneman and Klein, 2009). Heuristics-biased jud-
gements are less likely to be accurate (Tversky and Kahneman, 1974);
judgements based on skill and experience are more accurate (Strauss
and Kirlik, 2006; Klein, 2008). However, we still need to uncover the
underlying cognitive processes of these incidents. The limited in-
formation available in the investigation reports and the methodology
used in this study do not allow us to make conclusions. More study is
required.

6.9. Situation awareness intervention

Fifty-five maintainer acts have latent conditions, but HFACS-ME

Table 7
Two major types of maintenance deviations and further classification using MEDA.

Maintenance Control
Failure

Installation
Failure

Repair
Failure

Foreign Object
Damage/Debris

Servicing
Failure

Airplane Or Equipment
Damage

Fault Isolation, Test, or
Inspection Failure

Total

ADev 50 17 13 12 6 1 99
MPDev 80 80

Total 80 50 17 13 12 6 1 179

P. Illankoon, et al.



Fig. 3. Third-order causal factor for active errors and latent conditions of different maintenance deviations.
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sheds little light on the interventions. SA interventions can be useful at
this point if the factors affecting SA are known. Therefore, we use SA
taxonomy to classify the maintainer acts with latent conditions. We
exclude the skill/technique-related deviations from the 55 cases be-
cause SA was applied in the pre-stages of decision making (Endsley,
1995). We also exclude the violations, because violations imply delib-
erate action (Reason and Hobbs, 2003). We apply the SA taxonomy to
the remaining 39 maintenance deviations. Fig. 7 shows the results.

6.9.1. Applicability of SA interventions
Based on the results already discussed and the SA classification, we

now discuss the applicability of SA interventions in aviation main-
tenance. More specifically, in this section, we explain how the concept
fits into the present context; in the next, we discuss possible misfits.

First, attention and memory errors are associated mainly with in-
stallation failures and foreign objects. These suggest the omission of
procedural steps and the failure to recognise conditions. Maintenance

Fig. 4. Third-order causal factor for active errors and latent conditions of ADev (n=99).

Fig. 5. Third-order causal factor for active errors and latent conditions of MPDev (n= 80).
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technicians get information cues of two types, overt and subtle
(Endsley, 1995). Overt cues include alarms, information from mea-
suring equipment, and other dynamic information, such as work
priority. Subtle cues contain the direct information gained through the
human senses about the behaviour and characteristics (see Illankoon
et al., 2016) of the aircraft in a given situation. Deviations such as
loose/missing screws and foreign objects should be visible to techni-
cians, but the physically scattered nature of an aircraft's system com-
ponents makes it harder to determine abnormalities during inspection
activities and challenges the achievement of Level 1 SA - perceiving the
abnormality. And in fact, 83% of the attention/memory errors fall
under Level 1 SA (light grey in Fig. 7).

Second, even if abnormalities are detected, not all are diagnosed
correctly (e.g. misjudgement of the reason for the malfunctioning MIDS,
loose screw on nozzle hub, and incorrect functioning gas tank), and
83% of the judgement/decision errors can be connected to Level 2 SA
(grey in Fig. 7), that is, understanding what is specifically wrong in
something already perceived as abnormal. This is understandable.
System complexities increase the number of unknown possibilities that
need to be diagnosed. Diagnosis becomes even more challenging when

different information cues are combined to form a mental model of the
malfunction. In other words, this exceeds the ability to make a correct
judgement of the cause of a failure. Misjudgements might occur because
of the heuristics bias, as discussed above. The heuristics bias is rooted to
universal cognitive processes and is not specific to a single phase of
cognition (Reason, 1990).

Third, even if the cause of the abnormality is understood, if its
possible consequence is not correctly predicted and a correct action
determined, the outcomes can still be unfavourable. Examples include
incorrectly projecting the useful life of brake pads or incorrectly pro-
jecting the behaviour of deflected wheel hubs subjected to hard land-
ings. Even after seeing and understanding the un-mounted part as an
irregularity, leaving it unattended is a projection error. Although there
are not many, all the knowledge and rule based errors fall into Level 3
SA (black in Fig. 7), that is, the failure to predict the effects of a par-
ticular defect on the future performance of the aircraft.

In broader sense, perceiving the signs of deviations, grasping what
those signs mean, and being aware of their consequences are vital in
aircraft maintenance, making the SA concept extremely valuable. Of
course, projection (prediction) of the consequence does not necessarily
mean correct performance; final performance can be affected by factors
other than SA (Endsley, 1995). Error opportunities occur due to phy-
sical inability to make the required response (Meister, 1966). Many of
the installation failures caused by erroneous skills and techniques fall
into this group (e.g., damaged connections in the IFF, dropped valve
cap, separation of hose coupling). In sum, with a few exceptions, ca-
tegories of many of the erroneous maintainer acts can be mapped onto
SA levels and onto a maintenance phase: anomaly detection, diagnosis,
and prognosis. These linkages are the following: attention/memory
errors at detection (Level 1 SA), judgement/decision errors at diagnosis
(Level 2 SA), knowledge/rule errors at prognosis (Level 3 SA) and skill/
technique during final physical action (see Fig. 8). This is an important
relationship that we identify in this study.

We also find SA connections with the potential of human expertise.
The 3-level SA model suggests experienced operators' SA is not con-
strained by working memory but also draws on long-term memory
(Endsley, 2004). The 3-level SA model captures the deliberate sense-

Fig. 6. Propagation: active errors of ADev from latent conditions of MPDev.

Table 8
Factors which do not contribute to any of the maintenance deviations.

3rd order causal factor Respective 2nd order Respective 1st order

Routine Violations Unsafe maintainer acts
Infraction
Flagrant
Adverse physical state Medical Unsafe maintainer

conditionsUnsafe limitations
Inadequate assertiveness Crew coordination
Inadequate adoptability/

flexibility
Inadequate knowledge Readiness
Inadequate lighting Environment Unsafe working

conditionsUnsafe weather exposure
Confined Workplace
Inadequate design Organisations Unsafe management

conditionsMisconduct Supervisory

Fig. 7. Number of deviations caused by maintainer acts, respective HFACS-ME factor, and type of SA failure.
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making processes, as well as additional processes, such as conscious
analysis, pattern-matching, story building, mental simulation, and
meta-cognitive processes (Endsley, 2015), used by technicians at var-
ious times to understand abnormal conditions (Illankoon et al., 2019a).
This utilisation of a wide range of cognitive processes suggests SA can
not only aid deliberate efforts for detection, diagnosis, and prognosis,
but also promote experts’ awareness of latent erroneous conditions. In
fact, the importance of SA for aviation maintenance teams (Endsley and
Robertson, 2000), rail track maintenance teams (Golightly et al., 2013),
and maintenance control rooms (Oliveira et al., 2014) is widely sup-
ported.

6.9.2. Apparent misfits with SA application
First, the advancements in intelligent maintenance systems suggest

less and less human intervention in the future, so the importance of
human SA in this context can become questionable. However, despite
the advancements, the maintenance discipline will continue to require
human interventions. As a matter of fact, SA is becoming more im-
portant to understand the levels of automation and recommend design
efforts (such as decision support) to consider ways to keep the human
operator informed (Endsley, 2018). In other words, we need to keep
humans in the loop, ultimately enabling them to make the correct de-
cisions in critical situations.

Second, it is important to establish the relevance of SA for both
routine and non-routine maintenance tasks. Mental models and pattern
recognition (Klein, 1993; Reason and Hobbs, 2003; Endsley, 1995)
seem applicable only for routine maintenance tasks, such as routine
inspection, servicing, and installation. The applicability of SA for di-
verse, non-routine maintenance tasks such as troubleshooting is not
immediately obvious. However, an important point to stress here is that
the SA concept, by definition, is applicable to dynamics in the en-
vironment, not just repetitions. In the maintenance context, what is
significant for gaining SA in a challenging and non-routine maintenance
task is the technicians’ active involvement in selection and their at-
tention to information they need. We stress an ongoing and continuous
process for acquiring SA in dynamic and time-critical environments,
such as changing service requirements, changing maintenance prio-
rities, changing flight conditions, changing maintenance crew combi-
nations etc. (see Illankoon et al., 2019b for justification of SA in the
maintenance context). In this sense, developing a mental model and SA
are relevant to the maintenance context, whether routine or non-rou-
tine.

Third, some might argue that SA is a superficial conception with a
conventional approach to human limitations. As we show in this study,
however, many of the erroneous maintainer acts are initiated by higher
level causal factors (i.e. management, supervision, work condition etc.).
Notably, advancements in SA research offer a variety of interventions in
job and workplace design (Endsley and Jones, 2011) addressing a wide
range of latent conditions, including unsafe management conditions,
working conditions, maintainer conditions, and task character. These
interventions help to mitigate unsafe maintainer acts. We show that

many of the interventions apply on the higher levels of HFACS-ME;
thus, the SA concept is not only about human limitations, and with the
taxonomy, we can map suitable interventions.

7. Recommendations

We have several recommendations for the aviation organisation. In
what follows we first note improvements needed in the reporting
system and then suggest ways to address latent conditions.

7.1. Improving the reporting system

The organisation's reporting system has some strengths but can be
improved.

• The absence of latent conditions for 50% of the unsafe maintainer
acts and the absence of latent conditions for 66% of maintenance
process deviations suggest the need for improved investigation.
Combining HFACS-ME with other common prospective techniques,
such as FMEA would generate better results.

• The finding of fewer failures in fault isolation is atypical; improved
reporting of no fault found would show more realistic maintenance
performance.

• Many deviation types have not been originally classified by the or-
ganisation (Section 6.2.1). Standardising the deviation types with a
broader coverage would enable an examination of repeated issues.
This would also improve the follow-up analysis of the effectiveness
of preventive actions.

• As an opportunity in the HFACS-ME taxonomy itself, we recommend
explicitly identifying the task characteristics (such as repetitiveness)
as a possible latent condition for maintenance deviations (See.
Illankoon & Manathunge, 2008).

7.2. Arresting deviations at latent stages and rectifying them

Attention and memory errors, inadequate processes, and inadequate
documentation are the major high-level conditions for deviations, and
SA is connected with these conditions. Therefore, we suggest inter-
ventions to improve SA. We have also showed that experience has the
possibility to detect deviations at latent stages but can sometimes lead
to judgemental errors. SA interventions (at different levels of HFACS-
ME) can lead to better detection of latent erroneous conditions. Endsley
and Jones (2011) provides a helpful, detailed, and systematic metho-
dology of the design principles of SA interventions. Table 9 shows their
association with the context of this study. Finally, in Fig. 9, we combine
the Swiss cheese model, HFACS-ME taxonomy, and potential SA inter-
ventions, illustrating how SA interventions can be useful in mitigating
latent and active errors in a maintenance setting.

Fig. 8. Relationship between maintenance action, SA level affected, and the most frequent error type.
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8. Conclusions

By setting up inspection gates between different maintenance pro-
cesses, we can detect many errors at early stages, thus avoiding acci-
dents. In addition to abnormalities that are physically observable in the
aircraft, a number of process deviations (in the form of maintenance
control failures) can be identified and arrested by an auditing pro-
gramme. Even if a series of unfavourable events occurs in the path
leading to active errors, the layers of a healthy defence system can
prevent accidents.

Typical retrospective studies of accidents show how active errors
propagate from latent conditions. Our study is unique because it

introduces another perspective. We show how active errors in aircraft
physical deviations can propagate from the latent conditions of main-
tenance process deviations. We argue SA can be used to understand
how defences operate in maintenance and to show where the weak-
nesses may lie. We conclude SA interventions are invaluable to treat
judgemental errors, improve procedures and communication, and
leverage awareness to capture latent erroneous conditions.
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Table 9
How SA interventions can potentially rectify unsafe conditions at different levels.

Erroneous condition Potential SA intervention (Endsley and Jones, 2011) How SA intervention can support rectifying errors

Attention and memory errors in recognising
abnormal conditions

Support trade-off between goal-driven and data-driven
processing; do not make people reliant on alarms; provide
projection support; organise information around the goal.

Installation errors and foreign objects due to omitted procedural
steps would have been avoided if both goal-driven processing
(what needs to be accomplished) and data-driven processing (what
is left to do) were promoted. For example, an alert about the risk
zone will attract more attention if it can develop an understanding
of why it alarmed and what actions it expects. In general,
information organised around the maintenance goal, rather than
following a technology-driven approach, provides knowledge to
identify the goals and the information needed for each goal.

Distractions/interruption, and narrowed
attention with a subset of information

Support global SA; take advantage of parallel processing. Process interrupted and conditions not recognised with the foreign
objects can be seen as a result of attention directed towards a
subset of information, resulting in the technician's failure to
acknowledge other problems. Supporting Global SA means
arranging the work in such a way that the operator has improved
ability to attend to information about the overall status of the
system at all times, without overloading the working memory.
Technicians generally use sensory cues (vision, hearing, touch,
etc.). Job design, training and workplace arrangements to support
parallel processing bring many benefits.

Judgement and decision errors in diagnosis Support comprehension; use automation to support SA
rather than decisions.

Supporting comprehension by presenting level 2 SA directly can
assist diagnosis, i.e., the understanding of meaning of perceived
information. For example, when trouble shooting the MIDS,
present the trends of offset information, not just the deviations.
Supporting SA but not the decision can retain the cognitive
involvement of the technician and help him to develop expertise.
In the long run, this ensures technicians are kept “in the loop” so
they will able to make decisions in critical situations.

Knowledge/rule errors in prediction and
prescriptions

Make critical cues for schema activation salient. Predicting the useful life of brake pads, projecting the
consequences of the tolerances of the deflection and judging the
consequences of too many landings on hub wheels would be
possible if cues were salient (e.g. remaining useful life and
consequences). As mental models and schemata play an important
role in achieving high SA, it is important to allow the operator's
schemata to be triggered with salient cues in the system.
Ultimately, this can aid the operator in predicting consequences
and taking a better prescriptive action even under pressure.

Inadequate processes for carrying out
complex maintenance tasks

Provide system transparency; manage rampant featurism
through prioritisation and flexibility.

A high degree of transparency and observability of system
behaviour and functioning can reduce the complexity. While the
growth of system features will be inevitable, they can be managed
to minimally affect the technician's attention by prioritising where
attention is needed.

Uncertainty of faulty equipment/inadequacy
of documentation due to conflicting
information

Support sensor reliability assessment; provide group
information based on level 2 and 3 SA requirements and goal
management activity.

Presenting reliability or confidence level of the information can
increase the technician's confidence about the equipment.
Grouping and maintaining updated information based on
maintenance goals and relevance to diagnosis and prognosis can
reduce information conflicts.

Inadequacy of documentation due to
unavailable information

Use information filtering carefully; explicitly identify
missing information (from neutral readings).

Care should be taken in filtering information, because it can easily
compromise the technician's ability to develop SA. Identifying the
absence of information can prevent the technician from mistakenly
reporting neutral readings. For example, this suggests that “no
fault found” should not be seen as the absence of an abnormality,
but the possible failure to recognise one.

Inadequate communication in crew
coordination

Support transmission of different comprehension and
projection across teams; build a common picture to support
team operations.

Shared mental model can provide efficient communication and
avoid misunderstandings. Design principles suggested for
facilitating team SA can be useful during teamwork in complex
flight maintenance tasks. Building a common picture can be
supported by the transmission of different comprehensions and
projections across teams.
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Abstract
Aircraft maintenance is a critical success factor in the aviation sector, and incorrect maintenance actions themselves can be 

the cause of accidents. Judgemental errors are the top causal factors of maintenance-related aviation accidents. This study asks 

why judgemental errors occur in maintenance. Referring to six aviation accidents, we show how various biases contributed 

to those accidents. We first filtered aviation accident reports, looking for accidents linked to errors in maintenance judge-

ments. We analysed the investigation reports, as well as the relevant interview transcriptions. Then we set the characteristics 

of the actions behind the accidents within the context of the literature and the taxonomy of reasons for judgemental biases. 

Our results demonstrate how various biases, such as theory-induced blindness, optimistic bias, and substitution bias misled 

maintenance technicians and eventually become the main cause of a catastrophe. We also find these biases are interrelated, 

with one causing another to develop. We discuss how these judgemental errors could relate to loss of situation awareness, 

and suggest interventions to mitigate them.

Keywords Judgemental error · Heuristics · Aviation maintenance · Situation awareness

1 Introduction

Although their work is mostly “behind the scenes”, aircraft 

maintenance technicians have an invaluable role in safe 

aircraft operations, and their errors pose a significant and 

continuing threat to aviation safety. Maintenance errors 

have been the cause of numerous tragedies over the course 

of aviation history. Maintenance technicians are frequently 

required to make decisions, and “judgemental error” is a 

leading factor in unsafe maintenance and maintenance-

related aviation accidents (e.g. Schmidt et al. 2000, 2003; 

Krulak 2004; Rashid et al. 2013; Illankoon et al. 2019a). 

For example, Krulak (2004) found around 60% of the air-

craft mishaps due to maintenance could be traced to errors 

in human judgement. Studies use Human Factors Analy-

sis and Classification system-Maintenance Extension 

(HFACS-ME) (Schmidt et al. 1999) and refer to Generic 

Error-Modelling System (GEMS) (Reason and Hobbs 2003) 

and skill-based–rule-based–knowledge-based (SRK) mod-

els (Rasmussen 1983) to explain causal factors. Although 

these methods find judgemental errors leading to mainte-

nance errors, they do not uncover the underlying cognitive 

mechanisms.

Number of recent studies in various domains such as criti-

cal disasters (Murata et al. 2015; Brooks et al. 2019; Kinsey 

et al. 2019), financing (Taylor 2016; Zhang and Cueto 2017; 

Mittal 2019), scientific research (Baddeley 2015; East 2016), 

process hazard analysis (Baybutt 2016), clinical practices 

(Ryan et al. 2018; Dobler et al. 2019), tourist travel (Wat-

tanacharoensil and La-ornual 2019), artificial intelligence 

(Nelson 2019), traffic accidents (Liu et al. 2019), and project 

management (Virine et al. 2018) discuss the biases those 

influence judgements, but none of the studies addresses 

maintenance domain. This study aimed to fill the gap by 

focusing on reasons for judgemental errors, and their con-

nections to aviation maintenance errors. We also recom-

mend interventions, drawing on the concept of situation 

awareness (SA) (Endsley 1995), which is a prerequisite for 

better decisions. Ultimately, our findings make an impor-

tant contribution to aviation maintenance and to the field of 

human–machine interactions.
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2  Literature review

2.1  Background to judgements

People often make judgments with limited information, 

and biases influence them. Reflective thinking can help 

eliminate the biases. But information limitations may not 

permit it. Certain situations may require careful analy-

sis, but people may make automatic responses (Reason 

and Hobbs 2003), even when the information is available. 

Two types of automatic thoughts are skilled intuition and 

heuristic bias (Kahneman and Klein 2009): former is pro-

voked by the prolonged opportunities to learn regularities 

(Klein 2008), the latter is triggered by simple rules that 

ignore information (Marewski et al. 2010); therefore, it is 

less likely to be accurate (Kahneman et al. 1982). People 

are generally unable to identify the type that dominates 

the judgements, and judgemental accuracy and confidence 

do not correlate consistently (Griffin and Tversky 1992).

2.2  Judgemental biases during maintenance

Three important phases in maintenance are anomaly 

detection, diagnosis, and prognosis. Once an anomalous 

behaviour is detected, diagnosis seeks the root cause, and 

prognosis predicts future behaviour. A suitable prescrip-

tive action comes next. Judgemental bias offered in the 

literature can be related to all these phases.

An anomaly comes in the form of an outlier signal. Its 

detection is influenced by two types of “response bias” 

(Wickens 2002): detecting most of the signals but mak-

ing false alarms (being liberal), and making few false 

alarms but missing many of the signals (being conserva-

tive) (e.g. Dube et al. 2010; Chen 2017). Excessive false 

alarms and subsequent no fault founds (NFF) can lead to 

the “cry wolf syndrome” (Wickens et al. 2015), where 

an individual neglects a genuine alarm, believing it to be 

faulty. “Inattentional blindness” is the inability to perceive 

what is sighted; the attention is paid to something else 

(Mack and Rock 1999). Although many other constructs 

such as “cocktail party effect” (e.g. Getzmann et al. 2016) 

and “change blindness” (O’Regan et al. 1999) influence 

anomaly detection, their connection to heuristics has been 

found not significant (e.g. Schoenlein 2017). A number of 

other factors can affect anomaly detection (see Illankoon 

et al. 2016).

Correct diagnosis requires weighing information and 

establishing their integrated meaning. However, people 

often do not weigh information based on their reliability; 

in fact, the reliability is less accessible (Tversky and Kah-

neman 1974). Affected by “Representativeness heuristics”, 

people match observed patterns with one of the possible 

symptoms learned from experience (Kahneman and Fred-

erick 2002). More attention is paid to salience than to 

reliability and probability. With “availability heuristics”, 

more frequently or recently experienced events are associ-

ated to current event more easily (Kahneman et al. 1982). 

“Anchoring heuristics” is a phenomenon whereby people 

make incorrect estimates because of previously primed 

information (Tversky and Kahneman 1974). With “sub-

stitution bias” (Kahneman and Frederick 2002), people 

substitute and diagnose a less complex problem instead 

of estimating the probability of a more complex problem. 

With “confidence over doubt” (Kahneman 2011), people 

suppress ambiguity by constructing stories, suggesting 

causality where none exists. Once the cause of the anom-

aly is judged, “confirmation bias” (Fischhoff 1982) seek 

only the information that confirms the tentative judgement.

Prognosis requires making predictions about the behav-

iour of an anomaly. People are generally not very good at 

extrapolating non-linear trends and understanding the ran-

domness in the environment. The “law of small numbers” 

(Tversky and Kahneman 1971) suggests people disregard the 

fact that small samples are more prone to extreme outcomes 

than large ones. Causality assumptions can imply coherent 

explanations of anomalies that are nothing more than coin-

cidences. The “illusion of validity” (Rabin and Schrag 1999) 

makes people confidently believe their predictions that may 

be based on subjective experience rather than objective facts. 

On the other hand, if only the objective facts are trusted, a 

brief experience of an extreme outcome may lead to incor-

rect predictions.

Action selection often involves choices; therefore, heu-

ristics play a role. “Temporal discounting” (Doyle 2013) 

leads people to choose options that maximize short-term 

gains. Some authors (e.g. Murata et al. 2015) use “loss aver-

sion” as a substitution for temporal discounting. A different 

view of loss aversion comes from Tversky and Kahneman 

(1991); losses appear larger than gains when losses and gain 

are directly compared. “Theory-induced blindness” (Kah-

neman 2011) suggests that once someone has accepted a 

theory and used it as a tool of thinking, it is extraordinar-

ily difficult to notice its flaws, so the same action will be 

chosen in another instance, disregarding the possible inef-

fective outcome. “Cognitive dissonance” (Festinge 1962) 

is the simultaneous existence of knowledge elements that 

do not agree; the result is an effort from the individual to 

make them, one way or another, better agree. The emotions 

of cognitive dissonances potentially destroy the drive for 

knowledge, thus can cause negative consequences. Authors 

discuss the dissonance effect in human–machine interactions 

when they encounter unprecedented situations (e.g. Vander-

haegen 2017; Vanderhaegen and Carsten 2017). “Hindsight 

bias” (Wood 1978) refers to a different type of retrospection 
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of a choice of action; actions that seem careful, wise, and far 

sighted in foresight may appear irresponsible in hindsight. 

People affected by this bias often think they understand the 

past which implies the future should be knowable.

2.3  Taxonomies of judgemental biases

A taxonomy that remains influential today identifies 15 

biases under three general heuristics: availability, representa-

tiveness, and anchoring (Tversky and Kahneman 1974). To 

assist the development of decision support systems, a latter 

taxonomy classifies 37 biases into memory, statistical, confi-

dence, adjustment, presentation, and situation (Arnott 1998, 

2006). Recent work presents 37 judgemental biases, classi-

fied according to key characteristics: heuristics and biases, 

biases under overconfidence, biases when making choices, 

and biases that hinder the self-reflection of a person’s 

thinking style (Kahneman 2011). These biases are driven 

by priming effect, cognitive ease, associative coherence, 

confirmation, halo effect, substitution, and affect. Recently 

presented general heuristics are representativeness, avail-

ability, and confirmation (affect) (Murata et al. 2015). Most 

recent review classifies heuristics and judgemental biases in 

five main categories: availability, representativeness, affect, 

familiarity, and excessive optimism and overconfidence 

(Peón et al. 2017).

2.4  Interventions for judgemental biases

Because the cognitive mechanisms are mostly hidden, reflec-

tive thinking can help avoid judgemental bias. However, 

naturalistic decision-making (NDM) researchers argue that 

humans cannot be perfectly rational (e.g. Klein 2008, End-

sley 1988). Studies also find heuristics are sometimes both 

economical and effective (Gigerenzer and Todd 1999; Giger-

enzer et al. 2008; Illankoon et al. 2018). Therefore, it is more 

appropriate to argue for a balanced intervention approach.

Heuristics prompt default “mental models” that imply 

default responses, inferences, or decisions (Gauffroy and 

Barrouillet 2009). Authors discuss the possible effects of the 

maintenance technician’s mental model of what should hap-

pen next (e.g. Reason and Hobbs 2003). An adequate mental 

model is a prerequisite for situation awareness (SA) (Sarter 

and Woods 1991). Schemata guide our attention to what is 

informative in a situation, rather than what is self-evident; 

they also guide our inference at the time of recall (Plant 

and Stanton 2013). Based on schemata and mental models, 

SA acknowledges a wide range of cognitive mechanisms 

(see Illankoon et al. 2019b) including deliberate thinking 

and autonomous thinking (Endsley 1995, 2015); therefore, 

decisions with SA may not be perfectly rational. While yet, 

SA demands explicit awareness for active information seek-

ing (Endsley 2000), integrating and comprehending their 

meanings to project the future (Endsley 1988). This sug-

gests that SA can help self-reflection about the underlying 

mechanisms of judgements.

Many environment elements give more or less impact 

to eight “demons” that hinder SA (Endsley 2004): atten-

tional tunnelling, requisite memory traps, workload–anxi-

ety–fatigue–stressors, data overload, misplaced salience, 

complexity creep, errant mental models, and out-of-the-loop 

syndrome. To defeat these demons, the system design should 

not be limited to hardware and software but consider human 

interactions (Endsley and Jones 2012). Previous studies 

have shown SA applicability in maintenance (e.g. Illankoon 

et al. 2019c). In this paper, using case studies, we tested 

the hypothesis “SA intervention can rectify the judgemental 

errors in maintenance”.

3  Data and methods

When the focus is on how and why questions in real-life 

context, such as in this study, case studies are useful (Yin 

2009; Mills et al. 2010). Intrinsic and instrumental features 

of case study method allow a focus on the uniqueness or the 

generalizability of the case study results (Stake 2000). One 

single result can be released through multiple sources of 

evidence converging in a triangulating fashion.

3.1  Data source

We conducted an in-depth analysis of the hidden biases in 

few typical cases from the United States National Transpor-

tation Safety Board (NTSB); we do not intend to conduct a 

probability or cluster analysis (Gerring and Cojocaru 2016). 

The NTSB’s detailed investigations include those involving 

accidents or incidents that result in significant loss of life 

or physical damage, involve issues of importance to public 

safety, or have generated particular public interest. Investi-

gation dockets contain factual information, conditions, cir-

cumstances, analysis, conclusions, most probable cause, and 

supporting information such as interview transcripts. We 

read the summaries and searched the word “maintenance” 

of the 89 NTSB reports published during 2000–2018, and 

found maintenance error contributing to 12 (13.5%). Further 

analysis was needed about judgemental errors.

3.2  Data analysis

Case analysis allows number of methods: constant com-

parative analysis (Lewis-Beck et al. 2004), classical con-

tent analysis (Bauer 2000), domain analysis (Kelly et al. 

1996), pattern matching (Almutairi et al. 2014), explana-

tion building (Mills et al. 2010), and taxonomic analysis 

(Onwuegbuzie et al. 2012). First, we read the 12 reports 
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fully, and the maintenance errors were classified using 

HFACE-ME taxonomy: six cases were related to judge-

ments and others were related to attention in recognizing 

conditions, task knowledge, and skills.

Second, we searched for potential hidden cognitive 

mechanisms of the six cases using the Kahneman’s (2011) 

judgemental bias taxonomy, because it connects judge-

mental biases, respective heuristics, key characteristics 

in human thinking, and several examples (see Fig. 1). 

We matched the patterns of a variety of NTSB data (e.g. 

technical evidence, records before and during the acci-

dent, interview transcripts) with the features presented in 

the Kahneman’s taxonomy, and the underlying cognitive 

mechanisms were determined.

Third, we classified the contents according to the SA 

level failed: perception, comprehension, and projection 

(Endsley 1995) by comparing with the respective main-

tenance phases failed: anomaly detection, diagnosis, and 

prognosis (see Illankoon et al. 2019a). The exercise was 

independently carried out by two researchers. Finally, 

we selected applicable SA interventions from Endsley’s 

(2004) Designing for Situation Awareness: An Approach 

to User-Centered Design that provides a systematic meth-

odology and 50 design principles to improve system users’ 

SA.

4  Results and discussion

We organized the case analysis of each accident in five 

stages. First, we selected a few potential heuristics. Next, we 

build an explanation using the case evidence matching each 

heuristic. We determine the underlying cognitive mechanism 

using triangulated evidence and graphically illustrate our 

conclusions. Finally, we explain what SA level was affected, 

and discuss the applicable SA interventions, those we men-

tion within quotation marks.

4.1  Chalk’s Grumman G-73T flight 101 wing 

separation

On 19 December 2005, Chalk’s Grumman G-73T Turbo 

Mallard aeroplane, flight 101, crashed after its wings sepa-

rated from the fuselage during the initial climb. The NTSB 

investigation (NTSB 2007) found pre-existing fatigue frac-

tures and cracks in the lower skin of the wing and the wing 

structure. Chalk’s Ocean Airway’s maintenance program 

failed to identify the correct root cause of the crack; the 

cause was repetitively misjudged, and ineffective solutions 

had been applied. What underlying cognitive mechanisms 

led to this repeated misjudgement?

Key driving mechanism for judgemental bias

Priming Cogni�ve ease Associa�ve 
coherence Confirma�on Halo effect Subs�tu�on Affect

Heuris�cs and Biases

Low of small numbers

Confidence over doubt

Anchoring effect

Availability

Representa�veness

Conjunc�on fallacy

Overlooking stats

Intui�ve predic�ons

Overconfidence 

Narra�ve fallacy

Hindsight illusion

Illusion of validity

Ignoring algorithms

Trus�ng expert intui�on 

Planning fallacy

Op�mis�c bias

Choices

Omi�ng subjec�vity

Loss aversion

Endowment effect

Possibility effect

Certainty effect

Expecta�on

Overes�ma�on

Thinking narrowly  

Disposi�on effect

Sunk cost fallacy

Fear of regret

Ignoring frames 

Ignoring joint evalua�ons

Theory induced blindness

Two Selves 

Ignoring two selves

The peak end rule

Dura�on neglect

Narra�ve wholeness

Affec�ve forecas�ng

Focusing illusion 

Mis wan�ng
Valuing the 

remembering

Fig. 1  Illustration of Kahneman’s taxonomy of judgemental biases
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4.1.1  Evidence of substitution bias

When confronted with a perplexing problem, question, or 

decision, people often make life easier by answering a sub-

stitute, a simpler question (Kahneman 2011). In this case, 

NTSB investigation shows at least two examples of substitu-

tion bias. First, in the area of a long chord-wise skin crack on 

the right wing, one external and three internal doublers had 

been applied, although the doubler repair was ineffective. 

The actual cause of the skin cracking was the fractured wing 

structure (rear Z-stringer shown in Fig. 2). The absence of 

any entry for the doubler repair in the maintenance records 

made it harder for NTSB to understand what the intention 

was. Solving a simpler problem of cracked skin instead of 

considering the possibility of a more complex issue suggests 

the maintenance technician’s substitution bias.

Second, the maintenance supervisor recalled seeing the 

doubler repair several times during inspections, but he did 

not recall the repair being instructed or completed. The 

maintenance supervisor said NTSB that he thought the 

repair “must have been done prior to Chalk’s getting the 

aeroplane”; instead of trying to reach a detailed understand-

ing, he was satisfied with a substitution. In general, such sub-

stitution takes place automatically. Because the question is 

difficult, an individual unknowingly substitutes the difficult 

question with a related but different question. This substi-

tution is not evaluated using self-aware reflective thought. 

Notably, other evidence from the investigation suggests this 

was not an isolated substitution, but repeated substitutions. 

Therefore, the underlying cognitive mechanism may go 

beyond “substitution bias”.

4.1.2  Evidence of theory-induced blindness

People can become blind to the faults of a theory if they 

accept it as a thinking tool. They might even come across 

observations that do not seem to fit the theory, but still 

assume there is a missing but perfectly good explanation. By 

doing so, they give the theory the benefit of the doubt. In this 

case study, we find evidence of theory-induced blindness. 

First, NTSB’s review of maintenance work cards for the 

accident aeroplane from 2001 to 2005 found eight references 

to fuel leaks on the right wing. The director of maintenance 

held the position that fuel leaks were addressed before the 

plane was released. However, the flight logs showed the fuel 

leak discrepancies often took several attempts to resolve but 

recurred. The repetition of the issue was not considered as 

an indication of inaccurate diagnosis or ineffective solutions.

Second, NTSB observed sanding marks around the rear 

Z-stringer, indicating an attempt to remove the cracking. 

Fig. 2  Wing box components 

of Grumman G-73T aircraft 

(NTSB 2007)
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The cracking was not completely removed, and the crack 

continued to propagate over time. When the doubler was 

removed by NTSB during the investigation, three stop drill 

holes were found along the crack on the skin. This is a strong 

evidence that the skin crack was detected at least three times 

before the doublers were applied. Despite the repeated stop 

drill holes, the crack kept extending. Instead of using this 

observation to conduct a proper diagnosis, the maintenance 

technician selected the doubler solution. Apparently, he 

assumed there was a missing explanation for the continu-

ing crack and theorized that the crack was constrained to 

the skin. Instead of considering the complexity of an on-

going issue, a simplified problem (skin crack) was repeatedly 

addressed by applying stop drill holes and doublers. The 

theory-induced blindness was so strong, as the maintenance 

supervisor stated during the investigation that Chalk’s took 

a systematic approach to solve the discrepancies. This exam-

ple shows that biases can persist even after the subject is 

made aware of them.

4.1.3  Evidence of temporal discounting

NTSB suggested that not properly addressing the structural 

failure was not an isolated issue. The airline’s financial dif-

ficulties have led to a reduction in operational and mainte-

nance safety measures. Therefore, this case also provides 

evidence of management’s higher sensitivity to the financing 

required for proper maintenance actions than the long-term 

benefits of a safety culture. The evidence of the judgements 

from maintenance technician and supervisor suggests they 

were affected by the degraded safety culture.

4.1.4  Concluding judgemental bias

Because wing skin and wing box structures make up the 

wing fuel tanks; fuel leaks can be indicative of discrepan-

cies in the wing box structure. Continued crack growth from 

the stop drill holes indicated an underlying structural prob-

lem, a possibility which was disregarded. The repeated and 

ineffective attempts to fix the crack on the wing, instead 

of diagnosing the real issue, make this case an example of 

theory-induced blindness. We suggest these substitution bias 

and theory-induced blindness were reinforced by temporal 

discounting. More management focus on maintenance and a 

safety culture would have precluded the unfavourable results. 

The strong evidence of substitution bias and theory-induced 

blindness also suggest their prominence as free-standing 

issues. Therefore, we conclude they are two distinct routes 

towards the final unfavourable outcome (Fig. 3).

4.1.5  Relevance to SA

First, we recognize the dynamics involved in this accident: 

the repetitive failures (fuel leakages), maintenance require-

ments, and the demand to put the plane back into service 

(driven by financial instability) introduced dynamics to 

the problem. Second, frequent changes of aircraft status 

(i.e. introducing drill holes, sanding, applying doublers) 

introduced more dynamics. Therefore, SA is applicable; 

major issue is in diagnosing (level 2 SA—comprehension). 

Although the technician perceived the anomaly (the crack) 

and its behaviour (propagation), he did not develop a cor-

rect mental model. As a result, the technician failed to make 

a correct judgement about future behaviour. But how SA 

interventions can help?

SA recommends several interventions to develop a cor-

rect mental model. In this case, the interventions “present-

ing level 2 information directly” and “providing assistance 

for projection” are applicable. In fact, NTSB recommended 

developing and implementing a system of continuous anal-

ysis and surveillance. The intervention “providing system 

transparency and observability” would have reduced the 

complexity to understand the issue. Another SA intervention 

applies on supervisor’s failure to comprehend the purpose 

of the doublers; if the “transmission of SA within positions” 

was supported by “making status of elements and states 

overt,” this failure would have been avoided.

4.2  American Airlines DC-9-82 in-flight engine fire 

during departure

On 28 September 2007, the left engine of American Airlines 

flight 1400 caught fire during the departure climb, the aero-

plane sustained substantial damage. The NTSB investigation 

Fig. 3  Combination of heuris-

tics for the wing separation in 

Chalk’s Grumman G-73T

Unresolved 
crack on the 
wing 
structure 

In-flight wing 
separa�on 

Financial 
instability 

Temporal 
discoun�ng of 
expenses 

Degraded 
safety culture

Complex 
issue on 
the wing 
structure 

Theory 
induced 
blindness

Subs�tuted 
as a crack on 
the skin 

Repeated 
ineffec�ve 
solu�on 



Cognition, Technology & Work 

1 3

(NTSB 2009a) found pre-existing damages on the manual 

start mechanism of the engine. Therefore, NTSB determined 

the probable cause of the accident was the maintenance per-

sonnel’s use of an inappropriate manual engine-start proce-

dure, which led to the bending of the internal pin in the left 

engine air turbine starter valve (ATSV) override (see Fig. 4). 

This resulted in an un-commanded opening of the ATSV, 

causing the air turbine starter to fail, allowing a hotter than 

typical airstream or incandescent particles to flow into the 

engine nacelle area, and provided the ignition source for the 

in-flight fire.

4.2.1  Evidence of temporal discounting

As we noted in “Sect.1”, loss aversion and temporal dis-

counting are different. In loss aversion, people work harder 

to avoid losses than to achieve gains, whereas temporal 

discounting is about compromising long-term benefits 

in favour of short-term gains. This case study provides 

evidence of temporal discounting that is distinguishable 

from loss aversion. During the post-accident interviews, 

the maintenance personnel said the approved manual start-

ing procedure was very time consuming, and the required 

specialized wrench had to be found because it is not a part 

of the standard tool kit. Therefore, the technicians usu-

ally chose to use a prying device to reach, depress, and 

hold down the ATSV’s manual override button. This ulti-

mately caused bending of the internal pin in the left engine 

ATSV’s override. Execution of this unapproved procedure, 

disregarding the long-term damage, can be seen as an indi-

cation of “temporal discounting”. This case does not align 

with the notion of working harder to avoid losses than to 

achieve gains, thus not about loss aversion. In the absence 

of a suitable category in Kahneman’s taxonomy, we stick 

to “temporal discounting” as the underlying drive.

4.2.2  Evidence of theory-induced blindness

During the review of maintenance reports, NTSB found 

that the left engine ATSV had been replaced six times 

before the accident, in an effort to solve an on-going prob-

lem in starting the engine. However, none of the valve 

replacements solved the engine-start problem; mainte-

nance personnel repeatedly used an unapproved starting 

procedure. The maintenance technician held the “theory” 

that the starting issue was inherent to the ATSV, but noth-

ing beyond that; even the failure to solve the issue by 

repeatedly replacing the ATSV did not suggest an alterna-

tive proposition. The repeated attempts to manually over-

ride the ATSV were connected with the assumption of a 

missing explanation of an issue related to ATSVs: in other 

words, theory induced blindness. The NTSB investigation 

revealed the actual cause of the engine no-start condition: 

the disintegration of the air-filter element that blocked the 

airflow. All the troubleshooting efforts incorrectly focused 

on the ATSV and engine-start system wiring. Furthermore, 

the maintenance technician did not follow the procedure of 

cleaning the ATSV air filter, another example of temporal 

discounting. Overall, the maintenance technician missed 

the opportunity to identify the root cause of the engine no-

start condition, held the induced, incorrect theory, leading 

to damage the internal pin of the starter valve.

Fig. 4  Schematic of major com-

ponents of the ATSV; air filter 

is marked as AF (NTSB 2009a)
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4.2.3  Evidence of substitution bias

There was no troubleshooting guide for failure in the filter 

element. This increased the complexity of the issue, leading 

to the “substitution” with an alternative cause. Substitution 

bias leads to an estimation of the probability of a simpler 

issue. The engine ATSV issue that was tackled by replacing 

and forcing the override button was not essentially a simpler 

issue than the air-filter issue. However, the absence of the 

troubleshooting guide and lack of adherence to the correct 

filter cleaning procedure made it a complex issue.

4.2.4  Evidence of confidence over doubt

The repeated attempts to solve an issue perceived as con-

strained to the ATSV suggest “confidence over doubt” as a 

potential cause. Although a starter valve issue was doubtful 

because replacements did not solve the issue, the confidence 

was such that the problem was continually handled by manu-

ally overriding it. As Kahenman (2011) says, “confidence 

over doubt” is central to spontaneously constructed stories 

that are coherent enough to suppress the ambiguities. This 

confidence leads to errors of making connections where 

none exists. On the other hand, such confidence needs the 

ATSV replacement to solve the issue, at least by chance, but 

it did not. Therefore, we can question confidence over doubt, 

whether it is the real bias behind this error.

4.2.5  Evidence of representativeness heuristic

The ATSV had a history of electrical circuit issues, so 

their representativeness may be considered. When making 

a diagnosis, the human tendency is to match an observed 

case pattern against possible patterns of symptoms learned 

from experience. As Kahneman (2011) says, one key aspect 

of representativeness is the excessive willingness to predict 

the occurrence of unlikely events, driven by their (rare) 

occurrences. NTSB suggested that the intermittent nature of 

the fault, the history of previously occurring ATSV electrical 

circuit problems, and the lack of history of ATSV air-filter 

failures resulted in the misjudgement. The history of the 

ATSV electrical problem led to a representativeness heuris-

tic, masking the possibility of the air-filter failure, which is 

the central cause of the failure.

4.2.6  Concluding judgemental bias

This case can be seen as a possible combination of several 

heuristics. Although we cannot propose a perfect sequence 

of heuristics, we can identify a most probable combination. 

We conclude that the representation of the previous events 

and the complexity of the actual cause led to representa-

tiveness bias and substitution bias. Theory-induced blind-

ness made the maintenance technician believe something 

missing does support his proposition, continued to rely on 

his assumption of an issue constrained to the ATSV. Tem-

poral discounting drove him to use an alternative starting 

method repetitively, finally leading to damage and mishap. 

We, therefore, map three routes to the disaster (see Fig. 5).

4.2.7  Relevance to SA

The filter issue was not a simple change of status; rather, it 

showed dynamic behaviour at an intermittent stage. It is also 

clear that the service environment was dynamic, demand-

ing the fastest possible recovery of the faulty aeroplane. 

Therefore, SA is applicable. Comprehension of the cues 

was not successful; thus, level 2 SA was affected. An incor-

rect mental model was formed based on previous experi-

ences with the electric circuit failure. “Attention tunnelling” 

restricted workers from looking beyond the ATSV, so they 

missed the opportunity to detect the issue with the air filter. 

In the absence of previous experience, this problem required 

detailed troubleshooting. In fact, NTSB recommended 

Alterna�ve star�ng procedure

Theory 
induced 
blindnes

Representa�veness of 
previous ATSV circuit 

Diagnosis complexity 
subs�tuted by ATSV issue

Damaged 
starter 
valve 
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Temporal 
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Fig. 5  Combination of heuristics for the engine fire on American Airlines DC-9-82
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incorporating information about the relationship between 

the ATSV and handling the engine fire in the company’s 

training programs and also providing written guidance to 

facilitate the development of a correct mental model during 

such incidents. The real issue did not appear salient enough; 

there was no troubleshooting for the apparently simple yet 

complex filter problem. While too much information can 

cause data overloading, SA recommends “taking care in 

filtering information.” Absence of information should not 

imply a natural state. “Explicitly identifying missing infor-

mation” would have helped avoid misdiagnosis. “Providing 

system transparency and observability” by creating some 

means to observe the filter element from the outside would 

have been helpful.

4.3  Alaska Airlines MD-83: loss of pitch control

On 31 January 2000, Alaska Airlines flight 261, an MD-83, 

crashed into the Pacific Ocean. The NTSB investigation 

(NTSB 2002) determined that the loss of aeroplane pitch 

control was the cause of the accident. The investigation 

found an in-flight failure of the horizontal stabilizer trim 

system jackscrew assembly. The acme nut threads of the 

jackscrew had been subjected to excessive wear (see Fig. 6). 

NTSB decided that the acme nut threads’ excessive wear 

was consistent with insufficient lubrication. But why was 

the lubrication insufficient?

4.3.1  Evidence of temporal discounting

Prevention of acme nut thread loss depends on two mainte-

nance actions: regular application of lubrication, and recur-

rent inspections of the jackscrew assembly. These actions 

have deviated. First, we find deviations in the lubrication 

method. During the NTSB interviews, the mechanic indi-

cated that the current lubrication task takes about 1 h. How-

ever, Boeing documents and testimony indicated that when 

properly done, the lubrication task should take more than 4 

h. If the mechanic believed that lubricating only the acme 

nut fitting was adequate, the acme screw and nut would 

receive insufficient lubrication. Second, we find deviations 

in the lubrication interval. NTSB noted that Alaska Airline 

was using a lubrication interval of 8 months for the hori-

zontal stabilizer trim system jackscrew assemble, which is 

more than 4 times longer than what it was in 1987. The 

originally recommended lubrication interval has not been 

considered during the decision-making process to extend the 

lubrication interval. NTSB also found that Alaska was the 

only US airline to have a calendar-time lubrication interval 

with no accompanying flight-hour limit and no specifica-

tion “whichever comes first.” These facts suggest “temporal 

discounting”.

The NTSB statement supports temporal discounting: 

“Alaska Airlines expanded rapidly in the years before the 

accident. With the goal of becoming more profitable, as they 

became bigger and busier the pressures to keep their planes 

on schedule put increasing stress on their maintenance facili-

ties” (NTSB 2002). In sum, the time spent on lubrication 

was four times shorter, and the lubrication interval was 

four times longer; this caused a severe lack of lubrication 

and excessive wear of the jackscrew. Thus far, the cogni-

tive mechanism driving the misjudgement of the lubrication 

interval seems to be a case of “temporal discounting”. How-

ever, it is not clear whether the motivation for this dramatic 

reduction of lubrication was a short-term gain. Therefore, 

we consider a few more heuristics.

4.3.2  Evidence of optimistic bias

Besides the degraded lubrication, we find evidence that air-

line maintenance was optimistic about the condition of the 

jackscrew assembly. As mentioned above, the inspection 

period is an important criterion to monitor wear. However, 

Alaska Airlines extended the end play check interval, and 

the extension was approved by the FAA (Federal Aviation 

Administration). This allowed excessive wear of the acme 

nut threads of the jackscrew assembly without the oppor-

tunity for detecting it before the failure. While this seems 

to be influenced by optimistic bias, we could question the 

overall driving factor in the decisions to shorten the time of 

lubrication, to extend the lubrication interval, and to extend 

the inspection interval. Compromising standards to such 

extreme needs a very high level of confidence. Therefore, 

we continue to look for other biases.

4.3.3  Evidence of omitting subjectivity

NTSB assumed both Alaska Airlines and the FAA consid-

ered the absence of any significant maintenance history as 

a sufficient justification to extend the end play check inter-

val. Thus, it is more likely that the absence of any previous 

issues led to the decision to extend the lubrication interval. 

Here, we find strong evidence of subjectivity being omitted 

in the decision to degrade lubrication. Omitting subjectivity Fig. 6  Acme screw during initial inspection by NTSB (NTSB 2002)
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provokes the kind of thinking whereby an object has only 

intrinsic objective value. The investigation revealed that 

another airline had acme nut wear rates up to 15 times 

greater than expected, attributed by inadvertent contamina-

tion of foreign particles in the lubrication. NTSB suggested 

it could be possible to have other unprecedented and unantic-

ipated wear rates, and these could cause even more excessive 

or accelerated wear. The maintenance decision leading to 

degraded lubrication ignored this subjectivity. NTSB recom-

mends in general, the absence of maintenance history should 

not justify an extended maintenance interval. Any significant 

maintenance change associated with a critical flight control 

system should be independently analysed and supported by 

technical data demonstrating that the proposed change will 

not present a potential hazard.

4.3.4  Concluding judgemental bias

Before concluding, we briefly consider a few more probable 

heuristics. Although the “availability heuristic” seems to be 

a candidate, it best explains an over-estimation based on 

what information is available. But the Alaska incident shows 

a lack of availability of previous issues. Incorrect estima-

tion based on previous knowledge seems another possibility; 

however, the decision to extend the lubrication interval was 

consciously done based on a lack of previous occurrences.

In conclusion, Alaska Airline disregarded any irregular 

and non-linear wearing trends, expecting the best outcome. 

Humans are prone to neglect facts, others’ failures, and 

what they do not know in favour of what they know. People 

believe that outcomes of their achievements entirely lie in 

their own hands, so they neglect the luck factor (Kahneman 

2011). Alaska Airlines did not appreciate the uncertainty of 

the environment; it did not recognize the luck factor involved 

in the lack of previous failures. Such unwarranted optimism 

which did not consider the odds was too risky for Alaska 

Airlines. Therefore, we can conclude this case as a classic 

example of a combination of “optimistic bias” and “omitting 

subjectivity”. As identified by NTSB, temporal discounting 

made a significant contribution as well. Therefore, we iden-

tify three major routes to catastrophe, as presented in Fig. 7.

4.3.5  Relevance of SA

The vital fact that was disregarded—the inconsistent behav-

iour of the jackscrew assembly—makes this case applicable 

to SA. The extended inspection interval prevented the oppor-

tunity to develop level 3 SA: predicting the useful life. The 

absence of inspection and subsequent lack of information led 

to a perception of a neutral situation; lack of previous occur-

rences led to an optimistic mental model of the jackscrew 

assembly. Global SA is about being aware of what is beyond 

the main action; however, in this case, we recommend “sup-

porting global SA” as an applicable intervention; mainte-

nance staff would have been made aware of the inconsistent 

jackscrew behaviour in other airlines. If someone questioned 

about the degraded lubrication, it would have been a useful 

representativeness of the excessive wear rates of other air-

lines. The degradation of the lubrication practice occurred 

gradually, over 13 years; if this gradual lubrication change 

had been “represented in timelines”, an observer might have 

questioned it.

4.4  Cessna Aircraft Company Cessna 310R in-flight 

fire

On 10 July 2007, a Cessna Aircraft Company 310R plane 

crashed while performing an emergency diversion. A day 

before the crash, an anomaly in the weather radar system 

developed into in-flight smoke, and the situation was brought 

under control by pulling the circuit breaker; incident had 

been formally documented. The NTSB determined that the 

probable causes of the accident were the decisions of man-

agement and maintenance personnel to allow the aeroplane 

to be released with the known and unresolved discrepancy 

Degraded lubrica�on 
method, extended
lubrica�on interval, 
extended inspec�on 
interval of jackscrew 
assembly

Loss of pitch 
control and 

crash

No previous screw 
assembly issues 

Op�mis�c bias

Inconsistent failure 
pa�erns of others’

Omi�ng subjec�vity

Rapid growth and 
seeking more profits

Temporal 
discoun�ng 

Fig. 7  Combination of heuristics for Alaska Airlines MD-80 loss of pitch control
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in the weather radar, and the pilots’ decision to operate the 

aeroplane with that known discrepancy (NTSB 2009b).

4.4.1  Evidence of optimistic bias

Although neither diagnosis nor maintenance action was 

taken to address the discrepancy reported the day before, 

the aeroplane had been released for flying. The investiga-

tion also found that, during the accident flight, one of the 

pilots reset the weather radar circuit breaker, which is con-

sistent with the routine checklist. Apparently, there was no 

discussion or decision about any precautions when resetting 

the circuit breaker of the (faulty) radar system. Ultimately, 

NTSB found that the restored electrical power to the weather 

radar system is what resulted in the in-flight fire. Despite 

the known discrepancy in the radar system, a high level of 

optimism may have downplayed the severity of the issue. 

Optimistic bias is mainly driven by neglecting what is not 

known. Interestingly, the case evidence suggests the infor-

mation was simply neglected even though it was available. 

Furthermore, this case is unique because the judgemental 

error was made collectively, so we consider heuristics that 

apply to a group of decision-makers.

4.4.2  Evidence of trusting expert intuition

Experts often overlook what they do not know (Kahneman 

2011). In this case, several experts overlooked the informa-

tion that was available to them. The potential for an error 

usually increases when someone is misled by rest of the 

“experts”. We find evidence supporting both overlooked 

information and mutual misleading. As per the interview 

transcripts, the director of maintenance (DoM) said that on 

the day before the accident, the pilot told him that he smelled 

something; he pulled the radar circuit breaker and continued 

uneventfully. However, the DoM did not recall seeing the 

written discrepancy form for this, and he did not have the 

document in his office; he did not know whether the chief 

pilot of the accident ever saw the discrepancy form. Appar-

ently, the DoM’s knowledge of the discrepancy of the radar 

system was limited to what he heard from the previous pilot.

The technician had verbally informed the pilot involved 

in the accident about the radar problem. The technician said 

that the pilot replied, “I know about the radar, I know about 

the circuit breaker, I don’t give a (expletive deleted) about 

that, I’m taking the aeroplane.” Although the pilot implied 

he knew about the problem, the level of his knowledge was 

incomplete. Although he did not have a discrepancy form, it 

is clear that the DoM knew about the smoke incident, and it 

was the disconnection of the circuit breaker that temporarily 

resolved the issue. However, the accident pilot’s narrative 

does not indicate that he precisely knew about the smoke; 

this information seems to be not available to him. The DoM 

said that when the chief pilot asked if the aeroplane could be 

flown, the three of them (DoM, pilot, technician) collectively 

made a decision: “The group agreed it was good to go.” 

The intuitive decision to use the aircraft seems to have been 

influenced by agreement among experts who overlooked the 

available information.

4.4.3  Concluding judgemental bias

Before concluding this case, we consider a few more poten-

tial biases. There is no explicit evidence of motivation for a 

short-term gain, so temporal discounting is not a driving fac-

tor. Rather, the available information was not fully disclosed 

among three persons in their collective decision. Therefore, 

the case is more consistent with a scenario whereby experts 

making an intuitive judgement, neglecting in-depth refer-

ence to available information. We, therefore, conclude the 

underlying cognitive mechanism of the Cessna Aircraft 

Company 310R plane crash as a combination of “optimistic 

bias” and “trusting expert intuition”. However, as the NTSB 

report indicated, there were inadequacies in the procedures 

as well; for example, there was no system whereby any indi-

vidual, including the DoM, could remove an air-unworthy 

aircraft from flight status. Such inadequacies likely contrib-

uted to the reliance on optimism and expert intuition. Fig-

ure 8 shows three major routes for the catastrophe.

4.4.4  Relevance of SA

This case represented a failure to diagnose an issue and pro-

ject the near future. Comprehending the relevant informa-

tion was challenged by the dynamic conditions imposed by 

service demands and changing aircraft behaviour. Therefore, 

Fig. 8  Combination of heuris-

tics for Cessna 310R in-flight 

fire
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SA is applicable. Three “experts” seemed to be driven by 

strong intuitions; there is no evidence of enough delibera-

tion to build a correct mental model of the situation. Atten-

tion tunnelling was strong, and the information known to be 

available was disregarded. Misplaced salience about the pre-

vious fire played a key role in this accident. An auxiliary sys-

tem issue was not perceived as a potential cause for a disas-

ter. Despite the recent occurrence, no schema was activated 

about the risk of resetting the weather radar circuit breaker. 

Therefore, the central issue is the absence of data salience. 

SA theory suggests the need to “support the right trade-off 

between goal-driven and data-driven” interventions; in this 

case, to create the right balance between the flight goals, and 

airworthiness. The reason for the previous fire was uncer-

tain, so the data should have been interpreted as “salient 

in support of uncertainty”. If the circuit breaker had been 

labelled for caution after the previous in-flight fire, making 

the “critical cues salient for schema activation”, resetting of 

the weather radar circuit breaker might have been avoided.

4.5  Sundance Eurocopter AS350-B2: loss of control 

and unexpected descent

On 7 December 2011, on a sightseeing trip, Sundance heli-

copter AS350-B2 crashed in mountainous terrain, east of 

Las Vegas, Nevada. The NTSB investigation (NTSB 2013) 

at the crash site found the flight control input rod of one 

of the three hydraulic servos providing input to the main 

rotor being not connected. Some parts of the fore/aft servo 

system were not found: the bolt, washer, self-locking nut, 

and the split pin that secures the input rod to the main rotor. 

The investigation concluded two factors contributed to the 

crash: the fore/aft servo bolt most likely disengaged because 

the split pin was improperly installed or the split was not 

installed at all; the self-locking nut was either degraded or 

not properly torqued. The nut became loose (likely because 

it was degraded) and, without the split pin, the nut separated 

from the bolt, the bolt disconnected, and the input rod sepa-

rated from the linkage while the helicopter was in flight (see 

Fig. 9). At that point, the helicopter became uncontrollable 

and crashed. We are interested in why the degraded self-

locking nut and missing split pin were not detected during 

the maintenance inspections.

4.5.1  Evidence of theory-induced blindness

FAA regulates that any removable fastener whose loss could 

jeopardize the safe operation of a helicopter must incorpo-

rate two separate locking devices. For the helicopter in ques-

tion, the first locking device is the self-locking nut, and the 

second is the split pin (Fig. 9). Although Eurocopter’s stand-

ard practice does not require that the nut always be replaced 

when the bolt is replaced, the standard practice requires this 

be done if the nut does not meet the torque limits. After the 

accident, NTSB found half of the self-locking nuts from the 

13 helicopters examined had no locking capability. At the 

time of the accident, the maintenance personnel seem to be 

reusing self-locking nuts that did not meet the minimum 

prevailing torque value, but why?

The case evidence suggests that “theory-induced blind-

ness” had affected the nut checking process. The mechanic 

seemed to be referring to a theory of airworthiness that devi-

ated from FAA and Eurocopter recommendations. During 

the post-accident interviews, he indicated that when deter-

mining whether a nut can be reused, he removes it, cleans 

it, and then inspects it for cracks, damage, or discolouration. 

Fig. 9  Main rotor servo 

assembly and fore/aft main 

rotor servo’s input rod assembly 

(NTSB 2013)
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The mechanic said he then threads the nut on the bolt to see 

if it will thread all the way down, and if he is able to turn the 

nut down to where the shank is visible, he replaces the nut. 

Driven by this theory, the mechanic deemed the hardware 

of the helicopter to be airworthy. However, there was no 

evidence that he properly assessed the minimum prevailing 

torque value. The quality control inspector was endorsed by 

the same theory. As might be explained in a situation of the-

ory-induced blindness, the possible difference between the 

subjective and objective torque values was neither expected 

nor studied. Apparently, the technician and the inspector 

gave this theory the benefit of the doubt and accepted it.

4.5.2  Evidence of temporal discounting

NTSB also concluded that the split pin was likely incor-

rectly installed. Evidence from the investigation suggests 

this failure was an effect of compromising long-term safety 

benefits to make short-term financial gains. A review of 

Sundance records revealed some previous events supporting 

temporal discounting; for example, the QC inspector (acting 

as a mechanic) failed to properly re-install a component of 

Sundance’s helicopters. A contributing factor was the per-

ception of the need to expedite the repair to avoid aircraft 

downtime.

4.5.3  Evidence of overconfidence: an illusion of validity

Kahneman et al. (1982) define the illusion of validity as 

“the unwarranted confidence which is produced by a good fit 

between the predicted outcome and the input information”. 

We find at least two examples of the maintenance person-

nel’s illusion of validity. First, although the prevailing tech-

nique was found ineffective to assess the nut, the mechanic 

considered he had enough evidence of its validity. He esti-

mated that he had performed this process at least six times 

before the installation of the fore/aft servo on the accident 

helicopter. He further stated that he did not encounter any 

difficulties during the installation on the day of the accident. 

However, one important piece of evidence on the level of dif-

ficulty was missing. The mechanic could not recall whether 

he removed the ice shield or not: the obstacle that makes 

the installation of the split key very difficult (see Fig. 10). 

In fact, the interview with the quality inspector revealed 

that the ice shield had not been removed; suggesting it was 

extremely difficult to install the split pin or the pin was not 

installed at all. In this case, the possibility of an inferior 

work step had been shadowed by the illusion of validity. The 

amount and quality of the evidence did not count all that 

much; the overall work was perceived as having no difficulty, 

and the most difficult and critical work step was forgotten.

The evidence about the ice shield also suggests hindsight 

bias: “People who know the outcome of a complex prior 

history of tangled, indeterminate events, remember that 

history as being much more determinant, leading inevita-

bly to the outcome they already knew” (Weick 1993). The 

mechanic would have assumed the missing or improperly 

installed split pin as much more determinant. However, we 

exclude a further discussion of hindsight bias, because no 

evidence suggests that mechanic had former experiences of 

missing split key for him to assume it as a determinant.

A second example of the illusion of validity comes from 

the DoM. His understanding was that the operators must 

meet the experience and factory training requirements “col-

lectively,” rather than having them individually meet the 

requirements; NTSB noted this as a misinterpretation. The 

DoM showed confidence in his belief, saying the safety 

audits did not identify any issue. As Kahenman (2011) says, 

the confidence a person has in opinion reflects the coherence 

of the story; in this case, the (mis)interpretation was related 

to the audit results, as it did not find a deviation.

4.5.4  Concluding judgemental bias

Before concluding, we will consider one important finding 

which is not essentially a judgemental bias. The evidence 

shows that the maintenance crew was susceptible to exces-

sive fatigue. We suggest that extended work hours leading 

to fatigue might have a strong connection to quality to be 

discounted. Therefore, the probable underlying heuristics 

of the Sundance helicopters’ inadequate maintenance can 

be traced along three routes: temporal discounting, theory 

induced blindness, and the illusion of validity (see Fig. 11).

4.5.5  Relevance to SA

Expedited repairs with extended work hours suggest 

dynamic work situations, thus the applicability of SA. This 

case points to a loss of SA on different levels at two dis-

tinct stages. The insecure split pin was a failure to detect 

the anomaly. Reusing the inferior lock nut was a failure 

Ice shield 
Split key

Fig. 10  Inserting the split key is very difficult without removing the 

ice shield (NTSB 2013)
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to project the remaining useful life. The mental model on 

the reusability of the nut was not correct; what was shared 

within the team, thus reducing an opportunity to question it. 

The intervention “support transmission of SA within posi-

tions by making the status of elements and states overt” is 

applicable to this case; instead of simply deciding to tighten 

the nut by hand, measuring the minimum prevailing torque 

value could objectively assess the nut.

The split pin is a critical component, so information on 

its secure installation should have been salient. The inse-

cure installation of the split pin and the later inability to 

remember how the ice shield obstruction was overcome are 

both indications of misplaced salience. The intervention 

“make critical cues for schema activated salient” would have 

secured the critical installing of the split pin. For example, 

a caution displayed at the installation point could activate 

schema related to criticality of the split key. As NTSB saw 

it, this case was affected by the mechanic’s and inspector’s 

fatigue; along the same lines, the SA demon “workload, anx-

iety, fatigue, and stressors” recognizes the negative impacts 

of fatigue on developing the correct SA.

4.6  Air Midwest Beechcraft 1900D Flight 5481: loss 

of pitch control

On 8 January 2003, Air Midwest flight 5481 crashed shortly 

after taking off from Charlotte, North Carolina. NTSB estab-

lished that after taking off, the pilots were unable to control 

the pitch of the aircraft. NTSB found two major reasons for 

the crash (NTSB 2004): the aircraft was overloaded, and the 

elevator control system did not have the full range of opera-

tion (nose-down travel). Further investigation revealed that 

before the maintenance check, the aeroplane’s full range of 

downward elevator travel was available. However, evidence 

showed that after the maintenance check, the aeroplane’s 

downward elevator travel was limited to about 50% of what 

was specified. Therefore, NTSB concluded the aeroplane’s 

elevator control system was incorrectly rigged during the 

maintenance check, restricting about one-half of the down-

ward travel. NTSB found several causes for the maintenance 

error; our interest is in finding the underlying mechanisms 

of the decisions to skip maintenance steps and the quality 

assurance inspector’s failure to detect the incorrect rigging 

of the elevator control system.

4.6.1  Evidence of theory-induced blindness

During the maintenance check, the mechanic determined 

that the aeroplane’s cables needed to be adjusted because 

their average tension was too low. However, there were no 

provisions for adjusting the cable tension as an isolated 

task; the complete procedure for the elevator control sys-

tem rigging should have been followed. Here, it seems the 

mechanic and the quality inspector were driven by a theory 

of simplified tension adjustment. Regardless of the standard 

complete rigging procedure, the mechanic decided to adjust 

the cables as an isolated task. He said he adjusted the cables 

and performed some, but not all, of the steps of the elevator 

control system rigging procedure. The mechanic also stated 

that he and the quality inspector discussed the low cable 

tension, the need to adjust the tension, and nine steps that 

could be skipped. But what was the driving mechanism for 

this judgement?

During a post-accident interview, the quality inspector 

said he did not think the manufacturer intended mechanics to 

follow the entire rigging procedure, and the entire procedure 

had not been followed when past cable tension adjustments 

were made. The gains and losses of this simplified method 

were not evaluated against those of the standard process. 

As Kahneman (2011) says, in theory-induced blindness, the 

impact of gains and losses is assumed not to matter, so they 

are usually not examined. When someone changes his or 

her mind about a previously believed error, he/she can not 

remember why the obvious was not seen (Kahneman 2011); 

Improper installa�on 
of the main rotor 
fore/a� servo

Loss of 
control and 

crash 

Theory induced 
blindness 

Illusion of validity 
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Training need seen as 
a collec�ve need

Temporal 
discoun�ng

Expedi�ng repairs, 
Extending work hours

Incomplete nut
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Fig. 11  Combination of heuristics for the Sundance helicopter’s loss of control
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NTSB report shows closely related evidence. The step of 

calibrating the flight data recorder (FDR) would likely have 

alerted the mechanic or the quality inspector that the eleva-

tor control system was not properly rigged. However, the 

mechanic said he skipped this step because he thought the 

FDR calibration did not need to be done; the quality inspec-

tor said he did not think an FDR was installed on the aero-

plane. However, NTSB provided several reasons why the 

inspector should have known the aeroplane was equipped 

with an FDR, suggesting the possibility of mechanic’s blind-

ness to a theory of the simplified process.

Moreover, it is apparent that the mechanic and the quality 

inspector were “blind” of their authority levels; they were 

not permitted to decide whether a specific step given in the 

maintenance manual could be skipped. We also find evi-

dence of “stories” attempting to justify the theory. During 

a post-accident interview, the mechanic said he moved the 

trim tabs through a full range of motion using the electric 

and manual systems and observed no anomalies. However, 

NTSB said without a detailed procedure to ensure trim tabs 

are moving in the proper direction, it is possible that the 

trim tabs could move in a reversed direction and remain 

unnoticed.

4.6.2  Evidence of optimistic bias

As suggested by the case investigation, the quality inspector 

was optimistic about the mechanic’s skills. The mechanic 

had previously done flight control rigging work, but not on 

a model of the accident aircraft, he was receiving on-the-

job training, under the quality inspector. After they decided 

to skip the steps, the mechanic indicated that the quality 

inspector left to attend to other duties. During the NTSB 

interview, the quality inspector stated that he did not think 

he needed to supervise the mechanic closely, because of his 

previous flight control rigging experience. As per NTSB, 

when a quality inspector provides on-the-job training for a 

required inspection item and then inspects that same task, 

the independent nature of the inspection is compromised. 

Therefore, one of the NTSB recommendations was to pro-

hibit quality inspectors from performing required item 

inspections on any maintenance task for which they have 

provided on-the-job training to the mechanic accomplish-

ing the task.

4.6.3  Concluding judgemental bias

We conclude that the Midwest’s Beechcraft 1900D plane 

crash was influenced by two judgemental biases: theory-

induced blindness about the risk of skipped procedures, 

optimistic bias leading to insufficient training and super-

vision. NTSB also pointed to Air Midwest’s insufficient 

maintenance procedures and documentation, FAA’s lack 

of oversight of Air Midwest’s maintenance program and its 

weight balance program. The two heuristic biases and their 

development are shown in Fig. 12.

4.6.4  Relevance of SA

Neither the inspector nor the mechanic had a correct men-

tal model about the pitch control mechanism; they missed 

the chance to detect the anomaly because they skipped 

the procedure, including FDR calibration. Operators may 

organize their knowledge of system components and inter-

relationships on different levels of detail; these may differ 

considerably from the actual system and may even constitute 

wrong knowledge (Moray 1990). The inability to see several 

cues about the presence of FDR might be connected with 

attention tunnelling, as the focus was limited to the tension 

adjustment. “Mapping system functions to the goals and 

mental models of users” looks like a potential SA interven-

tion. This intervention suggests providing direct support to 

help the user to create a mental model of the system. How-

ever, in understanding the system behaviour, the mechanic’s 

role goes beyond the user’s role; it is comparatively more 

difficult to design provisions for mechanic’s mental model 

than for operator’s mental model. This points to the inherent 

cognitive challenges of maintenance. Ultimately, “providing 
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Fig. 12  Combination of heuristics for Midwest’s Beechcraft 1900D
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system transparency and observability” is a better SA res-

olution. In addition to the schematics in the maintenance 

manual, designers could make the interconnections of the 

elevator control system more visible, to avoid isolated ten-

sion adjustments.

4.7  Summarized findings

Returning to the questions posed at the beginning of this 

study, we can now state that judgemental errors in aviation 

maintenance are influenced by several biases, including tem-

poral discounting, theory-induced blindness, optimistic bias, 

and substation bias. From the case studies, we know that 

judgements at all three phases of maintenance are affected 

by biases: anomaly detection (2 instances), diagnosis (3 

instances), and prognosis (3 instances) (Fig. 13). From a 

SA perspective, we find incorrect mental models, attention 

tunnelling, and misplaced salience as the major issues. We 

present a summary of judgemental bias in Table 1.

5  Conclusions

As far as we know, there are no previous studies about the 

underlying cognitive mechanisms driving the judgemental 

errors in maintenance. Our study bridges this gap. Previous 

studies in other domains identify the heuristics of judge-

mental error, but they do not propose interventions, and 

their conclusions usually imply human-centric issues. In 

this respect, our study has further implications. We propose 

interventions by linking judgemental errors and heuristics 

with the SA concept. SA suggests interventions to improve 

explicit awareness, thus helping reflectivity and reducing 

erroneous thinking shortcuts. We also showed SA “demons” 

are closely related to heuristics and judgemental bias. For 

example, data overload and complexity creep can lead to 

thinking shortcuts; attention tunnelling can be a result of 

confirmation bias; misplaced salience is connected with 

representativeness and availability; an errant mental model 

is related to theory-induced blindness. Therefore, SA inter-

ventions are useful to avoid heuristics bias and judgemental 

errors. In some cases, maintenance has inherent challenges 

for SA interventions, such as mapping system functions to 

the mechanic’s goals and mental models. We conclude that 
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Fig. 13  Contribution of different biases to judgemental errors

Table 1  Summary of judgemental errors in aviation maintenance and underlying biases

Accident case Phase failed Respective SA level failed Type of judgemental 

error (HFACS-ME)

Biases for judgemental 

errors (Kahneman’s 

taxonomy)

Chalk G-73T wing separa-

tion

Diagnosing the wing crack Level 2 (comprehension) Misdiagnosed situation Theory-induced blindness

Substitution bias

Temporal discounting

American Airline DC 9-82 

engine fire

Diagnosing the engine start-

ing issue

Level 2 (comprehension) Misdiagnosed situation Theory-induced blindness

Substitution bias

Temporal discounting

Representativeness

Alaska airline MD-83 loss of 

pitch control

Predicting the useful life of 

the jackscrew assembly

Level 3 (projection) Misjudged/misperceived Temporal discounting

Optimistic bias

Omitting subjectivity

Cessna 310R in-flight fire Diagnosing the smoke Level 2 (comprehension) Misdiagnosed situation Optimistic bias

Predicting the reusing effects Level 3 (projection) Misjudged/misperceived Trusting expert intuition

Sandance AS350-B2 

helicopter main control rod 

separation

Predicting the locknut’s use-

ful life

Level 3 (projection) Misjudged/misperceived Theory-induced blindness

Detecting the missing split 

pin

Level 1 (perception) Misdiagnosed situation Temporal discounting

Illusion of validity

Air Midwest Beechcraft 

1900D loss of pitch control

Detecting the rigging issue Level 1 (perception) Exceeded ability to judge Theory-induced blindness

Optimistic bias
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although human judgements can be misled by mental short-

cuts, there are ample possibilities for system intervention to 

ease cognitive demand and encourage more reflective think-

ing. Avoiding judgemental errors is not only about human, 

but also how the system is designed.
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Abstract
Despite the advances in intelligent systems, there is no guarantee that those systems will always behave normally. Machine
abnormalities, unusual responses to controls or false alarms, are still common; therefore, a better understanding of how humans
learn and respond to abnormal machine behaviour is essential. Human cognition has been researched in many domains. Numerous
theories such as utility theory, three-level situation awareness and theory of dual cognition suggest how human cognition behaves.
These theories present the varieties of human cognition including deliberate and naturalistic thinking. However, studies have not
taken into consideration varieties of human cognition employed when responding to abnormal machine behaviour. This study
reviews theories of cognition, along with empirical work on the significance of human cognition, including several case studies. The
different propositions of human cognition concerning abnormal machine behaviour are compared to dual cognition theories. Our
results show that situation awareness is a suitable framework to model human cognition of abnormal machine behaviour. We also
propose a continuum which represents varieties of cognition, lying between explicit and implicit cognition. Finally, we suggest a
theoretical approach to learn how the human cognition functions when responding to abnormal machine behaviour during a specific
event. In conclusion, we posit that the model has implications for emerging waves of human-intelligent system collaboration.

Keywords Cognition .Machine abnormities . Situation awareness . Explicit . Implicit . Cognitive continuum

1 Introduction

Recent advancements in the development of intelligent sys-
tems have led to an increased interest in understanding how
humans learn about and respond to abnormal situations.
Responding to this wave of interest, in this paper, we model
how humans learn about and respond to abnormal machine
behaviour, thus linking studies of human cognition with studies
of intelligent systems. We define an abnormal machine behav-
iour as any circumstance when a machine deviate from normal
behaviour; it can be but not limited to an abnormal response to
controls, abnormal combination of alarms and/or alerts or an
unusual emission of noise or heat. Intelligent systems offer a
plethora of information; in the maintenance field, this includes
equipment health status (thus replacing the use of human sen-
sory systems), diagnosis through cause analysis and prognosis
through mathematical and physical models (Botelho et al.

2014). In contrast, humans acquire knowledge and understand-
ing through thought, experience and the senses when they in-
teract withmachines and systems. In fact, extent of the involve-
ment from the intelligent systems has a significant effect on the
level of human engagement that helps to ameliorate out-of-the-
loop performance problems (Endsley 2015). Out-of-the-loop
problems bring surprises, suggesting human to experience
even more behaviours, as not Bnormal^. Recent developments
in the field of synthetic psychology (Dawson 2004) have trig-
gered an interest in modelling human cognition. These studies
strive to explain cognitive processes, with some now
attempting to link them with intelligent systems; the cognitive,
interactive training environment (Crowder and Carbone 2014)
allows each actor to learn from other actors and to operate in
modes that use the strengths of all actors.

In the past three decades, researchers have sought to pin-
point the varieties of human cognition involved in decision-
making. A critical mainstay in such research has been cogni-
tive continuum theory (Hammond 1981), with researchers
noting its implications in multiple domains, including man-
agement, economics, war and healthcare. Whilst Btypes^ rep-
resent dichotomous poles on the cognitive continuum,
Bmodes^ can vary continuously along it. In this article, we
adopt these distinctions when we use the words Btypes^ and
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Bmodes^. Some authors (e.g. Rasmussen 1983; Wickens
1984; Shappell and Wiegmann 2000; Reason and Hobbs
2003) focus on the limitations of cognitive capacities in mak-
ing critical judgements under higher cognitive loads.

Although the advancements in intelligent systems have ob-
vious implications for human cognitive involvement during
abnormal machine behaviour, to date, few researchers have
applied cognitive continuum theory in this context. Despite
the availability of extensive empirical research on different
cognitive modes, previous studies on the human-machine in-
teraction fail to discuss a wide range of cognitive modes or to
consider their involvement in responses to abnormal machine
behaviour. This article fills the gap by summing up the various
cognitive modes and applying cognitive continuum theory to
the human response to abnormal machine behaviour.

2 Competing accounts of cognition

Until the early 1970s, humans were assumed to make logical
inferences from evidence following the subjective expected
utility theory or to make uncertain judgements following sta-
tistical decision theory or Bayes Theorem (Reason 1990).
Various authors (e.g. Tversky and Kahneman 1974) criticised
the rationalist bias of this view, with several suggesting human
cognition is unable to engage in the laborious yet computa-
tionally powerful processes involved in analytic reasoning
(e.g. Lichtenstein et al. 1978; Reason 1990). New theories
and models began to suggest a wider range of cognitive
modes, including naturalistic decision-making (e.g. Endsley
1995; Reasons and Hobbs 2003; Klein 2008), and several
attempts have been made to identify the capacities of less
well-understood cognitive phenomena, such as pre-cognition
(Snodgrass et al. 2004; Marwaha and May 2015).

References to the workingmodes of themind have gradually
accepted the idea of two permanent operating information-
processing systems—intuitive and analytic. Dual cognition is
not a new idea, however. It can be traced to William James’
Principles of Psychology (1890). The dual processing account
of cognition has been applied inmany areas, including learning,
attention, reasoning, decision-making and social cognition
(Evans 2006). Rather confusingly, studies on dual processing
have developed their own terms to distinguish the two cogni-
tion types: heuristic/analytic (Evans 1984), experiential/rational
(Epstein 1994), autonomous/algorithmic (Dennett 1996),
associative/rule-based (Sloman 1996), implicit/explicit (Evans
andOver 1996), heuristic/systematic (Chen andChaiken 1999),
autonomous/algorithmic and reflective mind (Stanovich 1999),
holistic/analytic (Nisbett et al. 2001), type 1/type 2 (Evan
2006), and C-system/X-system (Lieberman 2007), etc.
Although these propositions use different terminologies,
Kahenman (2011) says there is consensus among them, and
he defines them as follows:

& System 1: Cognitive process working associatively, intui-
tively and tacitly;

& System 2: Cognitive process operating deliberately, ratio-
nally and analytically.

A large volume of work explores the features of both
systems.

2.1 Key characteristics of system 1: intuitive cognition

Although a general definition of intuition is Bknowing
without being able to explain how we know^ (Vaughan
1979), many continue to debate the nature of intuition. In
the management domain, intuition is defined as Ba capac-
ity for attaining direct knowledge or understanding with-
out the apparent intrusion of rational thoughts or logical
inference^ (Saddler-Smith and Shefy 2004) and as
Baffectively-charged judgments that arise through rapid,
non-conscious, and holistic associations^ (Dane and
Pratt 2007). Despite the number of definitions, recent
studies (Evans and Stanovich 2013; Patterson 2017) agree
on certain factors in intuitive cognition:

& It is prominent in tasks solved from experience (e.g. Klein
1993);

& It is used when a secondary task draws away working-
memory resources (e.g. De Neys 2006);

& It appears under increased time pressure (e.g. Evans and
Curtis-Holmes 2005);

& It focuses on perceptual cues (e.g. Hammond et al. 1997);
& It is applicable in situations with meaning (e.g. Reyna

2012);
& It has autonomous processing capabilities (e.g. Evans and

Stanovich 2013; Patterson 2017);
& It has the ability to process multiple cues simultaneously

(e.g. Evans and Stanovich 2013);
& It has a higher propensity to make biased responses (e.g.

Kahenman 2000).

2.2 Key characteristics of system 2: analytic cognition

System 2 refers to the deliberate type of thinking involved in
focus, reasoning or analysis. In this thinking, the distinct fea-
tures of individual capacity and task characteristics work to-
gether to prescribe a specific procedure for selecting a course
of action. For the most part, researchers agree system 2 has the
following major characteristics (Evans and Stanovich 2013;
Patterson 2017):

& It solves reflective rather than impulsive thinking (e.g.
Evans 2008);
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& It verbalises thoughts, providing the foundation for
decision-making (e.g. Hayes and Broadbent 1988);

& A long time is spent on deliberation (e.g. Hammond et al.
1997);

& Symbols are used to support precise analysis (e.g.
Hammond et al. 1997);

& It searches for rules in events (e.g. Hayes and Broadbent
1988);

& It is capable of serial processing (Evans and Stanovich
2013);

& It usually derives normative responses (Evans and
Stanovich 2013).

2.3 System 1 vs system 2

Presently, there is a lack of consensus about the effectiveness
of two systems against each other. Many researchers argue
intuitive cognition has an advantage over analytical cognition,
particularly as it has been shown to be immune to time pres-
sures and workload (e.g. Evans and Stanovich 2013; Klein
2008; Patterson 2017). Referring to experiments at the
University of Tulsa, Myers (2002) claims non-conscious
learning can create patterns too complex and too confusing
to notice consciously. A meta-analysis of research on intuition
in the managerial context (Dane and Pratt 2007) suggests in-
tuitive decisions are, in many situations, of higher quality than
analytic ones. Kahneman (2000) suggests the existence of
kind of Bintuitive intelligence^, arguing that some people
make better judgments based on representativeness than
others and, consequently, achieve greater predictive accuracy.

However, Kahneman (2000) recognises that intelligence is
not only the ability to reason. It is also the ability to find relevant
material in memory and to deploy attention when needed; not
doing so is prone to make mistakes in judgement. Although the
heuristics of intuition (Tversky and Kahneman 1974) are highly
economical and usually effective, they can lead to systematic
and predictable errors (Gigerenzer and Todd 1999; Gladwell
2005). Intuition has also been considered limited and
constrained, poor in predictive ability and biased (Buckwalter
2016; Amadi-Echendu and Smidt 2015). Whilst analytical cog-
nitive processes lead to slow decision performance, a purely
intuitive cognitive process may be too risky (Klein 2008).
With a more balanced view, SRK model (Rasmussen 1983)
provides a foundation for exploring the errors at different cog-
nitive processes: skill based, rule based and knowledge based.

Evans and Stanovich (2013) argue that only the dichoto-
mous demands for working memory (does not require work-
ing memory versus requires working memory) actually define
two systems; other characteristics are simply correlating.
Nevertheless, researchers concur that there are two systems.
What is missing is an understanding of their possible interac-
tions; the dual cognitive system is criticised for its limited

explanation of how the two systems may interact (e.g. Evans
2006; Harteis and Billett 2013). These criticisms demand a
proposition on the conjunction of the two systems.

2.4 Continuum not dichotomy

Hammond (1981) suggests a cognitive continuum, placing intu-
itive cognition (system 1) on the unconscious end, analytical
cognition (system 2) on the conscious end and quasi-rationality
in the middle. Distinctions between system 1 and system 2 types
vary within this continuum (see Fig. 1). This theory rejects a
dichotomous view of system 1 and 2 cognitions, as pure intuition
vs pure analysis. Effective decision-making may require flexibil-
ity on the cognitive continuum, oscillating between analysis and
intuition (Hamm 1988). Moreover, intuitive decisions can be
partly conscious and rational decisions can be partly
unconscious.

In support of this view, Langsford and McKenzie (1995) and
Creswell et al. (2013) suggest decision-making can be influenced
by both implicit and explicit processes. Reason (1990) envisages
a continuum of dual task situations; at one extreme, tasks are
wholly automatic and thus make little or no claim on attention;
at the opposite extreme, the demands imposed by each task are
so high that they cannot be performed adequately, even in
isolation. Hammond et al. (1997) present a framework to analyse
how the characteristics of various tasks can induce the corre-
sponding cognitive modes of decision-making and reasoning.
These characteristics include number of cues, measurement of
cues, redundancy among cues, degree of task certainty, display
of cues and the time period. Gibson (1977), in his affordance
theory, identifies more determinants to the opportunities for ac-
tion provided by a particular object or environment. Vicente and
Rasmussen (1992) identify and apply number of determinants
for cognition in the design of technology that works for people in
complex sociotechnical systems (ecological design).

3 Limitations of existing models and the need
for a new model

Across a number of domains, there is an ongoing discussion of
the significance of the various modes of human cognition (e.g.
Kahenman 2011). Two domains where cognitive continuum the-
ory is especially prominent are management and healthcare (e.g.
Cader et al. 2005; Dhami and Thomson 2012; Custers 2013;
Parker-Tomlin et al. 2017). Even though human cognition has
been extensively researched in multiple domains, there are gaps
in the understanding of human-machine interaction. To the best
of our knowledge, no research to date has focused on human
cognition of abnormal machine behaviour using the cognitive
continuum approach. Therefore, in this study, we suggest a con-
ceptual model describing how humans use different cognition
modes to respond to abnormalmachine behaviours.A conceptual
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model can describe a system based on qualitative assumptions
about its elements, their interrelationships and system boundaries
(businessdictionary.com). As such, it can help the researcher
know, understand or simulate the subject represented by the
model. This study touches on three important areas, making an
original contribution to the field of human-machine interaction.

Firstly, we critically examine the potential of different cog-
nition modes in the context of human-machine interaction.
Although extensive research has considered their limitations
and their influence on safety during human-machine
interactions (e.g. Dhillon 2014), previous studies lack critical
emphasis on their potential. Although we acknowledge the lim-
itations, our intention is not to reiterate them; instead, we ex-
plore the effectiveness of different cognition modes in
responding to abnormal machine behaviour. To support our
position, we offer empirical evidence showing human handling
of abnormal machine behaviour.

Secondly, we seek a label that can demarcate the cognition
modes in our domain of interest. We have already shown the
general consensus on the aspects of system 1 and system 2,
despite the proliferation of dual-process theories with confusing
labels (autonomous/algorithmic, associative/rule-based,
implicit/explicit etc.). Distinctions are not always clear cut
(Evans and Stanovich 2013), and if we rely on such distinctions
or general labels (i.e. system 1/system 2) for the two types of
processing, our domain-specific understanding might be limit-
ed. Therefore, we define labels suitable for mapping cognition
when humans respond to abnormal machine behaviour.

Thirdly, we take advantage of continuum theory to explain
how the two cognitive systems are separated yet interrelated.
The literature makes a variety of propositions on the degree of
separation and tendencies for dominance by one particular
system. For instance:

& Studies in the management context propose people rely on
intuitive and rational processes at the same time (e.g.
Hodgkinson and Clarke 2007);

& Default-interventionist theories assume fast, intuitive pro-
cessing generates intuitive default responses into which
subsequent reflective analytical processing may or may
not intervene (e.g. Evans 2007; Kahneman 2011);

& Intuitive cognition is the basis for all human reasoning and
decision-making, with analytical cognition controlling the
search for information (Betsch and Glöckner 2010);

& Experience leads to decision-making supported partly by un-
conscious processes and partly by mental simulations (Klein
2003);

& The cognition phenomenon of sudden insights is intuitive,
but it appears after a period of deliberate but unsuccessful
thinking activities (e.g. Myers 2002; Bastick 2003);

& Conscious learning is argued by some to be the default
case for human learning, but the theory has not been sat-
isfactorily established (Shanks and St John 1994);

& Differences between individuals’ cognitive abilities and
thoughts may show the differences between more analytical
minds and more intuitive minds (e.g. Dennett 1996; Epstein
et al. 1996);

& Various task characteristics induce the corresponding cogni-
tive mode of decision-making and reasoning (Hammond
et al. 1997).

To sum up, research has not applied the understanding of
human cognition as existing on a continuum to human-
machine interactions. Therefore, the objectives of this work
are the following:

1. To critically assess the literature on the different cognition
concepts and examine empirical evidence to show how
cognitive involvement during abnormal machine behav-
iour points to a domain-specific cognitive continuum.

2. To classify and evaluate different concepts to suggest a
suitable classification of a continuum representing how
humans respond to abnormal machine behaviour.

3. To recommend a theoretical approach to represent cognition
concepts related to abnormal machine behaviour on the con-
tinuum by taking into account the degree of cognitive
separateness.

4 Research design

In the introductory sections, we referred to a range of concepts
representing different types of cognition and explained our in-
tention to explore cognition modes along a continuum. The
development of a new theoretical model requires an examina-
tion of the literature, summarising and synthesising its findings.
We do not intend to provide a comprehensive list of the

Fig. 1 Modes of cognition along
the cognitive continuum
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published and unpublished studies, as this would be the focus
of a systematic literature review (Cronin et al. 2008). Rather, we
summarise a body of literature and draw conclusions on the
discussions of our topic. However, we borrow some features
of a systematic literature review by using explicit criteria to
identify the literature and making the criteria apparent to the
reader. The key search engine used was Google Scholar; it
subsequently directed us to the respective scientific publisher
webpages. The literature review consisted of two phases; each
had different criteria for its selection of literature.

4.1 Research design phase 1: selection
of the framework for the new model

During the first phase of the literature review, we searched for
a suitable cognitive concept for this study. We identified three
qualifying criteria for the framework.

& Firstly, when working with machines, certain physical re-
quirements are related to the operation of the system: system
safety and reliability, detection of abnormalities, correct di-
agnosis (determining root causes) and prognosis (predicting
consequences); all play an important role in how an individ-
ual should respond to abnormal machine behaviours.
Therefore, we define cognition as including the ability to
detect abnormalities, give a diagnosis and perform prognosis.

& Secondly, a framework must accommodate multiple and
broader concepts of human cognition that can be accom-
modated on a continuum. The selected theoretical per-
spectives must be able to model wider modes of cognition.

& Thirdly, the theoretical perspective should refer to the key
literature in this field, including empirical studies address-
ing cognition and abnormal machine behaviour.

Following the literature review in phase 1, we hypothesise
that three-level situation awareness (SA) model meets the se-
lection criteria. This hypothesis process is explained at greater
length in the following sections.

4.2 Research design phase 2: development
of the theoretical model

The second phase of the literature review reviews empirical
work on the subject area to gain a better theoretical under-
standing of the underlying concepts. For the second phase of
the literature review, we developed the following criteria:

& Firstly, propositions of SA in empirical studies. This will
suggest modes on the continuum.

& Secondly, empirical studies (of SA) on human response in
relation to abnormal machine behaviour. This is to frame
in different cognitive demands of response to abnormal

machine behaviours and what means of cognition modes
cater to these demands.

& Thirdly, in-depth exploration of any concepts requiring
better understanding for our argumentation.

In our search for empirical studies on cognition modes, we
prioritise real-life events of human-machine interactions, al-
though we considered a few laboratory studies as well. Yin
(2003) states Bthe distinctive need for case studies arises out of
the desire to understand complex phenomena because the case
studymethod allows investigators to retain the holistic andmean-
ingful characteristics of real-life events^. Therefore, we use case
studies to provide empirical evidence of how different SA prop-
ositions apply human cognition of abnormal machine behaviour.

The keywords used in the Google Scholar search are
Bsituation awareness^, Bhuman-machine interaction^, Bmachine
abnormality ,̂ Bdiagnostic^, Baccidents^ and Bcase study .̂

So far, the focus has been on the first objective—to critically
assess the literature on cognition concepts and empirical evi-
dence. To reach the second objective, we classify the cognitive
concepts reviewed in the literature. Because we want to devel-
op a continuum, we classify those under two themes: signifi-
cance for learning about abnormal machine behaviour and
dominance of systems 1 or 2. The former classification guides
us to disregard any concept that appears less significant for the
domain of study. We qualitatively assess a concept’s signifi-
cance through a critical review. Given our inclusion criteria,
we do not expect to disregard many concepts. The latter clas-
sification, the dominance of systems 1 or 2, enables us to reach
the objective of labelling the poles on the cognition continuum.
Our critical qualitative assessment of the dominance (of system
1/2) also suggests positioning on the continuum. To emphasise
an important point: once the classification is completed, the
Bconcepts^ should be positioned on the continuum. At this
point, they can be called Bmodes^ (on the continuum).

Finally, we critically compare the positions of the different
cognition concepts based on their key characteristics, deter-
mined through the literature review. This allows us to build
relations between different cognitive demands and to deter-
mine the effectiveness of different modes in fulfilling those
demands. This takes us to our final objective, recommending a
theoretical approach to the degree of separateness and the
positioning of a particular cognition mode on the continuum.
Figure 2 illustrates the research design.

5 Review of theories and empirical work:
development of the new model

The theoretical and empirical work reviewed in this section
provides the architecture for the poles and modes of the con-
tinuum. We first justify the selection of SA as the framework
for the new model. Then we review the various propositions
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of SA and the empirical evidence on the cognition of abnor-
mal machine behaviour.

Various theories and models show how human cognition
behaves with respect to awareness of the environment and

awareness of abnormalities: signal detection theory
(Wickens 2002), SEEV (Salience, Effort, Expectancy, Value)
model (Wickens et al. 2003), perception/action cycle model
(Smith and Hancock 1995), predictive account of awareness
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(Hourizi and Johnson 2003), theory of activitymodel (Bendny
and Meister 1999) and three-level situation awareness model
(Ensley 1995). However, the first two are more concerned
about and limited to the detection of cues; they cannot theorise
how a diagnosis or prognosis is performed. From the rest, we
are mostly concerned with the latter, the three-level SAmodel,
that has been mostly referred (Uhlarik and Comerford 2002).
There is consensus within the cognitive paradigm that situa-
tion awareness (SA) includes the perception of the elements in
the environment within a certain time and space, the compre-
hension of their meaning and the projection of their status for
the near future (Endsley 1995). This consensus suggests the
development of SA through the perception of cues (level 1),
the integration of multiple pieces of information and the de-
termination of their relevance to certain goals (level 2) and the
ability to forecast future situation events and dynamics (level
3). The three-level SA model is illustrated in Fig. 3.

Three main aspects of the three-level SAmodel motivate us
to consider it as the framework for modelling human cognition
of abnormal machine behaviour:

& Handling of machine abnormalities and the three levels of
SA are analogous;

& SA interpretation and interventions are applied in similar
domains; and

& Different SA propositions enable a discussion along the
continuum.

Each of these motivators is discussed below.

5.1 Motivations for considering three-level SA model

5.1.1 Motivation 1: the levels of SA and the handling
of machine abnormalities are analogous

The three levels of SAmodels, i.e. perception, comprehension
and projection, are analogous to the detection, diagnosis and
prognosis of abnormal machine behaviour. Figure 4 shows
this comparison. This analogous structure suggests possibili-
ties of applying SA interventions to assist human cognition of
abnormal machine behaviour.

5.1.2 Motivation 2: SA intervention applies in similar domains

The SA community has shown that although the capacity to
collect sensory data is increasing, data overload can threaten
the ability of people to operate (Endsley and Jones 2011).
Systems need to allow people to manage information in order
to understand what is currently happening and project what
will happen next. Certain methodologies and design principles
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have been proposed for engineers and designers (Endsley 2004).
A wide range of relevant issues in a variety of safety critical
domains (such as aircraft, air traffic control, power plants, con-
struction, offshore drilling, maritime operations, advanced
manufacturing systems and collaborative and isolative work)
can benefit from the application of these principles (e.g.
Endsley and Garland 2000; Sneddon et al. 2006; Grech and
Horeberry 2002; Salmon et al. 2008). Recent studies (e.g.
Brady et al. 2013; Wassef et al. 2014) focus on the use of
three-level SA models in healthcare interventions to perform
detection, diagnosis and prognosis. These applications aim to
proactively identify patients at risk and thereby mitigate risk.
The use of a SA framework helps researchers to analyse and
understand diagnostic errors in primary medical care settings
(e.g.Singh et al. 2011). The applicability of SA to aircraft main-
tenance has also been supported (Endsley and Robertson 2000).
Other recent studies use a SA approach to improve effectiveness
in the maintenance domain (e.g. Golightly et al. 2013; Oliveira
et al. 2014), focusing on information that changes from situation
to situation.

5.1.3 Motivation 3: SA covers a wide range of cognitive
concepts

SA has been shown as affected by and coming after chain of
psychological constructs such as stress, mental workload and
trust (Stanton and Young 2000; Heikoop et al. 2015). Notably,
none of the relationships were found reversible, suggesting
SA as a central construct.

The three-level SA model can cover a wide range of cog-
nitive concepts. Whilst novices combine and interpret
information and strive to make projections with a limited
working memory, Endsley (1995) argues that for experts,
long-term memory stored as schema and mental models can
largely circumvent these limits even when information is in-
complete. Schemas are patterns of thought or behaviour that
organise categories of information and the relationships
among them (DiMaggio 1997). Mental models allow human
to Bgenerate descriptions of the system purpose and form,
explanations of system functioning and observed system sta-
tus, and predictions of the future status^ (Rouse and Morris
1986). The three-level SA model captures the conscious anal-
ysis as well as additional processes such as deliberate sense-
making processes, story building, recognition prime deci-
sions, heuristics and implicit cues associated with socio-
technical systems (Endsley 1995, 2015). It has been identified

as contributing to the development of intuitive or naturalistic
theories of decision-making (Klein 2000).Therefore, in the
context of the cognition of abnormal machine behaviours,
we hypothesise the three-level SA model will be able to ex-
plain deliberate attempts at detection, diagnosis and prognosis,
as well as the formation of understanding with less delibera-
tion, more naturalistically. In the next sections, we discuss
theoretical perspectives and empirical evidence of how SA
relates to the cognition of abnormal machine behaviour. We
analyse the three-level SA model, within the machine abnor-
mality domain for its ability to explain multiple propositions
such as sense-making, recognition prime decision-making,
intuition, handling implicit cues and heuristics, those claimed
as compatible with. To test our hypothesis, we also look for
models with alternative explanations to SA in the domain of
machine abnormality.

5.2 Sense-making

Sense-making is a concept explaining how individuals under-
stand the environment by assigning meaning to experiences
(Kramer 2010; Ibbara and Barbuescu 2010). Therefore, sense-
making is not about information, but about values, priorities
and preferences (e.g. Weick 1993, 1995; Woods and Sarter
1993). Sense-making is a reasonable andmemorable story that
holds disparate elements together long enough to energise and
guide actions (Weick 1995). The literature points to four major
attempts to make connections and draw distinctions between
SA and sense-making.

Firstly, sense-making can be accused of a sense of prede-
termination. How sense-making differs from SA is shown in
the case study about the grounding of the ship Royal Majesty
on a sand bank close to the Massachusetts shore instead of
arriving in Boston (Dekker and Lutzhöft 2004). The retrospec-
tive analysis of events uncovers series of indications that the
crew should have noticed and understood regarding the ab-
normality of the GPS unit. Not experiencing the repeated
warnings about the real nature of the situation by the vary
audience who mostly needed it (i.e. the crew), raises serious
questions. Answering these questions, the study refers to an
outcome of the phenomenon of hindsight. Weick (1995)
notes: BPeople who know the outcome of a complex prior
history of tangled, indeterminate events, remember that histo-
ry as being much more determinant, leading inevitably to the
outcome they already knew .̂ Kahneman (2011) holds the
same position: Ba compelling narrative fosters an illusion of
inevitability .̂ As a result, we do not build (deliberately or not)
a schema or a correct mental model, merely because the event
is now seen as having been inevitable. Even though the notion
of Berrant mental model^ (Endsley 2011) is closely related,
this vulnerability is not adequately addressed in SA literature.

Secondly, efforts to understand the environment, effortful
processes and retrospection provide evidence of the explicit

Level 1

Detec�on of machine 
abnormality

Percep�on

Level 2

Inves�ga�on of causes

Comprehension

Level 3

Predic�on of failure

Projec�on 

Fig. 4 Handling of abnormal machine behaviour compared to three-level
SA model
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nature of the information in sense-making. In a meta-analysis
of sense-making research, Mills et al. (2010) proposes a
Bcritical sense-making^ approach and demonstrates how it
considers power and context. A recent study in sense-
making (Rankin et al. 2016) focuses on the difficulties faced
by pilots during the abnormal behaviour of aircrafts. These
difficulties include identifying subtle cues, managing the un-
certainties of automated systems, coping with multiple goals
and narrow timeframes and identifying appropriate actions.
Although many approaches use three-level SA to model such
situations (e.g. Endsley 1995, 1999; Bolstad et al. 2010),
Rankin et al. approaches using sense-making. They recognise
sense-making as a complex process. Their attempt to model
the cognition about the abnormal behaviour considers the abil-
ities to identify cues, diagnose problems and take action, by
questioning, preserving, elaborating, comparing, switching
and abandoning the search for a frame and rapid frame-
switching. Whilst we see a similarity between Bframe^ (data
are fitted into a structure linking them to other elements: Klein
et al. 2007) and the SA Bschema^, we do not discuss it here.

Thirdly, Endsley (2004) argues, sense-making is basically
the process of forming level 2 SA from level 1 data. This means
sense-making is an effortful process of gathering and synthesis-
ing information, using story building and mental models to find
a representation that accounts for and explains disparate data.
Several studies from fire-fighting (Klein et al. 2007, 2010) and
air traffic controlling (Malakis and Kontogiannis 2013) focus
on sense-making as a process used to achieve the knowledge
status achieved by the three-level SA model (Endsley and
Garland 2000; Endsley 2015). Golightly et al. (2013) from
the research in railway maintenance domain say sense-making
combines experience, expectations and interpretations in under-
standing a critical situation. The takeaway for the cognition of
abnormal machine behaviour is that, the drive for sense-making
can direct and lead attention to seek out additional information
(Chater and Loewenstein 2016) required for performing a diag-
nosis in a critical situation.

Finally, sense-making involves retrospection. Endsley
(2015) distinguishes sense-making from SA, considering the
former to be a backward looking process. Put another way, as
Sonenshein (2007) suggests, post hoc attributions of sense-
making can reflect individuals’ engagement, whereby individ-
uals infer their own behaviour after the fact through self-per-
ception. In this understanding, sense-making fails to develop a
model linked to goals, plans, expectations, task/system effects
and dynamic processing. Weick (1995) defends sense-mak-
ing, arguing Balthough sense making can be constructed ret-
rospectively, it can also be used prospectively and even reso-
nates with other people^. The important part of sense-making
for cognition about abnormal machine behaviour is under-
standing or making sense of the difference between a devel-
oping and the old settings (Louis 1980), thus to acknowledge
an abnormality itself. Sense-making is not the activity of

solely perceiving and interpreting input from the environment
after the fact, but the continuous process of fitting what is
observed with what is expected, an active process guided by
our current understanding (Klein et al. 2007). Likewise, the
effects of a person’s goals and expectations on SA influence
how attention is directed and information is perceived and
interpreted (Endsley 1995).

These studies suggest that people do not produce an
internalised simile of a situation but construct a plausible story
of what is going on, accounting for the sensory experiences in
a way that supports actions and goal achievement. The
plausibility allows people to make retrospective sense of
whatever happens. In sum, Weick (1995) says sense-making
is not about accuracy, but about plausibility. This is influenced
by the Gestlet tradition whereby humans actually perceive
meaningful wholes not elements and meanings come effort-
lessly and pre-rationally (Dekker and Lutzhöft 2004).

5.3 Recognition-primed decisions

Authors (e.g. Cannon-Bowers et al. 1996) support the suitabil-
ity of the recognition-primed decision model (RPDM) to
study decisions in naturalistic environments, such as under
time pressure, changing conditions, unclear goals, degraded
information and in team interactions. Thus, the model domi-
nates in studies of fire commanders, tank platoon leaders,
critical care nurses, chess tournament players and design en-
gineers (Klein 1993, 2008, 2015). In the selection of cases for
studies, Klein (2008) prefers typical events, believing selec-
tion of rare critical incidents will over-emphasise deliberate,
analytical decisions. There is a growing demand to adapt
RPDM to intelligent systems. Demir and McNeese (2015)
suggest that modelling interactions between humans and syn-
thetic teammates need to build on RPDM to support human-
agent collaborations and expectancy-based decisions. Along
the same lines, Dorton et al. (2016) calls for a decision support
system that can emulate recognition-primed decisions of ex-
perts. We see opportunities for applying RPDM in such sys-
tems, not merely to deal with the external environment, but to
understand and predict behaviours (and abnormalities) of both
human and synthetic team mates.

Although Bperception^ (of the three-level SA model) is not
obvious in RPDM, Klein (2000) identifies perception as the
totality of the events in the experienced environment. Klein’s
definition suggests that level 2 SAwill map more directly as
the recognition of the situation itself, particularly as it leads to
a determination of the most important cues, the relevant goals
and the reasonable actions. Klein (2000) also identifies
Bprojection^ within the RPDM model as the expectancies
generated once a situation is recognised as typical. However,
as expectancies fall into the four aspects of the Brecognition^
of RPDM (see Fig. 5), the above consideration implies
Bprojection^ is part of the recognition of the totality of the
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situation. In other words, recognition brings the knowledge
about the most critical cues, the relevant goals, the events to
expect next and the actions commonly taken.

Despite the four distinct aspects of Brecognition^, i.e. plau-
sible goals, expectancies, relevant cues and actions, RPDM
does not claim that a decision maker determines each of the
four aspects and then infers the nature of the situation; in fact,
Klein (2000) suggests the contrary is true. Using their intuition,
i.e. the patterns they have acquired, experts usually identify an
effective option as the first one they consider (Klein et al. 2010).
Moreover, a Bfamiliar situation^ in the model does not exclu-
sively refer to Bpatterns^. Instead, it refers to the four aspects of
recognition. This emphasises the dominance of Brecognition^
in this model. When applied to the domain, we are interested in,
RPDM suggests, Brecognition^ as the totality of detection of a
machine abnormality, diagnosis and the prognosis, instead of
recognising them as distinct steps.

The outcome of the pattern matching is an action queue of
plausible responses, options that start with the most plausible

(Bactions 1…n^ in the model). Therefore, it can model a good
enough solution for a novel situation, from which to simulate,
and/or proceed from. This suggests that RPDM can model
how a novel and abnormal machine behaviour can become
familiar through sufficing expectancies. However, RPDM
holds that experts do not just consciously examine the options;
notably, Klein believes they do not subconsciously examine
them either. Their challenge is not choosing between alterna-
tive options but making sense of the events and conditions,
leading them to choose the first option as the most plausible
(Klein 2015). RPDM recognises mental simulation is follow-
ed by action cues; the choice that comes first does not require
deliberation, and subsequent options may or may not be con-
sidered. The model implies familiar situations. We argue that
merely seeking more information and reassessing the situation
(as shown in the model) cannot guarantee a situation will
become familiar. Therefore, we support the proposition that
RPDM is more suitable for modelling familiar events of ma-
chine abnormalities, handled by human experts.

Fig. 5 A recognition-primed de-
cision-making model (Klein
1993)
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5.4 Skilled intuition

Intuition is usually defined as the capability to act or decide
appropriately without deliberately and consciously balancing
alternatives, without following a certain rule or routine and,
possibly, without awareness (Kahneman and Klein 2009).
There are two types of intuitive abilities: the first type enables
people to jump to a decision on action based on expertise
gained through domain expertise (skilled intuition); the sec-
ond is a heuristics bias (e.g. Kahneman and Klein 2009;
Mishra 2018). The central goal of the studies on naturalistic
decision-making has been to explicate intuition by
recognising the role of cues used by experts to make their
judgments, whilst acknowledging that those cues are difficult
for the expert to articulate. Despite the long debate, Kahneman
and Klein (2009) Bfail to disagree^ that skilled intuition will
only develop in an environment of sufficient regularity. We
discuss heuristics bias in the next section; here, we focus on
skilled intuition.

Pirsig (1974) notes Beach machine has its own, unique
personality which probably could be defined as the intuitive
sum total of everything the user know and feel about it^. The
concept of machine personality reflects humans’ natural abil-
ity to concurrently apply their senses to identify, track and
interpret different signals to provide useful descriptions of
machine behaviour. A person affected by the operating envi-
ronment can often Bfeel^ the condition of a machine in a
manner that may remain tacit to the individual (Amadi-
Echendu and Smidt 2015). A methodology developed to as-
sess the significance of human sensors shows that sight, touch
and sound can assist abnormality detection (Illankoon et al.
2016); since these abilities are mostly subtle, they use cogni-
tive task analysis techniques to uncover them. The existence
of intuitive cognition has important implications for how hu-
man cognition and its interaction with computers are
concep tua l i s ed , cha r a c t e r i s ed and unde r s t ood
(Patterson et al. 2010). This can provide a foundation for the
concept of an intuitive user interface (Baerentsen 2000) which
is immediately understandable to all users, without the need
for special knowledge by the user or for the initiation of spe-
cial educational measures. There is also an increasing interest
in modelling human-like intuition (e.g. Tao and He 2009;
Dundas and Chik 2011; Mishra 2018).

Eraut (2000) identifies intuition as not only pattern recog-
nition but also rapid responses to developing situations based
on the tacit application of tacit rules. They may not be explicit
or are unable to be justified; their distinctive feature is that
they are tacit at the moment of use. Polanyi developed the
concept of tacit knowledge as part of a problematic directed
at a philosophic conception of science and scientific theorising
(Mooradian 2005). Polanyi (1962) distinguishes subsidiary
and focal awareness; he notes: BOur subsidiary awareness of
tools and probes can be regarded now as the act of making

them form a part of our own body. We pour ourselves out into
them and assimilate them as parts of our own existence. We
accept them existentially by dwelling in them^ (see Polanyi
(1962) for classic examples of skilfully using a hammer and
playing piano). Authors (e.g. Brown and Duguid 1998;
McAdam et al. 2007; Wellman 2009) say tacit knowledge is
hard to communicate and define and subconsciously under-
stood and applied; they recognise it as a valuable source of
knowledge for an organisation (Nonaka 1994).

Although information derived from sensors is commonly
accepted in condition assessment, the characterisation provid-
ed by such information can be suboptimal (see, e.g. Amadi-
Echendu and Smidt 2015). With the high levels of uncertainty
prevailing in industries, such as underground mining, the rel-
evance of operator experiential knowledge of specific condi-
tions remains significant. Human operators can prevent disas-
trous outcomes during non-routine critical events (Overgard
et al. 2015). In a study of critical events in maritime opera-
tions, event trees of three-level SA show that only in a few
incidents were operators certain of cues, but they still
projected the incident before it happened. The operators said
they neither identified a base event nor understood the prob-
lem, yet were able to understand that something was wrong
and successfully resolved the situation (Overgard et al. 2015).
The notion of using an individual’s experience, feelings or
intuition is often treated with suspicion, and sometimes
rejected (Amadi-Echendu and Smidt 2015). Some studies sug-
gest augmenting tacit knowledge with information derived
from physical parameters to enhance the cognition of an ab-
normal condition (e.g. Griffiths 2009; Botelho et al. 2014;
Dudek and Patalas-Maliszewska 2016). However, these stud-
ies also point out that the intuitive cognition of an abnormal
condition comprises a measure of personal interpretation and
understanding relative to the operating environment. Implicit
learning involves the largely unconscious learning of dynamic
statistical patterns and features, and this leads to the develop-
ment of tacit knowledge (Patterson et al. 2010). Cognitive
psychologists discuss the similarities between the implicit pro-
cessing of tacit knowledge and intuition (e.g. Hodgkinson
et al. 2008). We explore these relations in following sections.

5.5 Implicit learning and retrieval

Whilst appreciating the notions of SA, situation assessment
and sense-making, some authors (Croft et al. 2004; Durso and
Sethumadhavan 2008) believe understanding the implicit
components of SA can help describe performance. Much of
the literature associates implicit awareness with two major
concepts. Firstly, learning is implicit when we acquire new
information without intending to do so, and in such a way that
the resulting knowledge is difficult to express (Berry and
Dienes 1993). It can be characterised as a natural occurrence
when an organism attends to a structured stimulus in the
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absence of conscious attempts to learn and the unconscious
holding of resulting new knowledge (Reber 1993).
Conversely, explicit learning is a conscious hypothesis-
driven process that is employed when learning how to solve
a problem (Cleeremans et al. 1998, Stadler and Frensch 1998).
Secondly, implicit memory is the non-intentional, none con-
scious retrieval of previously acquired information and is
demonstrated by the performance of tasks that do not require
conscious relocation of past experience (Schacter 1987). This
form of memory is different from explicit memory, or the
conscious intentional recollection of past experience. Studies
of artificial grammar learning and sequence learning find par-
ticipants can perform tasks above a chance level but are sub-
sequently unable to report the underlying rules (e.g. Darryl
et al. 2004). The literature on implicit memory engagement
during human-machine interactions includes both real-life
events and laboratory experiments with novice subjects.
These studies highlight the relevance of implicit learning
and memory in many domains, increasing confidence in im-
plicit knowledge as a generalisable construct regarding the
learning about and responding to machine abnormalities.

A recent study (Lo et al. 2016) finds inconsistent correla-
tions between three-level SA measured using the situation
awareness global assessment technique (SAGAT) (Endsley
1988) and the performance of expert operators in unplanned
train stoppages. The results suggest expert operators can have
high level SA, even when they do not have complete or accu-
rate level 1 SA. In fact, Endsley (2004) suggests that higher
levels of SA (level 2 and level 3) can drive the search for and
acquisition of level 1 SA, implying the preference to be ex-
plicitly aware of the cues perceived, their meanings and the
immediate future status (SA of three-levels). This claim and
related SAGAT method can be constrained by the presence of
inconsistent correlations between SAGAT scores and the ac-
tual performance. Final performance can be affected by fac-
tors other than the SA (Endsley 1995). However, improved
performance despite weak awareness (indicated through
SAGAT score) is not explainable through this claim.
Endsley (2015) justifies the attempt to measure various ele-
ments using SAGAT as more pragmatic, without trying to
assess the linkages between them, because linkages are gen-
erally determined through deeply imbedded mental models
and schema (Nisbett and Wilson 1977), causing very difficult
articulation.

A laboratory study (Gardner et al. 2010) finds implicit fault
diagnostic knowledge, as the actual task performance, exceeds
the knowledge level displayed in responses to a questionnaire.
Although the participants’ operators usually have a good un-
derstanding of the faults they encounter, they seem unable to
articulate that knowledge. Studies on the type of knowledge
acquired by operators of complex systems point to Bmental
models^ of the systems’ behaviour. Operators’ knowledge of
the components and their interrelationships may be organised

on different levels of detail, called Blattices^, and Moray
(1990) suggests that at certain levels, these lattices may differ
considerably from the actual system and may even constitute
wrong knowledge. In a recent study by Gugliotta et al. (2017),
drivers are shown video clips ending with a hazardous situa-
tion. Drivers are more accurate in answering a question asking
what they would do in a similar situation, than they are in
answering a question on their awareness of what the hazard
is, where it is located and what happens next. As Wickens
et al. (2015) say, SA Bneed not be based on conscious
awareness^. However, a car accident is a life-threatening
event; as such, in the participants’ responses, we see some
influence of the evolved capacities of the human brain (instead
of implicit learning), something we discuss in the next section.
In a study using a unique method involving factor analysis,
Gutzwiller and Clegg (2012) find no relationship between
working memory and recognition, but they do find a clearer
relationship of working memory with higher levels of SA (e.g.
projection).

Fraher’s (2011) case study of US airways flight 1549 is
inspired by the research methods used in leadership, organisa-
tion and management studies of disaster. The pilot who landed
the aircraft in the Hudson River says, BEverything I had done in
my career had in some way been a preparation for that
moment^. The case has been widely studied for the challenges
of responding to a sudden crisis involving intense pressure and
significant uncertainty, focusing on implicit cognition as a cen-
tral concept (e.g. Farley 2016). It provides insight into a
decision-making process that necessitated considerable impro-
visation but that also relied on experience and preparedness
(Weeks 2012). A number of implicit cues were heeded by the
captain; for example, he felt vibrations, could smell a Bcooked
bird^, felt Ba dramatic loss of thrust^ (Fraher’s 2011) and was
aware of the silence of both aircraft engines. The Bdesign for
intuition^ will not only make interfaces intuitive but will pro-
vide opportunities for humans to implicitly learn how systems
behave (Illankoon 2018). In sum, evidence of these studies
shows an implicit awareness of abnormal machine behaviours.

5.6 Fast and frugal heuristics

Heuristics is considered a simple procedure to find an ade-
quate, though often imperfect answer to a difficult question
(Simon 1987; Gigerenzer and Todd 1999; Gladwell’s 2005;
Kahneman 2011). In fact, skilled intuition and heuristics are
both automatic, arising effortlessly and often coming to mind
without immediate justification. However, they have distinct
features from each other. Sources of heuristics include indi-
vidual learning, social learning and phylogenetic learning
(Gigerenzer et al. 2008). These are, in turn, based on evolved
capacities of the brain and environmental structures
(Gigerenzer 2007; Järvilehto 2015). Skilled intuition, unlike
heuristics, is driven by ontogenetic processes linked to
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previous experience and expertise (Klein 2000; Gladwell 2005;
Gigerenzer 2007; Dane and Pratt 2007; Kahneman and Klein
2009; Kahneman 2011). Intuitive judgments arising from expe-
rience and skills are the province of naturalistic decision-
making (NDM), but heuristic bias is mainly concerned with
intuitive judgments based on simplified heuristics, not specific
experience (Kahnman and Klein 2009). Heuristic bias comes
into play when the heuristics match the underlying statistical
features of the situation (Klein 2015). Gigerenzer (2007) as-
sumes gut feelings produced by heuristics or rules of thumb
are common to all humans and produced by our environment,
but Klein states recognition-priming picks up complex strate-
gies of action based on prior experience and expertise.
Generally, heuristic bias is considered less accurate and more
prone to systematic errors, but those working in the area of fast
and frugal heuristics (FFH) see heuristics as having both posi-
tive and negative aspects (Gigerenzer and Todd 1999). Some
researchers claim simple heuristics might even outperform
complex and deliberate algorithms, as it can enable both living
organisms and intelligent systems to make smart choices quick-
ly with minimum information.

Three aspects of heuristics employed in judgements under
uncertainty (Tversky and Kahneman 1974) are frequently men-
tioned in studies on human error. Firstly, Brepresentativeness^ is
usually employed when people attempt to judge the probability
of an object or event. Secondly, Bavailability^ of instances or
scenarios is employed when people attempt to assess the fre-
quency of a class or the plausibility of a particular development.
Thirdly, Badjustment from an anchor^ is employed when people
numerically predict the availability of a relevant value.
Somewhat differently, Murata et al. (2015) classifies heuristics
as representativeness, availability and confirmation (affect).
Acknowledging the rather confusing terminologies, Peon et al.
(2017) classifies heuristics and judgemental biases to five main
categories: availability, representativeness, affect, familiarity
and excessive optimism and overconfidence.

Closer inspection of human errors during abnormal ma-
chine behaviours suggests an association with heuristics.
Murata et al. (2015) demonstrate how heuristic-based biases
contribute to distorted decision-making and eventually be-
come the main cause of disasters. Their analysis of the Three
Mile Island nuclear power plant disaster concludes that the
incident is possibly related to confirmation bias. Operators
believed that the closed valve of an auxiliary water feeding
pump would not be the cause of any critical disaster, even
though the information was available contradicting the expec-
tation. Overall, their study suggests that we must identify
where and under what conditions these heuristic, overconfi-
dent and framing-based cognitive biases are likely to come
into play within specific man-machine interactions.

Many studies find human judgemental errors in response to
machine abnormalities, particularly form aviation sector
(Shappell and Wiegmann 2000; Schmidt et al. 2003; Krulak

2004, Rashid et al. 2013). However, challenged by the inabil-
ity to understand the cognitive mechanisms behind the judge-
ments, these studies do not extend to uncover the heuristics
behind the errors. Even though skilled intuition and heuristic
bias are different, many individuals cannot identify which
system comes into play when they employ automatic thinking
(Kahanman and Klien 2009). The problem with gut feelings is
that many other things appear suddenly in our minds with
similar clarity, and we feel like acting on them as well
(Gigerenzer 2007). Challenged by the same reason, not many
studies approach to uncover the potentials of human judge-
ments with respect to machine abnormalities. In fact, this chal-
lenge poses some important avenues for future research.

On the other hand, there is an increasing interest for
heuristics-based-intelligent systems for machine abnormality
detection, despite the fact that the computational models of
heuristics often have explicit rules for searches (e.g.
Marewski et al. 2010; Parpart 2017). However, these heuris-
tics pose an important question; an abnormality detected by
heuristics based intelligent system could not necessarily asso-
ciate with a fault. A data instance might be a contextual anom-
aly in a given context, but an identical data instance could be
reflected as regular in a different context (Galar et al. 2015).
Notably, this can lead human (driven by human heuristics) to
misinterpret an abnormal data instant essentially as a fault. On
the other hand, cry wolf syndrome (Wickens et al. 2015) can
lead human to neglect such alarm (which was faulty before),
even when a critical fault is alarmed.

Authors hold different positions about the significance of
heuristics for developing SA. In the attempt to develop the
situated SA model, Chiappe et al. (2012) suggest individuals
to incorporate external representations into their operations in
a way that increases the likelihood of successful performance
(by imposing less demand on working memory). Whilst
accepting such heuristics and reminders can help keeping up
with information, Endsley (2015) disputes that such cues do
not constitute SA nor substitute for it. Furthermore, Endsley
does not believe that cueing techniques such as heuristics can
adequately explain the sheer volume of information and the
deeper mental processing associated with higher levels of SA.

5.7 System approach to situation awareness

Distributed cognition (Norman 1993; Saloman 1993;
Hutchins 1995) is a system view of cognition. The focus is
on an ensemble of individuals and artefacts, not an individual
(Hutchins 1995). In other words, it focuses on how informa-
tion represents, transforms and distributes across individuals
and representational media. Distributed situation awareness
(DSA) (Stanton et al. 2010) is inspired by distributed cogni-
tion. It focuses on Btransactions^ (exchanges of situation
awareness between agents, not just the communication of in-
formation) between humans and artefacts to understand how a
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system undertakes tasks and what each agent is aware of at
any given point (Neville et al. 2015). This means DSA has a
socio-technical influence. Stanton et al. (2010) define DSA as
Bactivated knowledge for a specific task within a system at a
specific time by specific agents^. DSA assumes that in dis-
tributed teamwork, cognitive processes occur at a system rath-
er than an individual level.

DSA research has entered many domains, including infra-
structure development, driver training, supervisory control,
aviation accident investigation, command and control tasks
and health care. The DSA view can model collaborative pro-
cesses (between agents) and dynamic situations. Stanton
(2016) reviews several studies using the DSA approach in
laboratory-based studies, accident analysis, health care and
command and control, in dynamic domains. These studies
provide empirical support that people dynamically use infor-
mation from many environmental relationships Bbeyond
monitoring^ in fast changing situations.

RelatingDSA to cognition about abnormalmachine behav-
iour, Salmon et al. (2015, 2016) focus on Btransactions^ be-
tween system agents in the 2009 crash of an Air France Airbus
A330. The authors say the sociotechnical system (i.e. aircrew,
cockpit, aeroplane systems) Bloses^ situation awareness, not
individual operators. They develop situation awareness net-
works for different phases of the incident, showing the dy-
namic connection between many actors and highlighting the
essential connections that were missing. They identify four
classes of transaction failure that directly contributed to the
accident: absent transactions (e.g. not discussing the risk of
loss of speed information related to high-density ice crystals),
inappropriate transactions (e.g. inappropriate airspeed infor-
mation through the affected pitot tubes and cockpit displays),
incomplete transactions (e.g. discussing the sequence of
events) and misunderstood transactions (e.g. misunderstood
stall warning). The main point is that both human and non-
human agents were involved in all forms of failed transac-
tions. We see an important implication of the concept of failed
transaction for the cognition of machine abnormalities.
BFailed transactions^ enable DSA tomodel the Babnormality^
beyond the technicalities, to a level comprising of the interac-
tions between the system agents.

Sandhåland et al. (2015) study accidents during bridge op-
eration on platform supply vessels. They consider why crew
members did not coordinate situation-related information that
would have helped them prevent an accident. Their use of
DSA leads them to suggest contingency planning is an indi-
vidual activity. They note a limited use of standardised com-
munication during transfers of command in real-life incidents,
and they identify non-essential conversations as distractions
and interruptions. They view a socially constructed world, but
not entirely so, as in reality, social structures can be dominated
by individual activities. They suggest promoting planning as a
team activity, setting up closed-loop communications and

managing interruptions to avoid impaired attention. Whilst
accommodating the notion of distributed awareness, this study
invites further inquiry to determine the reality of social
connections.

SA (three-level) and DSA seem to be in competition.
Firstly, the DSA claims that it does not matter if the individual
human agents do not know everything, provided that the sys-
tem has the information, which enables the system to perform
effectively (Hutchins 1995). In this understanding, humans
(and other actors) simply receive information, making them
somewhat passive participants. In contrast, three-level SA
stresses the active involvement of operators and their need to
seek information (Endsley 1995). Endsley (2015) says it is not
enough that information is out there somewhere if the person
who needs it is not aware of it. In many cases, if the informa-
tion is not known by the person who needs it, a significant
performance problem or accident is the result. Secondly, DSA
says that by focusing solely on the individual mind or solely
on the environment, SA misses much in socio-technical sys-
tems. However, Endsley (2015) does not recognise the data
residing in a report or a display or an electronic system as
Bsituation awareness^, as inanimate objects do not have
Bawareness^. Endsley (2015) refers to studies on social as-
pects within the scope of the three-level SA model. Finally,
SA has the ability to address a broader spectrum of cognition,
and Endsley (2015) identifies the importance of the implicit
nature of cues associated with socio-technical aspects: BDSA
does not account for much of SA that occurs silently—view-
ing, listening, and perceiving within the workspace without
observable or explicit communications or interactions^.

Stanton et al. (2010) propose a resolution to the discussion:
The resolution that is proposed is that viewing SA Bin-mind^,
Bin-world^ or Bin-interaction^ is a declaration of the boundaries
that are applied to the analysis; this is not to say that one position
is necessarily right or wrong, rather those boundaries are de-
clared openly in the analysis^. In our view, SA and DSA take
rather extreme positions at times, but the core idea converges to
the same thing. Their claims can actually meet, once it is accept-
ed that information can be held and processed by non-human
actors; what is important is that humans realise what is happen-
ing during critical situations, when intervention is needed.

However, we agree with the more convincing contrast be-
tween SA and DSA concept with respect to acknowledging
the implicit cues. In fact, whilst SA attempts to appreciate
wide range of human cognition concepts between deliberation
and NDM, prime focus of DSA is to model awareness at the
system level, beyond human actors. Therefore, we recognise
the future research opportunities to model the cognition of
abnormal machine behaviour using a synergised approach
along two dimensions: multiple cognition concepts among
multiple levels of agents.

Along somewhat similar lines to DSA, Masys (2005) uses
the Actor Network Theory (ANT) (Latour 1987) in the case
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study of the mid-air collision of two planes over Uberlingen,
Germany in 2002. This study interprets SA as Ba systemic
attribute, a construct resident within a network of heteroge-
neous elements^. However, we exclude consideration of ANT
in this study due to two reasons. Firstly, the available studies
(e.g. Masys 2005: Somerville 1997; Cresswell et al. 2010:
Nguyen et al. 2015) based on ANT are not essentially about
the cognition of machine abnormalities. Secondly, ANT is
challenged by critics who say the approach is too descriptive
and fails to provide detailed suggestions of how actors should
be seen and their actions analysed and interpreted
(Cresswell et al. 2010).

6 The cognitive continuum of abnormal
machine behaviour

In the above sections, we critically assess the literature on
cognition concepts and the empirical evidence of abnormal
machine behaviour, comparing the various views to those of
the three-level SA model-our selected theoretical framework.
We now focus on how these concepts apply to a continuum
specific to the cognition of abnormal machine behaviour. To
this end, we apply our insights to four main themes. First, we
choose the theme Bposition on rationality^ to compare differ-
ent SA propositions to experiential/rational (Epstein 1994)
dual processing. Second, we select the theme Bposition on
autonomous processing of typical events^ to compare differ-
ent SA propositions to autonomous/algorithmic mind theory
(Dennett’s 1996). Third, we choose the theme Bposition on
holistic environment^ to compare different SA propositions
to holistic/analytic (Nisbett et al. 2001). Fourth and finally, we
choose the theme Bposition on type of cues perceived and use
of memory^ to compare different SA propositions to implicit/
explicit dual processing (Evans and Over 1996).

We do not use the themes to compare different SA propo-
sitions with those of heuristic/analytic (Evans 1984) or
heuristic/systematic (Chen and Chaiken 1999) theory because
we see heuristics itself as a proposition, so the discussion
would be obvious. Nor do we use the themes to compare SA
propositions to general dual processing dichotomies, system
1/system 2, C-system–X-system and type 1–type 2. As we
want to suggest a specific labelling for types of cognition of
abnormal machine behaviour, we purposefully avoid a discus-
sion of general classifications.

6.1 Positions on rationality

Epstein (1994) in his experiential/rational dual processing the-
ory refers those in the rational system as beliefs and those in
the experiential system as implicit beliefs or, alternatively, as
schemata. He assumes the experiential system to be intimately
associated with the experience of affect, including vibes,

which refer to subtle feelings of which people are often un-
aware. Some authors (e.g. Dekker and Lutzhöfts 2004) say
three-level SA has a hidden assumption, namely that Bpeople
can be perfectly rational in considering what is important to
look at and can be perfectly aware of what is going on^. They
argue that SA theories aim to understand the world by refer-
ring to ideals or normative standards that describe optimal
strategies. They favour a radical empirical view and reject
the notion of separate mental and material worlds (i.e. a men-
tal model vs the real world). As Lo et al. (2016) point out,
many studies support the notion of bounded rationality
(Simon 1957) associated with SA in reality. These studies
acknowledge the cognitive limitations of sensory inputs, com-
putational powers and situational circumstances.

The sociotechnical and system views can accommodate a
more pragmatic view, taking the cognitive limitations of
humans into account by considering distributed cognition
abilities. Cognition maps and their dynamics used in DSA
suggest a systematic approach to trace the transactions be-
tween these distributions. Sense-making, by definition, ac-
cepts pre-rational meanings. Likewise, RPDM’s preference
for first choice and the argument that experts will not even
subconsciously consider alternatives, raise questions of ratio-
nality, despite their apparent effectiveness. Personal knowl-
edge (Polanyi 1962) that is embedded in tacit knowing can
hardly be considered rational. The inability to understand the
underlying cognitive mechanisms of heuristics is closely re-
lated to implicit beliefs and may offer the least rational solu-
tion out of the concepts discussed.

To sum up, different SA propositions about the abnormal
machine behaviour vary in how they approach rationality. On
the one hand, three-level SA has been criticised for its appar-
ently perfect rationality; on the other hand, heuristics seems to
be the least rational. With respect to the rational/experiential
dichotomy, each proposition can be placed close to one of the
poles. DSA traces clear evidence for transactions among ac-
tors, suggesting a rational presence of them. Three-level SA
can accommodate deliberate detection, diagnosis and progno-
sis in novel experimental situations; although it refers to sche-
mata, implicit nature is warned. RPDM’s mental simulations
can, to a certain degree, address experimental efforts pulling it
towards the rational end. Other propositions are not associated
with the Brational^ pole of dual cognition and associate more
with the experiential pole.

6.2 Positions on the autonomous processing of typical
events

This section compares different SA propositions about ma-
chine abnormalities to autonomous/algorithmic mind theory
(Dennett’s 1996). The algorithmic mind provides the essential
computational machinery, particularly the ability to decouple
suppositions from beliefs and engage in hypothetical thinking
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(Evans and Stanovich 2013). Three-level SA model accom-
modates both typical and novel situations (and novices). It
considers both deliberate and automatic pattern matching
(Endsley 2015).

Three-level SA model covers automaticity. With automa-
ticity, a person can perform highly practised procedures with-
out deliberate attention and handle dynamic situations such as
driving a car (Anderson 1982). Automaticity may reduce de-
mands on limited attention resources; however, it can reduce
responsiveness to novel stimuli (Endsley and Garland 2000).
Three-level SA model warns automaticity, so it can hardly be
positioned at or close to the autonomous pole. The definition
of algorithmic Bability to decouple suppositions from beliefs
and engage in hypothetical thinking^ suggests algorithmic as
a more suitable pole for three-level SA. Therefore, we suggest
that three-level SA can accommodate algorithmic mind in
novel situations, or for novices.

Some authors (e.g. Hogarth 2001; Kahneman and Klein
2009) argue that intuition can only be trusted if it reflects re-
peated experience in environments with reliable feedback. Yet,
they say intuition does not require the kind of precise repetitions
needed for automaticity; it simply requires sufficient repetition
to synthesise patterns and prototypes. Therefore, we agree with
Harteis and Billett (2013) when they say, BUnderstanding what
constitutes intuition goes beyond the accounts of highly prac-
tised routine procedures applied automatically .̂ We refer here
to Polanyi; whilst the skilful use of hammer and piano requires
the Bsubsidiary awareness^ of skilled intuition, such an action
as riding a bicycle belongs in the automaticity group. However,
all can be seen as tacit actions. The point is that although three-
level SA model covers Bautomaticity ,̂ it does not explicitly
address Bintuition^.

Based on the empirical evidence, we recognise the ability
of implicit learning and retrieval to dominate time critical
events, even with less typical incidents. For example, the pilot
who landed on Hudson River (NTSB/AAR-10/03 Accident
Report) had not been exposed to multiple instances of the
experiences for which he implicitly developed effective re-
sponses, so we distinguish implicit learning and retrieval from
automaticity. RPDM is tied up with suppositions of typical
events, so it does not carry features of algorithmic mind.
Heuristics autonomously handle less typical events, at least
those atypical during the lifetime of a human being.
Although the deliberation associated with sense-making puts
it away from autonomous mind, no evidence supports it to-
wards algorithmic; we exclude sense-making from this com-
parison. The empirical evidence suggests DSA has the ability
to study atypical events such as accidents. Although the
awareness may be distributed to autonomous systems, the
DSA prefers transactions those are decoupled from supposi-
tions. This puts DSA much closer to algorithmic mind.

In sum, the SA propositions about machine abnormalities
associate with the autonomous quality to different degrees,

depending on the typicality or non-typicality of the events.
However, none of the concepts shows a connection to algo-
rithmic mind, except for DSA and three-level SA. We do not
find suitable claims for sense-making to compare against the
notion of autonomous and algorithmic mind.

6.3 Position on the holistic environment

This section compares different SA propositions about ma-
chine abnormalities to holistic-analytic notion by Nisbett
et al. (2001) who define holistic thought as Binvolving an
orientation to the context or field as a whole, including atten-
tion to relationships between a focal object and the field, and a
preference for explaining and predicting events on the basis of
such relationships^. To different degrees, all the concepts
discussed support a holistic picture. Three-level SA holds that
comprehending the significance of objects and events forms a
holistic picture of the environment. This is followed by per-
ceiving those elements in the environment within the holistic
form itself. We acknowledge the value of SA for remote sys-
tems, as these often require the perception of elements in the
environment (alarms, gauges), not just a holistic perception.
Same applies for awareness of novices or during novel condi-
tions. Therefore, the deliberated awareness covered by the
three-level SA model can accommodate for analytic thinking
to a certain degree, although its roots go to NDM. However,
levels are often tightly integrated (Endsley 2015), and the
three-level SA can perceive the larger holistic environment.
In addition, various sociotechnical factors are associated with
SA (Endsley 2015).

BSense-making^ offers the opportunity to perceive mean-
ingful wholes instead of elements. A plausible story has value,
priority and clarity, implying the realisation of a holistic envi-
ronment. RPDM is holistic as it identifies Brecognition^ as the
totality of relevant cues, plausible goals, expectancies and
action cues. Skilled intuition is also associated with the use
of patterns without the need to decompose them into compo-
nents. However, the concept of subsidiary awareness (related
to skilled intuition) seems to include a limited number of cues,
although those cues can be implicit. Meanwhile, implicit
learning and retrieval focus on the relevant cues, but the con-
cept demands extensive experience in the discipline, not nec-
essarily experience of a specific act. This can be seen as con-
nected with holistic experience in the discipline, not just au-
tomaticity. Despite connections with evolved capacities of the
brain, heuristics seems to be accompanied by a narrow focus
(e.g. bias to representativeness). Therefore, we suggest heu-
ristics do not belong in the holistic camp, neither to analytical.
Finally, the sociotechnical and system views of DSA can de-
fine it as holistic.

In short, the three-level SA proposition can accommodate a
wide range of cognition of machine abnormalities, between
analytic and holistic. We do not find enough claims for
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heuristics to compare with the notion of holistic to analytic.
Rest of the propositions carry the features of holistic thinking.

6.4 Position on type of information perceived and use
of memory for processing it

This section compares SA propositions to implicit/explicit
dual processing (Evans and Over 1996) notion. The preceding
review of theoretical perspectives and empirical evidence
shows the ability of the SA concept to include many modes
of cognition along a continuum of explicit-implicit.
Endsley and Garland (2000) notes the role of subtle cues that
are registered subconsciously and suggests new technologies
should consider possible interference from them. SA interven-
tions also recommend exploring the degree to which multiple
modalities can be used to increase throughput (Endsley and
Jones 2011). With the move towards remote operations, a
major challenge will be to compensate for these cues
(Endsley et al. 1996).

Endsley (2015) does not suggest people need to incorpo-
rate all information into their situation representation; rather,
they should incorporate information relevant to their model of
what is happening. The three-level SA model states that
higher levels of SA can drive the search for and acquisition
of level 1 SA, when these levels are deficient (Endsley 2004).
Endsley (2015) stresses experts should accommodate various
meanings of the environment when they are using SA. The
use of the Goal Directed Task Analysis (GDTA) technique
(Endsley and Jones 2011) often reveals a comprehensive list
of elements in the environment that need attention. Whilst
such information is of enormous value, it is questionable
whether even experts can express the elements they use, un-
less the technique accepts and enables a deeper analysis of all
information that arrives either explicitly or implicitly.

Endsley (2015) says, BBased on knowledge of Level 1
elements, particularly when put together to form patterns with
the other elements (gestalt), the decision maker forms a holis-
tic picture of the environment, comprehending the signifi-
cance of objects and events^. This implies Bcomprehension^
is the meaningful integration of disparate data taken in from
the environment at level 1, filtered through the relevant goals.
Such knowledge at level 1 about elements in the environment
seems related to working memory. Some studies (Gutzwiller
and Clegg 2012) find level 1 SA has no relationship with
working memory (but positive relationships with levels 2
and 3 SA). Showing alignment with these results, the three-
level SA model points out that experienced operators’ SA is
not constrained by working memory, but draws on long-term
memory as well. People can have higher level SA, even when
they do not have complete or accurate level 1 SA (Endsley
2004). SA researchers recommend that design efforts should
consider the full range of options available for keeping the
human operator informed; recommendations such as

information salience, transparency and understandability
(Endsley 2018) all point to explicit awareness.

The three-level SA model has been criticised over the
years, but recent work has deflected much of the criticism.
Some authors (e.g. Stanton et al. 2010) criticise the apparent
linearity and logical sequence of the three-level SA. Much of
the criticism, including the accusation of linearity, has been
defended. For example, dynamic switching between goal-
driven and data-driven processing is recognised as important
in many environments (Endsley 1995); so, the levels are not
linear stages. Endsley (2003, 2015) also says three-level SA is
a general description to aid thinking about SA, and definitive-
ly categorising an SA requirement into a particular level is not
possible. More specifically, the three-level SA model de-
mands a Bstate of knowledge^ comprising three levels: per-
ception, comprehension and projection. The state of knowl-
edge is the product of situation assessment (Endsley and
Garland 2000; Endsley 2015), and this particular SA concept
contradicts the apparent linearity and the misrepresentations
of SA as a sequential process.

In sum, whilst the three-level SA model recognises both
explicit and implicit cues about the environment (i.e. abnor-
mal machine behaviour), it insists their explicit presence is
required to form a state of knowledge about the situation.
Furthermore, to aid performance, knowledge must be explicit
on all three levels. With this, we can formulate an ontological
question: precisely how explicit is this state of knowledge?
Implicit learning and retrieval are recognised as abstract, so
representing this implicit knowledge as explicit is question-
able. For example, the findings of some empirical studies (e.g.
Overgard et al. 2015) on the absence of perception of cues
(level 1 awareness), despite successful handling of critical
events, do not fit these claims.

We will now consider what other concepts have to say
about the type of information perceived and the use of work-
ing memory to process it. Sense-making claims it does not
simply need Bmore information^; rather, it prefers values, pri-
orities and clarity. Further, the development of a Bgood story ,̂
to a great extent, implies deliberate mental effort. However,
the Bplausibility^ of the story implies that a fully explicit
knowledge of the situation is not required for sense-making.
Although RPDM does not requisite a sequential flow or alter-
native options, we argue that mental simulation followed by
recognition requires working memory. However, RPDM does
not claim for deliberate efforts to formulate an explicit under-
standing about the situation. Interestingly, the concept of
Bsubsidiary awareness^ in skilled intuition is dissociated from
deliberation (think of Polanyi’s examples of the skilful use of
hammer and playing the piano). However, we doubt whether
such operations be fully exempted from the need for working
memory. At an opposite extreme, heuristics, as the term Bfast
and frugal^ implies, demands the least memory resources and
underlying cognitive processes remain largely unknown. DSA
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is clear in its definition of Bactivated knowledge for a specific
task within a system at a specific time by specific agents^.
With the ability tomap the cognition distributed among actors,
the relationships can be seen explicitly.

In sum, the three-level SA model can handle both implicit
and explicit cues and demands explicit presence in the state of
knowledge. DSA demands explicit presence of transactions be-
tween agents. Other propositions have different abilities to han-
dle explicit and implicit information. They also have quite dif-
ferent positions on the use of working memory to process infor-
mation. Having examined the different propositions, we have a
better understanding of the degree to which they align with
dual-process theories. In other words, we can now argue for a
domain-specific cognitive continuum. This is the next step.

7 Tackling the classification of cognition

Our comparison of propositions uses four dual-system classi-
fications. As explained above, experiential/rational,
autonomous/algorithmic and holistic/analytic dual processors
cannot accommodate the wide range of propositions discussed
here. The propositions show strong bias towards one of the
pole, instead of forming a continuum. Furthermore, some of
the dual processors could not accommodate sense-making (by
autonomous/algorithmic) and heuristics (by holistic/analytic)
at all. Concurrently, our exploration of the system 1-system 2
regarding the cognition about machine abnormalities directs
us towards an implicit-explicit conjunction. The significance
of multiple stances in learning about machine abnormalities
confirms that we should not disregard any of the propositions
when they are compared with the implicit/explicit cognition.

The stress on the explicit (and implicit) nature of awareness
suggests the poles for the cognition continuum about the ma-
chine abnormalities: DSA on the explicit end and heuristics on
the implicit end. Having determined the classification for the
poles, we must now arrange rest of the propositions between
the two poles. In the preceding Section 6.4, we argued that the
implicit nature of the information handled and the implicit
nature of the underlying mental processing increases

gradually from the DAS to heuristics, through three-level
SA, sense-making, RPDM, skilled intuition and implicit
learning and retrieval. To strengthen our argument, we sum-
marise and justify this order again:

& DSA: accepts awareness among the actors, but demands
explicit presence of them and explicit transactions be-
tween them during an abnormality, thus positioned at the
explicit pole. In fact, it is one of the criticisms made by the
three-level SA camp;

& Three-level SA: recognises both explicit and implicit cues
about machine abnormalities, but stresses explicit pres-
ence as awareness;

& Sense-making: presence of explicit cues about machine
abnormalities through deliberate efforts, but the explicit
requirement is limited to create a plausible story, thus sits
next to there-level explicit awareness;

& RPDM: no sequential flow for four aspects of recognition,
but includes mental simulation of different abnormal ma-
chine behaviour scenarios, suggesting some level of ex-
plicit awareness;

& Skilled intuition: perceived cues about the abnormal ma-
chine behaviour are not certain, remains personal and un-
verbalised; however, activities with subsidiary awareness
seems to demand some level of working memory;

& Implicit learning and retrieval: perceived cues show no
relation to working memory, non-intentional learning
and retrieval about machine abnormalities without
deliberation;

& Heuristics: highly implicit thus the underlying cognitive
mechanism remains unknown, highly vulnerable for bias
about the machine abnormalities

Ultimately, they form a continuum between explicit and
implicit cognition (see Fig. 6). The need to shift from system
1-system 2 to implicit-explicit exploration is noted by critics
who say the proliferation of dual-process theories and labels is
confusing and that many distinctions are hard to pin down
when examined closely (Evans and Stanovich 2013). In con-
clusion, we suggest human cognition of machine

20 Hum.-Intell. Syst. Integr. (2019) 1:3–26

Fig. 6 Continuum of human cognition of abnormal machine behaviour
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abnormalities fits best into a continuum, with explicit cogni-
tion at one end and implicit cognition at the other.

8 Tackling the degree of separateness
on the continuum

We have not tackled the issue of degree of separateness on the
continuum yet. Our third objective is to recommend a theoret-
ical approach to represent a cognition concept on the contin-
uum, one that will accommodate the human cognition of ab-
normal machine behaviour. It must consider the degree of
separateness, the nature of the task and individual character-
istics. Although we used the term Bmodes^, implying clearer
boundaries between different propositions, our analysis shows
that they often overlap. Therefore, it is not always pragmatic
to pinpoint a mode as the exact underlying concept of an event
with respect to human’s cognitive processes when dealing
with abnormal machine behaviour. It demands a proper guid-
ance to determine the degree of separateness on the
continuum.

Our study presents a collection of characteristics pertaining
to different propositions along various duel cognition theories.
This characterisation is a result of argumentation against the
rationality, typicality, automaticity, holistic view and the use of
memory. We qualitatively weigh them and assign in certain
orders. In addition, our discussion of empirical evidence pro-
vides hints about the nature of a respective abnormal machine
behaviour. This characterisation provides a wealth of informa-
tion to compare the characteristics of a certain event with.
Although within the explicit-implicit continuum, we keep rest
of the dual cognition theories in this guideline of characteris-
tics. Those do not conflict with the position on the explicit-
implicit continuum, instead, those can provide multiple num-
ber of characteristics to compare with. Therefore, we suggest
that, this characterisation can assist in tracing a cognition con-
cept of a certain abnormal machine behaviour, on the explicit-
implicit continuum. An event containing a characteristic,
which overlapping modes, can be analysed by comparing
some more characteristics. The composite nature of the char-
acterisation can help to trace a respective cognitionmode of an
abnormal machine behaviour, even with limited information.
Moreover, evidence about the merger of different cognition
modes would be disclosed as more and more characteristics
are compared. The guiding characteristics are tabulated in
Table 1.

We identify the limitation of the characterisation with re-
spect to heuristics. The model would not direct to a respective
undying cognition concept such as representativeness and
availability. What it can do best is to aid making a conclusion
as a heuristic. We also identify future opportunities to explore
the underlying cognition concepts behind heuristics of abnor-
mal machine behaviour.

9 Conclusions

In this study, we show that empirical studies offer competing
propositions on the cognition of machine abnormalities. We dis-
cuss the potential of different cognition modes to address routine
or non-routine events under time pressure, in a broader context.
Our exploration of the human cognition ofmachine abnormalities
leads us to favour an implicit-explicit continuum rather than the
general system1-system 2. There are different cognitive demands
for the three levels of detection, diagnosis and prognosis provid-
ing the foundation for a continuum of explicit-implicit cognition.

In reference to our hypothesis, we conclude that whilst the
three-level SAmodel can accommodate wide range of concepts
from implicit to explicit, the focus of three-level SA theory is on
modelling the awareness that is part of explicit cognition. The
three-level SA model shows gaps when attempting to model
cognition about abnormal machine behaviour along the contin-
uum towards the implicit end, despite its proven strengths at the
explicit end. The DSA and three-level SA are positioned close
to the explicit pole, and degree of explicitness reduces as it
reaches Bheuristics^ which is on the implicit end.

In this study, we recognise the opportunities for leveraging
the potential of less well-understood phenomena of system 1-
system 2 cognition in the domain of cognition of abnormal
machine behaviour. In this sense, the implications of this study
are threefold. Firstly, understanding how humans utilise differ-
ent cognition modes of abnormal machine behaviour to support
design efforts for safe and reliable systems. Secondly, model-
ling how humans naturally and successfully respond to abnor-
mal machine behaviour supports the advancement of cognitive
computing, including attempts to model and replicate natural-
istic decision-making. Finally, the understanding gained by the
model supports the newwave of human-machine collaboration.
The major point is the need to support the cognition collabora-
tion of human and intelligent systems, by providing a better
understanding of the different cognition modes employed by
humans when they interact with machines.
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ABSTRACT Maintenance decision errors can result in very costly problems. The 4th industrial revolution 
has given new opportunities for the development of and use of Intelligent Decision Support Systems. With 
these technological advancements, key concerns focus on gaining a better understanding of the linkage 
between the technicians’ knowledge and the Intelligent Decision Support Systems. The research reported in 
this study has two primary objectives. (1) to propose a theoretical model that links technicians’ knowledge 
and intelligent decision support systems, and (2) to present a use case how to apply the theoretical model. 
The foundation of the new model builds upon two main streams of study in the decision support literature: 
“distribution” of knowledge among different agents, and “collaboration” of knowledge for reaching a 
shared goal. This study resulted in the identification of two main gaps: firstly, there must be a greater focus 
upon the technicians’ knowledge; secondly, technicians need assistance to maintain their focus on the big 
picture. We used the cognitive fit theory, and the theory of distributed situation awareness to propose the 
new theoretical model called the “Distributed, Collaborative Awareness Model.” The model considers both 
explicit and implicit knowledge and accommodates the dynamic challenges involved in operational level 
maintenance. As an application of this model, we identify and recommend some technological 
developments required in augmented reality based maintenance decision support. 

INDEX TERMS Industry 4.0, Maintenance, Decision support, Situation awareness, Collaboration, 
Augmented Reality   

I. INTRODUCTION 
Erroneous maintenance decisions and their fatal 
consequences have been an ongoing concern. For example, 
maintenance decision error is a common denominator and 
appears in one form or another in nearly all aviation 
accidents [1]-[6]. The problem is that maintenance 
technicians are required to perform routine and non-routine 
complex tasks [7]-[9] with different types of equipment, 
processes, and personnel [10]-[13] under tight schedules 
[14]-[16] often with little or no feedback [17], so they have 
difficulty developing adequate mental models about the 
consequences of their work [18]. Despite the emergence of 
many new technologies, the information flow at the 
technician level is mostly limited to conversation, job task 
cards, e-mails or whiteboards [19],[20], and they have to 
deal with poorly designed interfaces, and outdated and 
confusing manuals [21]. These findings emphasize the 
importance of maintenance decision support (MDS). 

 
Maintenance actions can be seen as a combination of 

information sources, technologies, and physical tools, 
requiring maintenance data to be physically transferred 

between objects and systems [22]. The operational level 
maintenance decisions require “awareness” or knowledge 
about dynamics [23],[24] involved in system health, 
workplace safety, supporting resources, and the corporate 
requirements [18], [25]-[27]. The decision-making process 
comprises four phases: intelligence, design, choice, and 
implementation [28]. Decision support systems (DSSs) 
allow relationships, associations, and connections to be 
found within information and enable better decisions; they 
combine multiple decision-makers, including humans and 
non-humans; they differ from information systems by 
providing an interactive environment between the system 
and the decision-maker [29]-[31].  

 
Over the last two decades, various types of intelligent 

decision support systems have emerged and variously 
referred to as Active decision support, Knowledge-Based  
decision-support, and Expert Systems [32]-[38]. With the 
rise of the 4th industrial evolution (Industry 4.0) Artificial 
Intelligence (AI) based MDS increasingly learns from 
experience, make sense out of ambiguous information, deal 
with perplexing situations, recognize the relative 



 

  

importance of different elements [36] and autonomously 
provide failure predictions through data acquisition from 
sensors. Out of the four basic AI-based DSS models: 
symbiotic, expert, adaptive, and holistic [39], the latter is 
the most advanced, as it has holistic problem recognition 
and processing capabilities [40]. Progress has been made 
on digitally simulating holistic recognition [40],[41], 
however, many challenges remain in developing truly 
holistic systems [42]. Various studies make a valuable 
contribution to the understanding of the technical strengths 
of the emerging MDS. However, current studies lack a 
specific focus on the linkage between intelligent decision 
support systems and the technicians’ knowledge. 
Therefore, this study is set to assess emerging MDS for 
their linkages with the technicians’ knowledge and to 
recommend a new MDS model to bridge the gaps. 
 
II. TWO MAIN STREAMS OF MDS STUDIES 
A review conducted on DSS a decade ago [43] finds only 
one-third of the systems rely on a theoretical framework, 
and most are not explicit about how theory has guided the 
design and evaluation of the system. We have concluded 
through thorough research of the literature that two main 
streams have emerged of late in connection to DSS. Below 
are two research streams and their limitations. 

A. DECISION SUPPORT BASED ON “DISTRIBUTION”  
The distributed model of cognition [44] (see figure 1), 
which is an extension of the cognitive fit theory [45] has 
gained attention in DSS in variety of domains including 
online customer behavior [46], military affairs [47], 
business intelligence [48], financial risk assessment [49], 
and maintenance [50]. This model uses a systems view of 
cognition and focuses on developing an ensemble of 
distributed individuals and artifacts [51]-[53]. In this 
model, a cognitive task is viewed as a system of distributed 
representations, with internal and external representations 
two indispensable parts [54]. Internal representations are 
the knowledge structures in the problem solver’s head, that 
is, those that can be retrieved from memory (e.g. a set of 
symbols to accomplish a particular task, the rules that 
govern the use of those symbols, the processes for acting 
on them, mental images, etc.). External representations are 
the knowledge and structures in the environment (e.g. 
physical symbols, objects, dimensions, constraints, 
relations embedded in physical configurations, etc.). 
Internal and external representations, the task, and the 
interactions among them contribute to the mental 
representation of a task solution. In the MDS context, the 
task of understanding system behavior is influenced by the 
technician’s existing knowledge of the system (internal 
representation of the problem domain), guidance from the 
decision support system (external representation of the 
problem domain), and the task to be completed (problem-

solving task). When these three factors are known, a 
mental representation of the task solution is created. 

 

FIGURE 1. Extended cognitive fit model: the model of distributed 
cognition [44] 

B. DECISION SUPPORT BASED ON 
“COLLABORATION”  
Studies stress the opportunities for human and intelligent 
systems to collaborate, allowing humans and intelligent 
systems to learn from each other and work together to 
achieve shared goals [55]. For effective collaboration, 
MDS should ensure intelligent activities are explicable to 
the human [56], and be able to understand the human 
cognitive processes. The concept of explainable AI is 
gaining attention for its ability to fulfill the user’s 
requirement to understand what is often seen as a black-
box [57], appropriately trust [36], and effectively manage 
these systems. A cognitive interactive training 
environment can learn and improve with a human 
operator acting as a mentor for the system, and the system 
provides feedback to the human [58]. This process of 
feedback and interactions increases the efficiency of both 
the system and the human mentor and allows the human 
operator to develop trust in the system over time. A 
technology called Pi-Mind suggests a compromise 
between total human control and total AI control over 
decisions, bringing a middle layer of them [59].  
 
    In the MDS domain, intelligent systems are now 
capable of anomaly detection; however, an anomaly 
detected may not necessarily be associated with a fault; it 
could be an anomaly with no-fault or a false alarm. An 
anomaly in one given context is considered acceptable 
while in another context, even with identical data, is 
considered unacceptable [60]. Therefore, to verify an 
anomaly detected by the intelligent system, a manual 
inspection usually follows, and feedback is given to the 
system, of its accuracy [61]. Intelligent systems raise 
queries based upon the technicians’ responses [62],[63], 
combined with physical models of degradation [60], and 
allow for adaptive levels of decision support [64]-[68]. 
The Collaborative Control Theory (CCT) offers a 
collection of principles for supporting effective human-AI 
collaboration [69]: collaboration requirement planning; 



 

 

e-work parallelism; keep it simple system; conflict/error 
detection and prevention; fault tolerance by teaming; 
association/dissociation; and dynamic lines of 
collaboration and best matching.  
 
III. LIMITATIONS OF CURRENT DECISION SUPPORT  

This section discusses two major limitations we 
identified in the existing MDS and associated models.  

A. LIMITED FOCUS ON OPERATIONAL DYNAMICS 
Because distributed cognition focuses on information 
representation, transformation, and distribution across 
individuals and representational media, some see it as 
state-focused [70], whereas the alternative is a focus on 
the process [28]. The knowledge elements required by 
operational level maintenance are dynamic (see [27]), and 
the decision support model must capture and 
accommodate this. For example, performing a successful 
diagnosis of an intermittent fault state requires capturing 
its dynamic behavior; in other words, the technician 
should know what has been happening, what is 
happening, and what will happen next. Moreover, work 
routines are constantly changing due to varying business 
demands and resource availability. Various dynamics in 
the working environment can also influence the safety of 
maintenance work. Already available context-aware MDS 
consider context as “any information that can be used to 
characterize the situation of an entity; a person, place, or 
object that is considered relevant to the interaction 
between a user and an application, including the user and 
applications themselves” [71]. These systems are able to 
address the information that involves different scenarios 
based on inherent complexities, prevailing machine 
conditions, and decisions on what maintenance action is 
best. However, context awareness does not necessarily 
facilitate the technician to be aware of the dynamics 
involved in maintenance actions, and how those dynamics 
are considered in providing decision support. Therefore, 
MDS modeling should incorporate a concept that can 
accommodate not only the state but also the dynamics 
involved in maintenance actions.  

B. LIMITED FOCUS ON HUMAN PERCEPTUAL-
COGNITIVE TASKS 
Current MDS models do not enough consider human 
perceptual-cognitive tasks such as anticipation, pattern 
recall, and judgments. The mechanisms driving the 
judgments of operational level maintenance personnel 
may be associated with the knowledge that is complex, 
diverse, and local. Regardless of the generally accepted 
four phases of decision-making mentioned previously 
[28], the degree of certainty of the problem representation 
and solution can result in structured, unstructured, or 
semi-structured decisions [72]. Unstructured decisions are 
highly dependent on the preferences or experiences of the 
decision-maker. A significant part of most maintenance 
processes is relatively straightforward to model; however, 

human cognitive involvement with more diverse and 
complex tasks is almost impossible to model [73], and 
this affects the determination of how the MDS should 
intervene. Studies strive to minimize the discrepancies 
between the human’s mental model of what is to be 
accomplished and the intelligent system’s understanding 
of the task [74]. In addition to all the technological 
challenges that have to be overcome with MDS, we have 
the further complication of understanding technicians’ 
perceptual and cognitive drives while making 
maintenance decisions.  
 
IV. A NEW MODEL: DISTRIBUTED, COLLABORATIVE 
AWARENESS MODEL (DCAM) 

Our discovery of the above limitations motivated our 
development of a new model for MDS, a Distributed, 
Collaborative Awareness Model (DCAM), as shown in 
figure 2. DCAM also supports the opportunities identified 
in a previous study [75] to model the cognition of abnormal 
machine behavior using a combined approach along two 
dimensions: broad types of knowledge (i.e. explicit-
implicit) and broad levels of agents (i.e., human-intelligent 
systems). In the next sections, we discuss how the DCAM 
can overcome the two major limitations of the present 
models: limited focus on dynamics, and limited focus on 
perceptual-cognitive tasks.  

A. FROM STATE TO DYNAMICS OF OPERATIONS   
To accommodate the dynamics [27], Situation Awareness 
(SA) seems most suitable, because SA considers how to 
make sense of barrage of data in dynamic situations [23] 
to maintain users informed about what action is expected 
to be executed, who is collaborating, and their actions 
[76]. Applications of SA in the maintenance context in 
different domains, such as aviation [18], [77],[78], oil and 
gas pipelines [79], energy distribution [80], railway [81]; 
and manufacturing [26],[27] have already been studied. 
Distributed Situation Awareness (DSA) [82],[83] focuses 
on exchanges of situation awareness between agents and 
considers the activated knowledge for a specific task 
within a system [82]. As viewed by some researchers 
[80], in a distributed system, some agents engage in 
perception tasks, while others engage in comprehension 
and projection. Therefore, the system collectively holds 
the SA required for task performance. With the rise of 
intelligent systems that deal with a huge amount of data, 
we acknowledge DSA as a more pragmatic approach for 
modeling the human – intelligent systems collaboration 
required in the MDS.  
 

In the DCAM, we elaborate on the problem-solving task 
as comprising four major knowledge elements required in 
operational level maintenance: diagnosis to prognosis, 
corporate environment, team synchrony, and work safety. 
The model recognizes the dynamics of these knowledge 
elements, as the task environment now connects with the 
internal problem representation and the external problem 



 

 

representation. These connections appear in both subtle and 
overt means that we discuss further in the next section. At 
implementation, the DCAM can benefit from number of 
SA interventions [84], for example see [27], [85]-[87]. 
 

FIGURE 2. Distributed Collaborative Awareness Model (DCAM)  

B. FROM EXPLICIT TO IMPLICIT KNOWLEDGE 
COLLABORATION 
Previous applications of DSA in maintenance, those trace 
explicit communication between agents [80],[81], have 
been criticized for not accounting for implicit knowledge 
communication between agents [88]. Explicit 
communication requires answering questions and 
explaining situations that the autonomous system might 
encounter or codify. However, more needs to be 
recognized by the models [89]; the ability to include 
implicit knowledge that is not verbalized [90]. A previous 
study [91] lays the foundation but does not develop the 
concept.  
 

In sum, MDS model should consider both the different 
levels of automation [92] offered by a decision support 
system and the wide modes of human cognition involved in 
understanding machine behaviors [75]. Accordingly, in the 
DCAM, the internal problem representation is identified as 
a continuum between two poles: explicit and implicit 
knowledge. However, appropriate technological support 
must be provided during implementation. Below, we 
discuss two central technological challenges in implicit 

knowledge collaboration. We also identify a way to move 
forward.  
 
 
 

 
 
 

1) MDS SHOULD NOT HINDER IMPLICIT LEARNING 
ABOUT MACHINE BEHAVIOR  
Technicians who are physically involved with machines 
have the access to subtle cues [23], [84], [93], those 
comprise information gained directly through human 
senses about the machine behavior [94]. Positive effects 
of subtle cues for implicit learning are empirically evident 
in many domains, such as medical diagnosis [95], 
artificial grammar learning [96], social intuition [51], 
motor control [97], and maintenance [98]-[102]. For such 
implicit learning, humans require only a few cognitive 
resources [103]-[107]. However, there is a trade-off 
between the access to information provided by the MDS, 
and the access to subtle cues [84], [108]. For example, 
limited peripheral visibility of Augmented Reality (AR) 
headsets hinders the awareness of the surroundings [7], 
[109]-[113], and headphones prevent access to subtle 
changes in noise emission. Design efforts are being made 
to make subtle cues more explicit [84], thus promoting 
more explicit awareness about machine behavior. 
However, in attempting to make subtle cues explicit,  
technicians can be overloaded with too much information. 
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The cues used by MDS will mostly deplete visual and 
audible resources and limit the chance to convey awareness 
through other human senses. For example, operational 
level maintenance in Industry 4.0 will go beyond 
facilitating operations to serve real-time operations more 
directly and closely. For example, Airbus Real-Time 
Health Monitoring (AiRTHM) is an advanced Airbus 
service through which operators receive advice on 
optimized maintenance actions and real-time 
troubleshooting actions [114]. With the increased use of 
real-time condition monitoring and remote operations, 
human technicians will have less physical involvement 
with the system (for monitoring and inspection) and will be 
less exposed to subtle cues about system behavior.  
 

We recommend that emerging MDS technologies should 
preserve access to subtle cues by alternative and novel 
means. Although the previously mentioned Pi-Mind 
technology [59] attempts to capture the human creative 
cognitive capabilities, it does not consider provisions for 
implicit learning. Only a few studies have focused on this 
possibility. For example, Fountx commercial solution 
comprises bone-conducting headphones to remain alert to 
the surroundings [115]. Another study [116] presents a 
prototype haptic mouse to explore the re-introduction of 
physical user interfaces into industrial control rooms. An 
extended view of this challenge is how to give more access 
to subtle cues with MDS. Such an MDS strategy should 
carefully select a few critical cues, make them more salient, 
and replicate or produce even more subtle cues (of non-
critical information) to get the benefit of humans’ implicit 
learning capability. In fact, some studies have already 
started paying attention to developing such technologies, 
for example, Eagleman’s “Sensory Substitution” project 
[117], which aims to design devices to send any kind of 
information to the brain for sensory processing via atypical 
sensory modalities. The notion of Human Cyber-Physical 
Systems [118] suggests keeping human-in-the-loop by 
using variously enriched and enhanced technologies to 
improve physical, sensing, and cognitive capabilities.  
 

Contemporary intelligent systems seek more inspiration 
and try to mathematically model how people make 
successful implicit inferences [41], [119],[120], however, 
this requires enormous computational power [121]. An 
alternative is to learn directly from human implicit 
knowledge. Previous studies recognize both explicit and 
implicit interactions for supporting multimodal user 
interfaces [76]; however, their focus is not to elicit implicit 
knowledge from those interactions. Contemporary MDS 
focus heavily on supporting physical manipulations, only a 
few studies focus on a potential reverse approach; how to 
capture and learn from human implicit involvements. For 
example, one study [122] proposes a maintenance strategy 
that combines and coordinates human physical abilities and 

computational elements. Another study [123] uses Virtual 
Reality (VR) to follow machine operators’ physical 
activities (in road construction) and extract their implicit 
knowledge. A major drawback of these studies is the 
method used, as VR is not able to capture real-life 
scenarios, leaving out a wealth of implicit involvements.  
 

2) MANAGING CONFLICTS DURING COLLABORATION  
Previous sections offer a rather optimistic character of 
human implicit knowledge, suggesting ways for it to 
collaborate with intelligent MDS. However, heuristic 
biases and erroneous human judgments related to implicit 
knowledge are common problems [105],[106], [124]. 
Worse yet, humans are not able to identify which 
cognitive mechanism comes into play when they employ 
thinking with less deliberation [125]. We have also 
discussed the less well understood reasoning mechanism 
used in the fast-growing field of machine learning. This 
raises a critical question: how to handle potential conflicts 
between the implicit component of human cognition and 
the less well understood intelligent systems. While 
Collaborative Control Theory (CCT) offers high-level 
strategies, specific techniques are required. One 
promising step towards collaboration would be to provide 
facilities in the MDS for controlled experimentation and 
simulation [126] to give insight into dynamic interactions 
and offer feedback on decision alternatives. Intelligent 
features of the MDS may facilitate simulation of what is 
captured from the implicit knowledge of human agents, 
and, as discussed, explainable AI helps humans better 
understand the reasoning used by AI, which is often seen 
as a black-box. Taken together, these strategies can 
provide a better understanding of which decision 
alternative is more effective and pragmatic. Once such an 
understanding is obtained, evidence justifying or 
challenging alternatives will add new knowledge to MDS 
for retrieving in the future.  
 

In sum, our Distributed Collaborative Awareness model 
supports the collaboration of human and intelligent agents 
along two important dimensions. First, it accounts for 
different types of awareness (explicit-implicit) held by both 
human and intelligent systems. The human explicit-implicit 
continuum stretches from verbalized to intuitive 
knowledge; the intelligent system continuum stretches 
from rule-based to holistic knowledge. Second, it takes into 
account the awareness distributed among different agents 
between humans and intelligent systems. We illustrate this 
in Figure 3. 
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FIGURE 3. Collaboration illustrated in two dimensions (Explicit – 
Implicit, Human-Intelligent systems) 

 

 
V. HOW TO USE THE MODEL: A CASE STUDY 

This section discusses how to apply and further improve 
the DCAM. Although fast-growing, the successful use of 
Augmented Reality (AR) in maintenance is still in progress 
[127]-[131], therefore AR-based MDS is a potential use 
case. In what follows, we review the fast-growing AR-
based MDS, assess their strengths and weaknesses against 
the DCAM. We make recommendations to improve AR-
based MDS so that the DCAM can be implemented.  

A. METHODS  
We conducted a structured literature review using Google 
Scholar because it was easy to sort influential studies 
(ranked by the number of citations). Google Scholar has 
coverage to Open Access articles, other citation resources 
(e.g. Scopus, Emerald, Web of Science), and those 
contained in institutional sources such as Universities. 
We searched the string “augmented reality AND 
maintenance” in the title of the articles published from 
2008 to 2018. This gave 195 results. Then we excluded 
the non-English articles and those not cited by others. The 
remaining 109 articles were reviewed and six literature 
reviews were excluded. Using thematic analysis, the 
decision support features discussed in each of the articles 
were categorized into 10 categories (see next section). 
This resulted in a count of the literature that addresses 
different decision support features. We then critically 
assessed those features in comparison to our DCAM. 
 

B. STRENGTHS AND LIMITATIONS IN THE EXISTING 
AR BASED MDS   
The literature analysis resulted in the identification of 10 
key MDS features. Appendix A presents the complete 
results. Figure 4 presents the number of articles 
describing different MDS features. Below is a brief 
review of those features.  

 
FIGURE 4. Ten main AR-based MDS features, and number of articles 
describing those features (n=103) 

 
 AR applications are largely limited to operational level 

maintenance actions, providing support for physical 
manipulations and/or providing step-by-step 
instructions (75 articles).  

 23 articles discuss providing support for maintenance 
diagnosis. 17 articles mention the use of AI, and 18 
articles recognize the ability to be context-aware. 

 18 articles focus on providing remote expert support. 
Those applications are available as experimental 
prototypes [62], [128], [132],[133], and commercial 
products, such as EASE-R3 [134], FOUNTX_AsR 
[115], TSUNAMI XR [135], and XMReality [136].   

 17 articles discuss ways to capture existing knowledge 
from users, mainly to assess the knowledge levels and 
provide customized solutions. 

 Five articles support team synchronization through 
coordination, cooperation, and communication.  

 Only three articles discuss the need to comprehend the 
environment in which an operator works to avoid 
accidents (global awareness).  

 The manufacturing sector attracts the most attention 
(48 articles), only 8 articles solely target the aviation 
industry. 

C. APPLICATION OF THE DCAM USING AR 
Current AR solutions are able to guide the technicians, by 
providing visual and audible instructions, and giving tactile 
feedback (see black arrows in figure 5). More work should 
be done to present none critical information using subtle 
cues, for example, projected on the peripheral, audible 
alerts and tactile feedback provided in varying frequencies.  
As per our review, the present usage of AR-based MDS is 
largely limited to unidirectional information from 
intelligent systems to the technician. Although a significant 
number of the articles (n=17) discuss ways to capture 



 

 

existing knowledge from technicians, that is largely limited 
to verbalized (explicit) knowledge, and the purpose is to 
assess the knowledge levels to provide customized 
solutions, but not to learn from the technician. In this 
context, we identify opportunities for AR-based MDS for 
learning from human implicit knowledge using multiple 
strategies. Sensors for collecting data from machines are 
increasingly smaller and less expensive. We identify a use 
of sensors beyond the collection of data from machines. It 
is possible to outfit technicians with sensors to elicit the 
psychomotor and cognitive responses that are beyond what 
technicians can verbalize.  
 

For example, there is a possibility of capturing 
psychomotor behaviors, including implicit moves, and 
gestures using GPS devices, accelerometers, and video 
recording. Gestures can be seen as a reflection of 
underlying cognitive processes [137], because gestures 
often reveal information that cannot be found in speech. 
Although not meant for the same purpose, studies discuss 
how gestures can improve communication with experts 
[138]. Capturing psychomotor behaviors is already used 
for providing motion and position feedback for technicians. 
For example, some studies [21], [133] superimpose the 
video recorded movements of assembly operation using 
VR; the objective is to train novice technicians in motor 
skills. A study with Boeing company [139] captured 
technicians’ motions (head position and orientation), 
communication frequency (interface button presses), and 
video recorded movements to assess training effectiveness. 
While these could be important initiatives for improving 
the motor skills of novice technicians, the potential of these 
technologies to elicit implicit psychomotor responses of 
experienced technicians’ is what we are most interested in. 
   

The second opportunity lies in capturing attention 
behaviors using eye-tracking. Although not explicitly 
mentioned as such by the authors, we find somewhat 
similar approaches in other domains. For example, a study 
[140] uses wearable technology to enhance crime scene 
examination by integrating the tasks of searching for, 
retrieving, and recording evidence. Using eye-tracking and 
verbal protocol from real-time crime scene examination, 
they show how the approach to searching a scene differs 
with experience. A fuzzy approach [68] suggests capturing 
experts’ knowledge through real-time narratives, which can 
produce greater advantages when combined with other 
methods that capture implicit behaviors [141].  
 

Another opportunity is linked to implicit cognitive 
responses captured using heart-rate, skin conductance, and 
respiration. Studies demonstrate that the dynamic of heart-
rate is rich enough to reveal relevant episodes of inner 
thoughts [142], such as the correctness of a choice [143]. 
Another study found initial evidence that skin conductance 
and respiration are sensitive to implicit memory [144]. 

Adding such tracking functions to MDS can provide the 
opportunity to learn from humans in real-time. These 
sensory data can be combined with performance measures 
to let intelligent systems elicit useful implicit knowledge, 
as well as to learn about and warn against potentially 
improper implicit behavior. In sum, recognition of explicit 
to implicit knowledge can aid forming a collaborated 
awareness, which is distributed among human and 
intelligent system as we described in the DCAM.  
 
VI. CONCLUSIONS AND FUTURE WORK  
A new approach to modeling collaboration of knowledge 
shared by human technicians and intelligent systems. 
Almost all research concerning decision support has 
considered and applied collaboration and distribution as 
two important intertwined concepts, we identify that they 
can also be applied as two complementary concepts. 
Modeling decision support relates to the cognitive fit 
theory, which, does not support knowledge sharing in a 
dynamic context. In the application of the maintenance 
domain, we see that a concept that can address the 
dynamics inherent to it is necessary, thus the situation 
awareness concept is considered most relevant. While, 
collaboration and distribution are presently limited to the 
transactions that can only be explicitly identified, such as 
verbalized knowledge, and not implicit knowledge. 
Therefore, we emphasize the importance of implicit 
transactions among the agents: human, decision support, 
and machines.  
 

Since the technology of AR uses both distribution and 
collaboration concepts, we studied the literature relevant to 
knowledge sharing. AR solutions distribute knowledge 
between the user and what is built-in the AR system. AR 
solutions also assist the user and help in collaborating with 
others. However, the development of the DCAM led us to 
identify two main gaps: collaboration has not been fully 
identified since AR does not learn from the user and AR 
does not assist the user to develop implicit knowledge, it 
may actually hinder it. We made recommendations on how 
new technologies, i.e. eye-tracking, can be added to AR to 
help overcome these gaps. The main implication to the 
development of AR beyond its role as a pedagogical tool is 
that, the bidirectional information flow will elevate AR as a 
knowledge elicitation technology. 

  
We presented the DCAM as a descriptive model and for 

future work, we recommend that it should be applied using 
formal notations, such as ontologies. Although we mention 
a few former studies supporting our arguments, a 
comprehensive study is recommended to validate all 
propositions of the DCAM.   
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APPENDIX 
TABLE I 

FEATURES IDENTIFIED IN 103 ARTICLES IN THE STRUCTURED LITERATURE REVIEW 

A
rt

ic
le

 
R

ef
er

en
ce

 

Y
ea

r 
of

 
pu

bl
ic

at
io

n 

T
yp

e 
of

 
A

pp
li

ca
ti

on
 

A
pp

li
ca

ti
on

 
D

om
ai

n 

Su
pp

or
ts

 p
hy

si
ca

l 
m

an
ip

ul
at

io
ns

 

Pr
ov

id
es

 
pr

oc
ed

ur
al

 

S
up

po
rt

s 
di

ag
no

si
s 

Is
 C

on
te

xt
 A

w
ar

e 

Pr
ov

id
es

 r
em

ot
e 

ex
pe

rt
 s

up
po

rt
 

Pr
ov

id
es

 A
I 

su
pp

or
t 

C
ap

tu
re

s 
kn

ow
le

dg
e 

fr
om

 

Pr
ov

id
es

 f
ee

db
ac

k 

Su
pp

or
ts

 te
am

 
sy

nc
hr

on
y 

Su
pp

or
ts

 g
lo

ba
l 

aw
ar

en
es

s 

7 2014 Maintenance Actions Manufacturing 1 1 1 1 1 
21  2013 Maintenance Training Manufacturing 1 1 1 
19 2014 Maintenance Actions Aviation 1 1 

145  2018 Maintenance Actions General 1 1 
146 2014 Maintenance Actions General 1 
64 2008 Maintenance Actions Manufacturing 1 1 1 1 1 
65  2017 Maintenance Actions Manufacturing 1 1 1 1 1 
132  2010 Maintenance Actions General 1 1 
62 2011 Maintenance Actions General 1 1 1 1 

133  2012 Maintenance Actions General 1 1 1 1 1 1 
134 2014 Maintenance Actions General 1 1 1 1 
66 2015 Maintenance Actions General 1 1 1 1 

147  2017 Maintenance Actions Manufacturing 1 1 1 
63 2013 Maintenance Actions Manufacturing 1 
67  2013 Maintenance Actions Manufacturing 1 1 1 
148 2011 Maintenance Actions General 1 1 1 
102  2012 Maintenance Actions Mining  1 1 1 1 
110  2011 Maintenance Actions General 1 
111  2011 Maintenance Training Manufacturing 1 
112  2014 Maintenance Actions General 1 
139  2014 Maintenance Actions General 1 1 
149 2011 Maintenance Actions General 1 
150 2015 Maintenance Actions Aviation 1 
151 2015 Maintenance Actions Manufacturing 1 1 
152 2012 Maintenance Actions Manufacturing 1 
153 2015 Maintenance Actions Manufacturing 1 
154 2016 Maintenance Actions Manufacturing 1 1 
155 2009 Maintenance Actions Infrastructure 1 1 
156 2017 Maintenance Actions General 1 1 
157 2012 Maintenance Actions Manufacturing 1 
158 2016 Maintenance Actions Manufacturing 1 1 
159 2014 Maintenance Actions Manufacturing 1 1 
160 2014 Maintenance Actions Building & Structural 1 
161 2016 Maintenance Actions Manufacturing 1 
162 2010 Maintenance Actions General 1 1 1 
163 2017 Maintenance Actions Manufacturing 1 1 
164 2017 Maintenance Actions Manufacturing 1 1 
165 2013 Maintenance Actions Automobile 1 
166 2014 Maintenance Actions Telecommunication 1 1 
167 2011 Maintenance Training Aviation 1 1 1 1 
168 2014 Maintenance Actions General 1 1 1 
169 2018 Maintenance Actions General 1 
170 2011 Maintenance Training Aviation 1 
171 2011 Maintenance Actions General 1 
172 2018 Maintenance Actions Aviation 1 1 
173 2015 Maintenance Actions Manufacturing 1 
174 2014 Maintenance Training Manufacturing 1 
175 2013 Maintenance Actions Manufacturing 1 



 

  

176 2013 Maintenance Actions General 1 1 
177 2010 Maintenance Actions Manufacturing 1 
178 2017 Maintenance Actions General 1 1 
179 2018 Maintenance Actions General 1 1 1 1 1 
180 2011 Maintenance Actions Infrastructure 1 1 
181 2011 Maintenance Actions Consumer Products 1 1 
182 2011 Maintenance Actions Consumer Products 1 1 
183 2014 Maintenance Actions General 1 1 
184 2011 Maintenance Actions General 1 1 
185 2018 Maintenance Safety Manufacturing 1 
186 2011 Maintenance Actions Manufacturing 1 1 
187 2008 Maintenance Actions Automobile 1 
188 2013 Maintenance Actions Building & Structural 1 1 
189 2014 Maintenance Actions Aviation 1 1 
190 2017 Maintenance Actions Aviation 1 
191 2013 Maintenance Training Manufacturing 1 
192 2017 Maintenance Training Manufacturing 1 
193 2017 Maintenance Actions General 1 1 1 1 
194 2014 Maintenance Actions Consumer Products 1 
195 2017 Maintenance Actions Telecommunication 1 
196 2016 Maintenance Actions Manufacturing 1 
197 2011 Maintenance Actions Aviation 1 1 1 
198 2015 Maintenance Actions Automobile 1 1 
199 2017 Maintenance Actions Building & Structural 1 
200 2015 Maintenance Actions Manufacturing 1 
201 2012 Maintenance Actions General 1 
202 2013 Maintenance Training Manufacturing 1 1 
203 2011 Maintenance Actions Manufacturing 1 1 
204 2015 Maintenance Actions General 1 
205 2015 Maintenance Actions Consumer Products 1 
206 2017 Maintenance Actions Manufacturing 1 1 1 
207 2016 Maintenance Actions Manufacturing 1 
208 2017 Maintenance Actions General 1 
209 2016 Maintenance Actions Building & Structural 1 
210 2017 Maintenance Actions Manufacturing 1 
211 2012 Maintenance Actions General 1 
212 2017 Maintenance Actions Manufacturing 1 
213 2016 Maintenance Actions Manufacturing 1 1 
214 2013 Maintenance Actions Manufacturing 1 
215 2008 Maintenance Actions General 1 1 
216 2010 Maintenance Training General 1 
217 2016 Maintenance Actions Manufacturing 1 
218 2011 Maintenance Actions Manufacturing 1 1 1 
219 2009 Maintenance Actions Manufacturing 1 
220 2014 Maintenance Actions Manufacturing 1 
221 2015 Maintenance Actions Building & Structural 1 
222 2008 Maintenance Actions Manufacturing 1 
223 2015 Maintenance Actions Manufacturing 1 
224 2014 Maintenance Training General 1 
225 2011 Maintenance Actions Manufacturing 1 1 
226 2014 Maintenance Actions Manufacturing 1 1 
227 2017 Maintenance Training Infrastructure 1 1 
228 2016 Maintenance Actions Manufacturing 1 
229 2013 Maintenance Training Automobile 1 
230 2013 Maintenance Actions Manufacturing 1 1 1 

Total 103     47  37  23  18  18  17  17  9  5  3  
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