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ABSTRACT

Aviation is a complex system with different interconnected and interdependent subsystems
that rely on each other to ensure safety and reliability. The technological progress in the sector
has increased safety, but incidents and accidents still happen. However, accident analyses
and safety research have not paid equal attention to all aviation subsystems resulting in
possibly undetected or underestimated risks. This study systematically investigates the
literature on aviation safety from 1984 to 2021 with a particular focus on Normal Accident
Theory (NAT), High-reliability Theory (HRT), and Resilience Engineering (RE) as their
underpinning theoretical perspectives. The analysis of the 77 records that were screened as
most relevant shows that the studies underpinned by these theories were mainly looking at the
‘primary operational aviation subsystems' such as air traffic control (ATC) and flight operations
and significantly less at the 'secondary operational subsystems' such as ground operations
and aircraft maintenance. In addition, the analysis showed that research building on RE has
increased in recent years and is now the predominant theoretical framework in studies of this
type. Nevertheless, NAT and HRT are still relevant and are often employed in conjunction with
RE. Future research should pay more attention to the role of secondary subsystems and their
impact on the safety, reliability, and efficiency of the aviation system. Moreover, there is
perhaps a need for researchers to develop a more integrative framework that includes valuable
components of all three theories and to create a set of safety and reliability strategies suitable
for both primary and secondary aviation subsystems, hence, benefiting the entire aviation
system.
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1. Introduction

Commercial aviation is a complex socio-technical system consisting of several diverse
interconnected subsystems that operate passenger and cargo flights. A safe and reliable flight
operation requires the coordination and effective interaction of several subsystems, and their
human and technical components. These subsystems are flight operations with the crew flying
the aircraft, ground operations with the ground crew loading, unloading, and servicing the
aircraft, Air Traffic Control (ATC) managing the airspace at different levels, or aircraft
maintenance crews conducting the scheduled and unscheduled maintenance, repair and
overhaul for the aircraft (Rodrigues, 2021). Therefore, risks and undesired events must be
foreseen, properly managed and effectively recovered if they occur. However, not all risks and
undesired events can be foreseen in complex systems such as aviation, thus they need to be
anticipated through sensemaking and imagination (Adamski & Westrum, 2003; Westrum,
2006). An unsafe operation in one subsystem can lead to accidents, incidents, or occurrences,
but at least to risks at different levels, because the different subsystems and their operation
are largely sequential and rely on the processes' efficiency and safety (Das and Dey, 2016;
O’Neil and Kriz, 2013; NTSB, 2015).

Changes in the operating environment such as the digitisation of air freight documentation or,
the automation of in the cockpit or of handling processes can increase safety, but also the
complexity of the aviation system and the need for an enhanced approach to safety
management (Valdés et. al., 2018; Becz et. al., 2010; Ripley & Larkin, 2005). A fast-paced
technological change in the aviation industry might not always concern the aircraft itself, but
several aviation subsystems that may have to deploy new software and equipment and may
change the current way of looking at accidents and incidents or even change the nature of
these. New hazards emerge, old ones evolve, while others disappear, but all must be identified
and addressed by individual aviation subsystems and the system as a whole. It is, therefore,
imperative that research in the field of aviation safety is conducted taking into consideration a
broad spectrum of subsystems that will include the operational subsystems, such as flight
operations, air traffic control, ground operations, and aircraft maintenance. Flight operations
and air traffic control are the two operational subsystems directly controlling the execution of
the flight, thus considered the primary subsystems, while ground operations and aircraft
maintenance influence flight safety indirectly, as processes take place before and after the
flight, and are therefore defined as the secondary subsystems. Hence, secondary subsystems
may produce latent flaws or ‘resident pathogens’ (Reason, 2000) rather than active failures.
Thus, for primary subsystems it may be said once the flight is over, the associated risk is over,
while for secondary subsystems once the maintenance or turnaround is over, some associated
risks are beginning. In the context of this study, we simplify the air transport system and have
a specific look at the four operational subsystems. Nevertheless, the air transport system is
more complex and can be clustered in even more subsystems, containing of activities such as
flight planning, airspace design, and training.

Even though technological progress in aviation has increased flight safety, accidents still
happen and, although some are directly attributed to the aircraft, a significant number of them
are attributed to human error somewhere within the system. Three major theoretical
perspectives approach accidents in complex socio-technical systems and are critically
discussed by researchers through their theoretical lenses and/or on practical cases over
various industries: Normal Accident Theory (NAT) (Perrow, 1984; Shrivastava et al., 2009;
Tamuz & Harrison, 2006), High-reliability theory (HRT) (O’Neil and Kriz, 2013; Sutcliffe, 2011;
Roberts & Rousseau, 1989), and Resilience Engineering (RE) (Patriarca et al., 2018; Hickford
et al., 2018; Hollnagel, 2014; Stroeve and Everdij, 2017). Research on aviation system safety
and system accidents makes no exception to this tradition (Brown, 1995; Batteau, 2001; Cooke
and Rohleder, 2006; Lofquist, 2010; Rijpma, 1999; Gross, 2014).



However, from reviewing the relevant literature, it appears that there exists a skewed focus on
the primary subsystems as most studies applying the theoretical frameworks focus on flight
operations and air traffic control (Jak$i¢ and Jani¢, 2020; Karanikas and Nederend, 2018;
Fraher, 2015). This is to an extent understandable but also leaves out a significant gap in the
safety literature related with the secondary subsystems. Even though ground operations and
aircraft maintenance failures may not often be the direct causes of an accident, there is still a
need to understand how these can cumulatively or indirectly create one, on the ground or in
the air. Thus, this study focuses on gaps in safety research, methods and tools applied in or
adapted to secondary subsystems, but not analysing the work done of safety investigators and
their consideration of the different subsystems in the accident analysis at this stage. The need
to gain more understanding of secondary subsystems triggered the systematic scoping review
presented in this study aiming at (a) identifying the most prominent theoretical approaches
applied in aviation, (b) assess the aviation operational subsystems in which those theories are
applied, and finally (c) to propose a research agenda to address the gaps identified during the
assessment.

2. Theoretical perspectives for achieving system reliability

2.1. Normal Accident Theory (NAT)

A system accident also referred to as a 'normal' accident, is called normal because it is
considered "inevitable in extremely complex systems", such as nuclear power, petrochemical
plants, or aviation (Perrow, 1984). System accidents involve the unanticipated interaction of
multiple failures" and "no matter how hard one may try, the unanticipated interaction of errors
will defeat the safety systems" (Perrow, 1999, p.1). To make an accident a system accident or
normal accident, the high-complex and high-risk systems for instance aviation must not only
be complex but their characteristics, as identified by Perrow (1984), also include being tightly
coupled and having a catastrophic potential. Normal accident theory provides this often
classified as 'pessimistic view' on inevitable accidents (Le Coze, 2015): In complex and tightly
coupled systems, sooner or later, errors occur and have the potential to lead to a catastrophic
outcome. Even though normal accidents rarely occur, they have severe consequences for the
whole system and system components, such as people, equipment, and information. In
general, an accident in the context of NAT is defined as "a failure in a subsystem, or the system
as a whole, that damages more than one unit and in doing so disrupts the ongoing or future
output of the system" (Perrow, 1984, p.66).

2.2, High-reliability Theory (HRT)

The theory on high-reliability organisations (HROs) was developed in the late 1980s and has
a different angle on the high-risk system (Roberts and Rousseau, 1989). HROs are defined as
"those organisations that function in hazardous, fast-paced, and highly complex technological
systems essentially error-free for long periods of time" (Baker, Day and Salas, 2006, p.1586).
Common HRO examples are aircraft carriers, air traffic control and nuclear power plants. The
HRT focuses on those organisational characteristics that enable operation in high-risk
environments whilst experiencing a zero number of accidents and incidents. Roberts and
Rousseau (1989) identified eight characteristics of HROs: (1) hyper-complexity, (2) tight
coupling, (3) extreme hierarchical differentiation; (4) large number of decision-makers; (5)
degrees of accountability that does not exist in most organisations; (6) high frequency of
immediate feedback about decisions; (7) compressed time factors; and (8) more than one
critical outcome that must happen simultaneously. These have been confirmed as
distinguishing HRO characteristics in several subsequent studies (Baker, Day and Salas,
2006; Le Coze, 2019).



2.3. Resilience Engineering (RE)

A system is defined as resilient "if it can adjust its functioning prior to, during, or following
events (changes, disturbances, and opportunities), and thereby sustain required operations
under both expected and unexpected conditions" (Hollnagel, 2016). Resilient socio-technical
systems show different characteristics (Uday & Marais, 2015; Fujita, 2006; Jackson & Ferris,
2017). Some of these properties include robustness, redundancy, resourcefulness, response
and recovery, as used by the World Economic Forum to assess global risks (WEF, 2013), or
discussed by Woods (2015). Resilience engineering is a safety paradigm that “uses the
insights from research on failures in complex systems, including organisational contributors to
risk, and the factors that affect human performance to provide systems engineering tools to
manage risks proactively” (Woods, 2003; Gravio and Patriarca, 2016). It focuses mainly on
total system functionalities and hazard/risk assessment rather than on technical engineering.

2.4. Similarities, Differences, and Complementarities between NAT, HRT and
RE

The commercial aviation system is a high-risk system being complex caused by many
characteristics, such as the number and nature of aircraft operations, the number and nature
of systems and components involved, and the tight coupling of the sub-systems (e.g. ATC and
flight ops). All or at least a high number of those components interact, and sub-systems are
dependent on each other to enable one flight to operate. In all these areas, errors and failures
may occur and potentially can lead to a catastrophic outcome.

Normal accident theory (NAT) and High-reliability theory (HRT) look at these areas and thus
on safety from different angles in systems and organisations working in high-risk environments.
NAT maintains that in complex and tightly coupled systems some accidents cannot be
anticipated and are inevitable. This rather ‘pessimistic’ view has a sociotechnical focus and
does not look at control or management strategies to avoid these normal accidents — as these
are considered inevitable. This inevitability in NAT is explained to be originated in the tightly-
coupling and interactive complexity of the system, that can neither be most effectively
controlled centralised nor decentralised. (Le Coze, 2015; Haavik et al., 2019)

In contrast, HRT seeks to enhance the organisations' ability to function essentially error-free
in high-risk environments (Sutcliffe, 2011; Baker, Day and Salas, 2006). Dependent on the
situation, HROs can provide centralised and decentralised control, which is enables
controllability by adaptability to achieve essentially error-free performance despite the tight-
coupling and interactive complexity (Haavik et al., 2019). HRT, therefore, searches for
continuous improvement in their operation and management to prevent or quickly recover from
errors or failures. Hence, they are often described as reliability-seeking rather than reliability-
achieving organisations (Sutcliffe, 2011).

This continuous effort on system safety and reliability can also be found in the concept for
resilience engineering (RE). Resilience engineering is a paradigm and tool provider for safe
system functioning and management (Patriarca et al., 2018; Woods, 2015). It is defined as
being "about the characteristics of resilient performance per se, how we can recognise it, how
we can assess (or measure) it, how we can improve it" (Hollnagel, 2019). RE is mentioned as
a starting point for understanding how an organisation or system functions, responds,
monitors, learns and anticipates (Hollnagel, 2016). While HRT provides the organisational
perspective, NAT and RE have a more systemic perspective.

In general, HRT and RE focus on social conditions and potential organisational strategies and
abilities to address the organisations’ or systems’ complexity. Thus, they are considered as
less pessimistic with a greater focus on how to maintain and advance a systems or
organisations strategies and abilities to address complexity and tight-coupling while working in
high-risk environments. This positive view in HRT and RE also looks at what goes or went right



under dynamic conditions (associated with Safety Il), rather than only at what went wrong as
compared to NAT (associated with Safety I). (Hollnagel, 2014-2; Haavik et al., 2019)

Even though, the similarities between HRT and RE seem obvious, differences must also be
acknowledged to unveil the full potential of considering and exploiting both theoretical
frameworks for understanding safety. HRT and RE are not considered as the same nor
contrary, but rather complementing each other, with both having added value for the safety
and accident theory. RE can complement HRT and anticipate situations that may have been
previously defined as normal accidents by providing an increased system and subsystem
understanding, including interrelations, lessons learned and informed monitoring. HRT is
looking at errors and how they can be avoided by adjusting themselves under varying dynamic
conditions, while RE does not focus on error but rather on studying normal operations - how
work is done and why things go right. HRT and RE have the added value by providing the
diversity of looking at complex high-risk organisations and systems, with researchers studying
safety and accident phenomena looking through different lenses, coming from different
backgrounds and having different research specialisations. HRT, with roughly 30-35 years of
research history, has its roots in social sciences, while RE, with roughly 15-20 years of
research history, has its roots more in the domains of system engineering, human factors, and
the human-machine interface. Thus, the discussion of safety, error, and accidents can benefit
from both theories. (Le Coze, 2019; Haavik et al., 2019)

In this study, we focus on the attention that is given to aviation subsystems by the three
theoretical perspectives. The recommendations do not focus on enhancing a specific theory,
but rather studying the different aviation subsystems more adequately and potentially more
equally through the different theoretical lenses to enhance subsystem and, system and
organisational understanding.

3. METHODOLOGY

Aviation organisations, such as airlines, airports, ground service providers, air traffic control,
and aircraft maintenance organisations are tightly coupled, building a highly complex system
with different sub-systems. The guiding thesis in this review is that not all operational
subsystems with a high influence on aviation system safety are considered in the academic
landscape of NAT, HRT, and RE. Therefore, this systematic scoping review pays specific
attention to the area and approach of theory application in aviation subsystems.

The difference between this systematic scoping review (SSR) approach and a systematic
literature review (SLR) lies in the scope and nature of guiding research questions and if a
thorough quality assessment is executed (Munn et al., 2018). SSRs aim to “map the key
concepts underpinning a research area and the main sources and types of evidence available”
(Arksey & O’Malley, 2005, p.21), thus they typically address broader questions, potentially
using a number of methodologies, and do not undertake a quality assessment of the literature.
In contrast to the SSR, the SLR has focused research questions, which should be answered
using a relatively narrow range of quality-assessed studies (Arksey & O’Malley,2005).

Scoping reviews can be executed using systematic and non-systematic approaches (Davis et
al., 2009). In this review we employed a systematic scoping review approach which is oriented
on the systematic collection of data, similar to systematic literature reviews, such as the
Systematic Literature Review Process, adapted from Pickering & Bryne, 2014. This approach,
including the thick description of this systematic steps, allows for consistency and replicability
(McKinstry et al., 2014).



This systematic scoping review (SSR) aims to evaluate the application of three different

approaches to discuss safety and in particular accidents in aviation, namely NAT, HRO, and
RE.

This review aimed to answer the following questions:

o Which theoretical approaches are more prominent within the aviation safety literature?

o Which aviation subsystems have received most attention when applying these
theories?

o Which research methodologies and methodological approaches are primarily used to
apply NAT/HRT/RE in aviation?

e What are the key findings of these studies and what are potential areas needing further
research?

This review was conducted by systematically collecting and evaluating the literature in scope
to combine the results in a structured quantitative summary which was then analysed
qualitatively in themes (Green, Johnson and Adams, 2006; Pickering and Byrne, 2014). This
method was employed as an initial step to compare the application of NAT, HRT and RE
theoretical frameworks in aviation safety research, enabling the inclusion of a large number of
studies with different research designs and settings.

The systematic scoping review process has major differences in the literature search,
extraction, and synthesis (Figure 1) compared to a classic narrative literature review (Green,
Johnson and Adams, 2006; Pickering and Byrne, 2014). The main advantage is that the
literature collection process is sufficiently detailed and structured to be repeatable and it
quantifies the existing research. However, a quantitative approach cannot be used if there are
too few or too many papers on a topic. Even though different advantages and disadvantages
are identified, the comprehensive, structured, and detailed process description is deemed to

overcome potential biases and provides a transparent review process (Pickering and Byrne,
2014).

The Systematic Review Process

Define SLR Formulate

. ) Search Extract Synthesize
Aim & Review ) - L
. Literature Literature Findings
Questions Protocol
_ [ ]
_r . ¥ .\*
& = = =
— = o=
—. = o=
5—
Determine review Identify search Search data- Structure a Analyse summary
aims & formulate terms & identify bases & screen summary table table (content
research ques- databases & draft search outcomes & enter biblio- analysis) & iden-
tions literature selection against criteria & graphic informa- tify gaps & report
criteria refine exclusion/ tion & appraise findings
inclusion criteria literature quality

and relevance &
extract relevant
information

Figure 1: Systematic Review Process - adapted from Pickering & Bryne, 2014



The first step of this systematic scoping review (SSR) was to define the topic and its scope.
This paper set out to review how NAT, HRT, and RE underpin research in aviation system
safety and reliability taking a subsystems’ perspective. It aimed to specifically map out which
subsystems have received the most attention from researchers to identify if some of them need
to be further explored in terms of their impact on safety and efficiency.

The significance of this review was fourfold: First, it would provide evidence as to whether
aviation safety researchers’ attention in the primary aviation subsystems is equal to the one
given to secondary subsystems, and if the latter are seen as also playing a central role for a
safe, efficient, and reliable system operation. Second, it would show whether NAT and HRT
are still considered relevant in aviation research or if RE is taking over. Third, it would offer a
thematic analysis of the extant literature that may unveil gaps in aviation safety research; and
fourth, based on these gaps, it would propose a future research agenda considering a wider
systems approach in the application and advancement of aviation system reliability and safety.

The second step was to define the literature databases to use, suitable search keywords
aligned to the research aim and questions, and define literature selection criteria.

Five databases were selected to ensure that a significant number of relevant literature can be
identified through the search: Google Scholar, Science Direct (Elsevier), ProQuest, Sage, and
Emerald. The databases were selected based on the type and collection of sources, such as
the number of peer-reviewed research articles in the database and the nature and collection
of journals, including the Scientific Journal Ranking (SJR). The search keywords were agreed
upon and used to search selected databases to reach this aim and answer the questions.
Those keywords aimed to guide the search to identify potentially relevant literature. ‘High-
reliability’ and ‘aviation’, ‘air transport’, ‘air’ were chosen to identify the use of HRT in these
aviation studies. ‘Normal accident’ and ‘aviation’, ‘air transport’, ‘air were chosen to identify
NAT application. ‘Resilience Engineering’, ‘resilience’ (deeper content check required) and
‘aviation’, ‘air transport’, ‘air’ were chosen to identify RE application. The search keywords were
allowed to appear in the title, the abstract, or the main body of the record.

In the next step, literature was identified and screened for quality, relevance, and eligibility.
Articles not fitting the study’s criteria were eliminated and the remaining articles were included
in the analysis. Criteria for quality, relevance, and eligibility included: the nature and quality of
the source, meeting the selection criteria as described below, and the articles should
sufficiently discuss the theories in an aviation context.

Databases and literature screened were evaluated against generally accepted selection
criteria such as those proposed by Zhang et al., (2021). Eligible records were written in English
language and academic and peer-reviewed literature. Non-peer-reviewed literature was
excluded, whereas grey literature such as conference proceedings or technical reports was
also included. The focus was placed on original studies rather than reviews, but reviews were
not excluded in general if they contained relevant information on the theories and their
application. No specific timeframe was applied to the database search. As a result, this SSR
covered studies ranging from 1984 until April 2021. Finally, the record content was screened
as relevant to the purpose of this SSR. Therefore, the record included (any combination of) the
keyword search terms in its title, the abstract or the main document.

The Flow Diagram in Figure 2, adapted from the PRISMA Group (Moher et. al., 2009), shows
that 269 records were identified through the database search containing the search keywords.
PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) are guidelines
for reporting systematic reviews, the four-phase flow diagram developed by the authors has
been adapted and applied for this review (Moher et. al., 2009). As five different databases were
used, the search resulted in multiple duplicates. These duplicates (n=62) were removed,



leaving the remaining 207 records to be screened for the use or discussion of NAT, HRT or
RE. 89 records have been excluded in this first screening stage for not meeting this criterion.
More in-depth content screening was conducted in the remaining 118 records also evaluating
their relevance resulting in the exclusion of records deemed records of low relevance, because
they were not referring to the application of NAT, HRT, or RE in aviation. (see Figure 2) If,
despite of the keywords being mentioned, the articles do not apply or discuss the theories in
an aviation context, the articles have been excluded. In the final step, further 41 records were
excluded after a full-text screening as they were not discussing in sufficient depth one or more
of the theories or their application in one or more aviation subsystems. Articles excluded under
the criteria ‘not discussing in sufficient depth’ revealed that the main body of the text only
mentions or references the theories and/or the subsystems, but is not discussing or applying
the theory in an aviation (sub-)system context. In the end, 77 records, were included in the
synthesis.

The Systematic Scoping Review Flow

Records identified through database
search:
Records that were a result of the database
search containing the search keywords Excluded

| 1dentification
(n = 269)

Records after duplicates removed:
As six databases were used, the search Duplicates
results in several duplicates which needed to X (n=62)
be identified and removed (n = 207)

\ Record screened:

I Screening
Records screened for an application of NAT, X Records after screening
HRT, or RE in aviation (n=89)
(n =207)
| Eligibility
Full-text articles asessed for eligibility: X Full-text articles for reasons
(n=118) (n=41)
Eligibility studies included in the review:
| Included (n=17)

Figure 2: SSR Flow Diagram - adapted from Moher et al., 2009



4. Results

This chapter is divided into two subsections. The first subsection provides and overview of the
results of the quantitative assessment, while the second subsection details the results of the
thematic analysis. The subsequent section (5. Discussion) will discuss those results and
provides a research agenda.

4.1 Results of the quantitative assessment

The 77 selected records were published in a variety of journals, but the three main publication
outlets were (1) Safety Science; (2) Transportation Research; (3) Public Administration
Review.

The number of aviation studies using NAT/HRT/RE as a theoretical foundation has significantly
increased from less than 1 article per year between 1984 and 2005 to an average of 4.5 articles
per year in the period 2007 — 2020 (Table 1). Many of the recent articles have been published
in the journals Safety Science (n=10), Transportation Research (n=6), and Public
Administration Review (n=4). The remaining articles were published in a variety of journals,
including Reliability Engineering & System Safety (n=2) or Accident Analysis & Prevention
(n=2).

Table 1: Publications per year and theory applied to aviation

Theory / 1980 1986 1991 1996 | 2001 2006 | 2011 2016 | 2021 # of

Year of — - - - - - - - recor
Publication | 1985 1990 1995 | 2000 | 2005 | 2010 | 2015 | 2020 ds
NAT 1 1 0 1 2 2 0 0 0 7
HRT 0 1 1 0 3 4 5 5 0 19
RE 0 0 0 0 0 4 9 20 1 34
NAT & 0 0 1 2 1 3 1 0 0 8
HRT
HRT & RE 0 0 0 0 1 1 2 3 0 7
NAT & RE 0 0 0 0 0 0 1 1 0 2
TOTAL 1 2 2 3 7 14 18 29 1 77

The selected records (n = 77) have been screened for their discussion or application of NAT
and/or HRT and/or RE in aviation. A total of 61 articles employ a single theoretical framework,
and 16 articles are a combination of two theories. Only 9% of the selected records (n=7)
discussed or applied NAT in the context of aviation, while in total NAT in combination with
other theories makes 21% of the records (n= 17). High-reliability theory accounts for 25%
(n=19) records, while in combination with another theory for 44% (n=34). 44% (n=34) of the
records discussed RE, and 12% (n=9) of the articles discussed Resilience Engineering and
another theoretical approach in one record — this makes more than 55% (n=43) of the selected
records in the context of RE. Hence, resilience engineering is the most discussed or applied
theoretical framework in the context of aviation, followed by high-reliability theory and normal
accident theory (Table 2). It is worth mentioning that RE was often discussed in combination
with high-reliability theory, e.g., (Pariés et al., 2019; Lofquist, 2010), and both theories together
account for more than 80% of the records.



The theoretical frameworks are discussed or applied in one or more different aviation
subsystems. Table 2 shows the aviation subsystems that could be identified in the selected
literature in which the theories were considered. More than 29% of the records were
researching the selected theories in the aviation subsystem around air traffic control (ATC) —
either only ATC or in combination with another subsystem. Flight operations alone account for
10% of the records and in combination with another subsystem for approximately 16%. Airport
operations/ground operations account for 6.5% of the selected records and subsystems
handling organisational, policymaking, or rulemaking for ~10% in isolation and in combination
with another subsystem. Aviation in general or various (more than two) subsystems were
discussed in ~30% of the records. Other topics that are included account for 15.5% of the
selected records. Aircraft maintenance for only 1.3%.

Hence, ATC and flight operations are the most discussed subsystems in the context of
NAT/HRT/RE, followed by organisational/policymaking/rulemaking subsystems (such as
national civil aviation authorities), airport operations/ground operations, and aircraft
maintenance (Table 2).

Table 2: Distribution of identified records across the different aviation subsystems, including years of publication

NAT, HRT, RE
Aviation subsystem i Cf % _appllc_atlo_n or References
records discussion in the
subsystem
NAT =1 O’Hare (2000), Batteau
HRT = 3 (2001), Flin et al. (2002),
RE = 1 Chialastri &  Pozzi
. . = (2008), Gross (2014),
Flight Operation 8 10.4 NAT & HRT = 2 Fraher (2015), Powell-
Dunford et al. (2017),
HRT & RE = 1 Karanikas & Nederend
NAT & RE = 0 (2018)
NAT =1 Weick (1987), Brown
_ (1995), Weick (2004),
HRT =4 Teperi & Leppanen
RE =10 (2010), Lofquist (2010),
_ Gander et al. (2011),
NAT&HRT=0 | hoose (2013 ), O'Neil &
HRT & RE = 2 Kriz (2013), O'Kelly
_ (2015), Cook et al.
Air Traffic Control 17 221 NAT &RE =0 (2015), Palumbo et al.
(2015), Errico et al.
(2016), Gravio &
Patriarca (2016),
Stroeve & Everdij
(2017), Lalis et al.
(2019), Paries et al
(2019), Jaksic & Janic
(2020)
NAT =0 Frederickson & Laporte
) ) _ (2002), Blok et al.
Airport Operations, 5 65 HRT =1 (2018), Comes et al.
Ground Operations ' RE=4 (2(%%(;)6)ngu & Chlen
_ ; Guo et al.
NAT & HRT =0 (2021)




HRT & RE=0

NAT & RE=0
NAT =0
HRT =0
RE =1
Aircraft Maintenance 1 1.3 Herrera & Hovden
NAT & HRT =0 (2008)
HRT & RE =0
NAT & RE=0
NAT =1
o HRT =2
Organisational/ RE=0 McFadden & Hosmane
policy- making/ 3 3.9 (2001), O’Neil & Krane
. NAT & HRT =0 (2012), Mills (2016)
rulemaking
HRT & RE =0
NAT & RE =0
NAT =0
HRT = 1
Flight Operations RE = 2 Brown (1995), Belkoura
Management NAT & HRT =0 et al. (2019)
HRT & RE =0
NAT & RE =0
NAT =0
Organisational/policy- HRT =2
making/ RE =0 LaPorte & Consolini
rulemaking 2 2.6 _ (1991), O'Neil & Kriz
and Air Traffic NAT&HRT=0 (2013)
Management HRT & RE=0
NAT & RE =0
NAT =0
Organisational/policy- HRT =1
making/ ) o6 RE =0 Downer (2017),
rulemaking ' NAT & HRT = 0 Adjekum & Tous (2020)
and Flight Ops HRT & RE = 1
NAT & RE =0
NAT =2 Perrow (1984),
_ Wiegmann & Shappell
HRT =1 (2001), Batteau (2001),
RE =6 LaPorte & Consolini
Various* 10 12.9 _ (2007), Steele & Parties
NAT&HRT =0 | (5008), Brooker (2011),
HRT & RE =0 Herrera (2012), Hudson
NAT & RE = 1 (2012), Penaloza et al

(2017), Zio et al. (2019)




NAT = 1 Rijpma (1999), Dijkstra
_ (2007), Johnsen et al.
HRT =2 (2009), Akselsson et al.
RE=8 (2009), Tjorhom (2010),
_ Antunes & Murao
NAT & HRT = 2 (2011), Vieira et al
General** 14 182 |HRT&RE=1 (2014), Righi et al.
NAT & RE = (2015), Turan et al.
&RE=0 (2016), Lofquist (2017),
McCall & Prunchnicki
(2017), Patriarca et al.
(2018), Hickford et al.
(2018), Agwu et al.
(2019)
NAT =0 Rijpma (1997), Woods
_ (2003), Cooke &
HRT =3 Rohleber (2006), Boin &
Other RE = 3 Schulmann (2008),
(Aviation not in focus but NAT & HRT = 3 Shrivastava et al.
mentioned as application 12 156 (2009), Saleh et al.
area, space, air networks, HRT & RE =2 (2010), Slth“ffe) (2011),
air cargo, Military aviation - Hollnagel (2014), Malish
9 Y ) NAT & RE =1 & Sargent (2019), Janic
(2019), Wong (2020),
Karanikas et al. (2020)

*the category ‘Various’ corresponds to articles/studies that mention a greater number (>2) of aviation subsystems;
**the category ‘General’ mentions aviation in general, but does not study or discusses a specific aviation subsystem

The included studies employed different research approaches to assess and discuss their
topics. Mainly qualitative methods have been chosen in 49% (n=38) of the records, while
quantitative methods were used in 18% (n=14) and multi-method designs using both qualitative
and quantitative approaches in 23% (n=18).

When a qualitative approach was used in the selected records, case studies or strategies
employing a mix of qualitative methods were adopted (Fraher, 2015; Mc Call and Prunchnicki,
2017) as well as document/archival analysis (Viera, Santos and Kubo, 2014; Johnsen et al.,
2009). Quantitative approaches utilised methods such as time series analysis (O’Neil and Kriz,
2013), or models estimating, predicting, and measuring resilience (Jani¢, 2019; Zhou and
Chen, 2020; Guo et al., 2021), framework modelling (Jaksi¢ and Jani¢, 2020; Comes et al.,
2020) and agent-based modelling (Stroeve and Everdij, 2017) or, a mixed survey and interview
approach (Agwu, Labib and Hadleigh-Dunn, 2019).

4.2. Results of the thematic analysis

The records reviewed show different areas of theory analysis, discussion, or application. Table
3 shows different research areas of the selected articles, all considering one or more
theoretical frameworks within an aviation context. Based on a detailed screening of the
selected records, five main themes were identified. Those main themes focus on the general
theory discussion or theory discussion in the context of risk management, human
factors/human error management, safety management and assessment, or accident analysis
(Table 3).

Themes from the table are emerging themes from the content analysis and categorise the
research topic, focus and/or findings from the selected records. It is a condensed summary of
the 77 records. It must be noted that some records fit in to more than one area or main theme
(e.g. Gravio & Patriarca, 2016), because the topics under the header ‘Improving Safety’ are
often interconnected and have advancements in different fields, such as risk management



being one pillar of the safety management framework. Nevertheless, topic such as safety and
risk management have been listed separately to distinguish the focus of the papers on the

leading topic(s).

Table 3: Themes analysis of the selected records (more details in Appendix B)

Main Theme

Sub-category / Topic-areas

Number of
records per
theme

Theories
used per
theme*

Theory focused

discussion

Controllability of safety events

Review and discussion of the theory
Modelling of the theory

Effects of theory application

Business Process Management
Performance measurement
Lessons-learned

Assessment of theory characteristics and
development

Theory transferability

Discussion/debate of two or more theories
Organisational culture

Decision making

Disruptive events / management of
disruptions

Disaster/crisis management

System challenges and system
understanding

Individual, group and organisational learning
Training and communication

39

NAT =5
HRT =19
RE =23

Theory discussion in
the context of risk
management

Risk governance

Risk assessment and safety improvements
Hazards management

Fatigue risk management

Organisational management

Safety performance indicators

Safety | and Safety |

NAT = 1
HRT = 1
RE =3

Theory discussion in
the context of Human
Factors / Human
Error Management

Crew Resource Management

Influence of human behaviour

Examination of human factors concepts
Human factors in accident investigation and
analysis

Human error evaluation criteria

Human performance contributions

NAT = 3
HRT = 4
RE =2

Theory discussion in
the context of Safety
Management &
Assessment

Safety culture

Safety Management Systems
Disaster prevention

Learning systems

Risk/safety governance

Risk & reliability assessment
Safety performance analysis
Challenges and improvement
Safety Investigation
Modelling of safety

16

NAT =5
HRT =6
RE =13

Theory discussion in
the context of
Accident Analysis

human and technological contributions to
accidents

assessment of high-risk operations
Accident causation

Safety Culture

NAT =2
HRT =2
RE =1

Other

Lessons-learned

Gap analysis and system characteristics
Modelling of theory(ies)

Accountability relationships
Governance

NAT =2
HRT =1
RE =2

*More than one theory may be present in one record, therefore the simple addition of the number of articles may
not sum up to the total number of records per category.




5. Discussion of findings

This scoping review set out to evaluate the application of three different theoretical approaches
to assessing safety in the aviation operational subsystems. The first section discusses the role
of primary and secondary subsystems in the academic landscape around NAT, HRT, and RE,
the second subsection details the currently state of the theories, while the third subsection
examines on the thematic analysis. In summary, the review showed that these theories were
mainly looking at the ‘primary operational aviation subsystems' such as air traffic control (ATC)
and flight operations and significantly less at the 'secondary operational subsystems' such as
ground operations and aircraft maintenance (key finding 1 - shown in 5.1), that research
building on RE has increased in recent years and is now the predominant theoretical
framework in studies of this type (key finding 2 - shown in 5.2), and that the main themes in
this theoretical and operational context focus on the general theory discussion, theory
discussion in the context of risk management, human factors/human error management, safety
management and assessment, or accident analysis (key finding 3 — shown in 5.3).These
findings are discussed in further detail and directions for further research are offered. All
subsections provide recommendations for researchers, resulting in a research agenda.

5.1. Primary and secondary subsystems in aviation safety research

The first part of the quantitative assessment aimed at identifying ‘Which sub-systems have
received most attention when applying these theories?’. The review confirmed that air traffic
management and flight operations are the most investigated subsystems in aviation safety
studies underpinned by NAT, HRT and RE followed by organisational/policymaking/rulemaking
subsystems, airport operations/ground operations, and aircraft maintenance (Table 2).
Subsystems such as aircraft maintenance and ground operations received less attention from
researchers because of their perhaps different hazards and risks structure, and their lower
visibility in the broader aviation system. Nevertheless, it must be noted that aviation safety
research involving ground operations was increased in the last 5 years (Table 2), but it cannot
be concluded whether this will be a permanent trend. The increase in theory application to
aviation within the last 12 years is mainly focused on resilience engineering (Chialastri & Pozzi,
2008; Errico et al., 2016; Patriarca et al., 2018). This does not necessarily mean that NAT and
HRT become redundant, but it may show the strength and compatibility of RE with complex
and tightly coupled systems, such as aviation or healthcare (Errico et al., 2016; Anderson et.
al., 2016). In addition, the finding of the unequal treatment does not unquestionably mean that
this focus was wrong, researchers have good reasons for their choice, such as a specific
accident or application scenario (e.g. Errico et al., 2016; Flin et. Al., 2002). Nevertheless, with
the shift to the total system view (Hollnagel, 2014-2), it should be assessed if, how much, and
in which areas aviation safety can benefit from applying and discussing different theoretical
perspectives in the secondary system context to increase understanding and reduce risks.

Additionally, the research focus in the selected records was often on disaster resilience, event
resilience, and controllability of events (see Table 3). On the one hand, having this topic focus
on controlling events and disasters, while one the other hand authors focus on primary
subsystems seems contradictory, as a one-sided view may leave important aspects apart.
Therefore, the theoretical frameworks and tools provided with them, are recommended to be
used and applied to primary and secondary subsystems. This application to different
subsystems is only possible if one understands the characteristics and the role of all
subsystems within the broader system and operational context. Otherwise, important
influencing factors might get lost, such as the influence of efficient resource management in
ground operations on the punctuality of flight operations and with it the influence on a whole
network or airport operation.



Having a tightly coupled, interconnected, and interdependent system in high-risk environments
demands for a system view and a broad understanding of sub-systems and their
interdependencies. Especially when considering the increasing challenges stated in Section
1, it could be considered a good practice that these subsystems receive similar attention to
reduce accidents and incidents. Consequently, research and industry focus in those secondary
subsystems should be increased for a more in-depth understanding of the subsystems, their
characteristics, their role and interdependencies with other subsystems, and what impact they
have on the system safety and reliability. As an example, the reduction of ground operations
incidents or accidents may increase reliability of the system by decreasing delays, decreasing
human error in the system, decreasing equipment and aircraft damage, thus decreasing costs,
and increasing the overall safety and efficiency of the system. Thus, it is recommended to
analyse aviation accident and incident reports, specifically for the influence of secondary
subsystems, to better understand their influence on aviation system safety (see next
subsection for a relation to the theoretical approaches).

Nevertheless, more research on secondary subsystems will not naturally improve safety of the
aviation system, but the knowledge and understanding for secondary subsystems must be
properly adapted and implemented in the industry. It must not only be assessed if more focus
and understanding of the secondary subsystem can improve the total system view, and
especially the safety of working in and with the secondary subsystem, but this knowledge must
also be transferred to the system and subsystems by practitioners.

5.2. Normal accident theory, high-reliability theory, and resilience engineering
in aviation safety research

The second part of the quantitative assessment aimed at addressing the questions: ‘Which
theoretical approaches are more prominent within the aviation safety literature?’ and ‘Which
methodological approaches are primarily used to apply NAT/HRT/RE in aviation?’. The main
results related to the three theories in an aviation context are discussed. In this subsection, the
paper switches from the subsystems issue to the question of the potential contribution of the
three referred theories in emancipating from dogmatic theses underlying the current aviation
safety paradigm and developing new knowledge and theoretical frameworks in aviation safety.

In particular, high-reliability theory and resilience engineering were used by scholars in several
studies and different aviation subsystems. This indicates a growing relevance of the concepts
in aviation, especially of RE. In comparison, NAT was not extensively used in aviation safety
studies and, on many occasions, it was used in combination with another theory (Table 1).

RE appears to be the favourite theoretical framework in aviation safety research - over the past
10 years, while the underpinning capacity of NAT and HRT has decreased. Nevertheless, HRT
is still used in conjunction with RE. This is perhaps because NAT is viewed as a more
pessimistic or fatalistic approach to accidents, whereas HRT and RE take a more active
approach to them. A possible explanation of this shift towards RE is that HRT is focused on
error management principles for near error and accident-free operations. In contrast, RE offers
a broader spectrum of approaches for achieving resilience of a system, such as looking at why
things went right and why things went wrong, focusing on how the system works. Thus,
resilience engineering is not focused on avoiding errors in a system, but to maximise the ability
of the system to “adjust its functioning prior to, during, or following events (changes,
disturbances, and opportunities), and thereby sustain required operations under both expected
and unexpected conditions.” (Hollnagel, 2014, p.1) In addition, RE offers the more systemic
approach, rather than the organisational viewpoint in HRT.

The positive implications from an increased system understanding can be derived from the
developments in primary subsystems in the past decades. Safety thinking has evolved, from
accidents being understood from a purely technical perspective to a human factor, an



organisational, and finally a systems perspective (Swuste et al., 2021; Aven, 2022). The
understandings derived from theoretical frameworks, such as NAT, HRT, and especially RE
nowadays, could be or are partly embedded in the way investigators analyse aviation accidents
and incidents.

A popular example from the past is the Dryden accident — Air Ontario flight 1363 in 1989. This
fatal accident due to a failure in de-icing resulted from a number of systematic, organisation,
and human factors issues, such as pressure at individual and organisational level, lack of
resources, and a lack of procedures and oversight. This accident resulted in a number of
changes at national and international level, not only for refuelling and de-icing procedures, but
also with regards to human factor situational awareness. (Minister of Supply and Services
Canada, 1992; Bennett, 2015). Thus, system thinking and an increased understanding of the
subsystem and influencing factors, such as competitive pressure, while analysing this accident
resulted in changes beyond simply addressing the de-icing issues (Bennett, 2015). A first well-
known similar application of the system-thinking in around secondary subsystems could be
observed in the accident analysis and following industry changes of the National Airlines flight
102 in 2013. The accident was mainly caused by “inadequate procedures for restraining
special cargo loads, which resulted in the loadmaster’s improper restraint of the cargo, which
moved aft and damaged hydraulic systems ..., rendering the airplane uncontrollable” (NTSB,
2015, p.74). In addition, a lack of certification, deficient aircraft load training, procedures, and
oversight also contributed to the accident. Thus, the recommendations, as well as industry
actions also go beyond simply addressing the root cause, but analysing the various system
components including the regulator’s role, the airline’s role, the ground handler’s role, and
human factors issues in the particular subsystems involved. (NTSB, 2015; FAA, 2015). For
both accident examples, the theoretical frameworks of HRT for the Dryden accident and RE
for the national airlines flight potentially informed how the accident analysis and discussion has
been approached.

The aviation system is indeed a high reliable tightly coupled system, tightly coupled meaning
that all its subsystems function simultaneously, and any error from one subsystem will affect
total system performance. As HRT is predominantly based on HRO principles, it would be
interesting in the future whether all the aviation subsystems follow all these principles in their
operations and, if so, whether they all place the same importance on them or different
subsystems assign different weights to them.

The HRT principles still apply in all aviation subsystems. In addition, RE allows some space
for adaptation, reflection and improvement which can provide, in combination with HRT, a
coherent and comprehensive approach to address safety challenges in complex systems
operating in dynamic and volatile environments. The interplay between stringent safety
processes and procedures, and dynamic adaptations within the various aviation subsystems
would be an interesting direction for future research with researchers emancipated from
dogmatic theses but sensitive for controversies can develop new knowledge and theoretical
frameworks in aviation safety. The very concept of resilience in aviation can trigger more
integrated and progressive approaches to aviation safety science, notwithstanding the
learnings of NAT and HRT.

In addition to a detailed analysis of aviation accident reports, a more practical perspective can
be reached by reviewing aviation industry sources (e.g. from ICAO or IATA), rules and
regulations (such as national, supra-national, and international regulations), and applied
organisational approaches (e.g. from airlines, airports, or air navigation service providers) must
for these theories potentially embedded in their aviation safety and risk management systems
and manuals. For this, mainly qualitative research approaches, such as thematic content
analysis is recommended, but might be complemented by quantitative research such as
various modelling techniques.



5.3. Discussion of the thematic analysis

The third part of the assessment details the results of the thematic analysis and discussed the
themes identified in more detail. The results and discussion thereof address ‘What are the key
findings of these studies and what are potential areas needing further research?’ to identify
gaps in the system with the application of the theories.

5.3.1. Research discussing the three theories in general

In the area of general theory discussion main research was performed around controlling
safety or disruptive events, or disasters (Karanikas and Nederend, 2018; Agwu, Labib and
Hadleigh-Dunn, 2019; Wong et al., 2020) with the framework that is provided by one or more
theories. Karanikas and Nederend (2018) state that controllability is dependent on the level of
intervention potential, the familiarity of the end-user with the situation or event, and the effect
of the end-user intervention. To manage disasters, Agwu et al. (2019), state that learnings from
HRO can be applied to a wider range of organisations, and a more harmonised approach is
developed to apply learnings from different areas. But not only do severe safety events or
disasters in different subsystems influence the reliability of a system but also events that lead
to system disruptions do, such as delays (Wong et al., 2020). By combining the learnings of
simple and complex disruptive events, safety events, and even disasters the total system
understanding increases, as well as the general ability to act in any of these situations. Hence,
the guiding aim seems to be to understand the system and its challenges (Hollnagel, 2014;
O'Neil and Kriz, 2013; LaPorte and Consolini, 1991), measure the performance of the
approaches (Penaloza et al. 2017; Zhou and Chen, 2020) and develop management principles
(Weick, 1987; Antunes and Mourdo 2011), including training and educational measures
(Teperi and Leppanen, 2010; Vieira, Santos and Kubo, 2014). Preceding this analysis of safety
events is the analysis of the theories themselves. Therefore, some authors dealt with the
characteristics of the theories and their applicability in different socio-technical environments,
such as in aviation (O’Neil and Krane, 2012; O'Neil and Kriz, 2013).

Nevertheless, combining these findings and exploiting the lessons learned would allow for a
more harmonised and advanced approach across the three theories and systems and
subsystems. Hence, future research could investigate the theories in an applied operation
context and in combination with existing frameworks, such as safety, risk and human error
management or accident analysis. Therefore, it is recommended to analyse the general theory
discussion in different businesses and explore major disasters and disruptions, as well as
challenges that multiple high-reliability systems face.

5.3.2. Research discussing the theories in the context of risk management

The dominant focus in the theoretical discussion of risk management was risk governance
(Tjerhom, 2010), hazard and risk assessment (Brooker, 2011; Brown, 1995), and the
management of risks (Gander et al., 2011). Tjgrhom (2010) identified the importance of
harmonised national and supranational risk governance in aviation, providing the framework
for hazard and risk management on an organisational level. Improved hazard and risk
management are considered when researchers and practitioners not only look at what went
wrong or what could go wrong but also at analysing what went right and for what reasons
(Brown, 1995). Based on the framework and the analysis of operations, safety improvements
and management approaches, such as fatigue risk management can be derived (Brooker,
2011; Gander et al., 2011). Nevertheless, risk management-related analysis was often
conducted in the context of the primary subsystems (Gravio and Patriarca, 2016).

5.3.3. Research discussing the theories in the context of human factors and the management
of human error



Linking with the theme on risk management, human factors in the system, and the
management of human error could be identified as a key for achieving safety, reliability, and
resilience of a system. While Batteau (2001) describes the human role and historic
development in the aviation system, Heese et al. (2013) and Holbrook et al., (2019) discussed
the influence of human behaviour and human performance in the system. Heese et al. (2013)
use a similar approach to Brown (1995) in the risk management theme: not only observing
what went wrong but also what went right and for what reasons. In this approach, human
behaviour was observed, and the main influencing factors were identified: goal-directed
behaviour, proactive solutions, flexibility, improvisation, and the availability of resources Heese
et al. (2013). Although it is important to identify these factors, it is also crucial to manage human
error when it occurs. The management of error is evaluated by Wiegmann and Shappell (2001)
and identifies the need for decision support with objective criteria in organisations when
choosing the error analysis and prevention approach. A major application area is Crew
Resource Management in Aviation (Flin, O’Connor and Mearns, 2002; Gross, 2014). The
current research analyses different characteristics and gaps in the application, nevertheless a
conceptual framework and guidance for practitioners are only available for specific
subsystems, also not being standardised to date.

Future research in the areas of risk, human factors and human error management may provide
a more harmonised and holistic system view, based on system and subsystem characteristics.
Along the same lines, a detailed assessment of the different human factor characteristics in
the various subsystems is important. Naturally, those characteristics must be acknowledged
in the development and execution of risk, human factor, human error, and safety management.

5.3.4. Research discussing the theories in the context of safety management

Theory discussion in the context of safety management includes various components that
are also relevant for risk, human factors, and human error management. Nevertheless, in this
identified theme, the focus lies on the concept of Safety Management Systems (SMS)
(Adjekum and Tous, 2020; Lofquist, 2017; Weiland, Law and Sunjka, 2020; Pariés et al., 2019),
safety culture (Akselsson et al., 2009), and safety performance indicators (Herrera and
Hovden, 2008; Herrera, 2012). It follows, then, applying RE principles in SMS, Lofquist (2017)
and Weiland, Law and Sunjka (2020) identified the need to adapt current SMS concepts
caused by modern system dynamics and complexity. For similar reasons, Herrera and Hovden
(2008) and Herrera (2012) identified the need for new proactive or leading safety and reliability
performance indicators. As a result, the concept of RE, which is predominantly discussed in
this theme, may change the current SMS framework. Outcomes of a variety of aviation, but
also interdisciplinary research might be analysed. Those are also recommended to include the
‘future research’ recommendations in the areas of general theory discussion, subsystem
characteristics, risk management, human factors and human error management, as well as
accident analysis.

Lessons learned from the past are an important component of a potential conceptual
framework and can be derived from theory discussion in the context of accident analysis.
Essentially, accident causation analysis (Saleh et al., 2010; Hudson, 2012) and the
assessment of high-risk operations using accident analysis (Fraher, 2015) provide insights on
potential weaknesses in the current safety and risk management approaches. Thus, the
understanding of causes and contributing factors in accidents have been and will be important
for continuous system improvements.

As a result, future research could conduct a more in-depth analysis of past accidents and
incidents to reveal hazards and risks in different subsystems. By understanding gaps in
considering the different subsystem characteristics, and especially the influence of secondary
subsystem in aviation accidents and incidents, system understanding can be increased, and



future management approaches can be adapted. This might be done by an extension of the
research and application of resilience engineering tools, based on the learnings and
components of NAT and HRT, for more integrated, progressive, and dynamic approaches to
aviation safety science.

5.4. Limitations

This systematic scoping review is not a holistic assessment of system reliability theory
application to aviation subsystems, but rather an assessment of academic literature on NAT,
HRO, and RE theory application to aviation. The aim was to identify focus areas of theory
application in aviation subsystems and gaps therein. Further review and analyses on these
gaps are needed to identify, assess, analyse and measure the difference between aviation
subsystems and the resulting impact on the aviation system.

Even though, a SSR was conducted using five different databases, there is a probability that
not all relevant articles were found within these databases or that other databases have
additional relevant records. This could be for example caused by the keywords selected or the
screening conducted. Nevertheless, the number of databases and the thick description of the
methodology is expected to be beneficial for the overall reliability of this SSR.

With regards to the classification and focus on primary and secondary subsystems, it must be
noted that no additional analysis was conducted on the reasons of researchers to believe that
a given subsystem is less relevant for their own theory at a given time. This focus on primary
subsystems might have emerged because the secondary systems have been or still are less
complex, less dynamic, less exposed to the vagaries of real time, or less frequently involved
in accidents as compared to primary subsystem. Additionally, it is not solely the writings of
safety theorists that determine safety management practices, but rather the current visions and
developments within the system. The influence of safety theories on actual safety
management, and even more on actual safety performance cannot be taken for granted.

In this context, it is also important to note that only academic resources have been reviewed
in this study, and that there is potentially more discussion and application of NAT, HRT and
RE components within the industry or individual organisations. In the aviation industry, rules,
regulations, standards, best practices, and guidance material are developed by national and
international rulemaking bodies, such as the International Civil Aviation Organisation (ICAO)
or the European Union Aviation Safety Agency (EASA) or industry associations, as the
International Air Transport Association (IATA). Material developed by these, and other
organisations can potentially reveal that the theoretical frameworks might be embedded in the
different subsystems to a different extent.

6. CONCLUSION

This systematic scoping review (SSR) aimed to review the application of three different
approaches to discuss safety and in particular accidents in aviation, namely NAT, HRO, and
RE. The objectives were to explore the three theoretical frameworks applied to aviation, to
examine how and in which areas research is conducted in these fields, and to identify and
discuss knowledge gaps within the academic assessment of these areas (Munn et al., 2018).

This SSR provides quantified insights on the application and discussion of three theories in the
context of aviation subsystems and qualitative analysis of themes. The first part of the
quantitative assessment aimed at identifying ‘Which sub-systems have received most attention
when applying these theories?’, while the second part aimed at addressing the questions:
‘Which theoretical approaches are more prominent within the aviation safety literature?’ and
‘Which methodological approaches are primarily used to apply NAT/HRT/RE in aviation?’. It
could be concluded that neither all theories nor all aviation sub-systems received similar



attention from researchers. In particular, high-reliability theory and resilience engineering were
used by scholars in several studies and within different aviation subsystems. The review
confirmed that air traffic management and flight operations are the most investigated
subsystems in aviation safety studies underpinned by NAT, HRT and RE followed by
organisational/policymaking/rulemaking subsystems, airport operations/ground operations,
and aircraft maintenance (Table 2).

In addition, the SSR revealed that NAT, HRT, and RE are well-known theories to aviation but
are mainly applied to air traffic control (ATC) and flight operations. Even though it is
acknowledged that these theories have their roots in these high-risk areas of the aviation
system, the findings indicate that the subsystem ground operations and aircraft maintenance
receive significantly less attention in academic research. In addition, an increase of theory
application within the last 12 years could be identified, with a majority of articles in the area of
resilience engineering and applied to the aviation sub-system ATC/ANS/ATM. Nevertheless,
this lower implication frequency, as well as the nature of the associated risk, may explain that
scholars have not been interested in the secondary subsystems with the same frequency as
for other subsystems.

In a third step, a thematic analysis and discussed the themes identified in more detail. The
results and discussion thereof address ‘What are the key findings of these studies and what
are potential areas needing further research?’ to identify gaps in the system with the application
of the theories. As a result, five main themes were identified: general theory discussion, theory
discussion in the context of risk management, human factors/human error management, safety
management and assessment, or accident analysis (Table 3).

The main research proposals presented in the discussion above are to:

¢ increase the focus and understanding of the secondary subsystem and assess if and
how this can improve the total system safety (Section 5.1),

o further explore the concept of resilience in aviation and the role of the three theories
in aviation safety developments (Section 5.1)

e review and analyse industry resources and applied organisational approaches for a
potential inclusion of the three theoretical frameworks (Section 5.2),

e analyse the general theory discussion in different businesses and explore major
disasters and disruptions, as well as challenges that multiple high-reliability systems
face (Section 5.3),

e a more in-depth analysis of past accidents and incidents to reveal hazards and risks
in different subsystems (Section 5.3),

e examine the relevance and potential benefits of an extension of the research and
application of resilience engineering tools, based on the learnings and components of
NAT and HRT, for more integrated, progressive, and dynamic approaches to aviation
safety science. (Section 5.2 and 5.3)

e conduct a more in-depth analysis of past accidents and incidents to reveal hazards
and risks in different subsystems, with the aim to increase the understanding of the
subsystems and system as a whole (Section 5.3).

As a result of these proposals, it is generally recommended to analyse whether a
comprehensive theoretical framework including valuable components of all the theories can
be developed to provide a set of tools suitable for primary and secondary subsystems. To
achieve a clearer picture of the theory application in an operational context, not only academic
literature but also industry rules, standards and guidelines must be evaluated. In addition, an
increased understanding of the subsystems, especially secondary subsystems, and their role
in system safety could be thoroughly assessed. Ultimately, those findings may be used for a



more comprehensive safety, risk, human factors, and human error management approach in
aviation.

The overall aim of the analysed records can be described as improving the safety, efficiency
and resilience of a system. Even though most records selected for this paper are focused on
applying or assessing theories in an aviation context and are therefore application-focused,
practical implications for the operator are rare. Hence, NAT, HRT and RE are extensively
discussed in the context of one or more aviation subsystems, however, its application in the
operational context is missing. As a result, this indicates a need for the increased usage of
case studies and other practical assessments to not only benefit the body of knowledge and
other researchers but also to make the theories understandable and usable for practitioners
and more transferable within their operational context.

Nevertheless, the limitations in section 5.4 must be considered in the context of these
recommendations and can be considered and reduced in further studies, such as analysing
aviation accidents or, industry regulations and standards to assess in how far the three
theoretical frameworks are embedded in the aviation industry already.
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