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A B S T R A C T

Introduction: This systematic review examines and reports on peer reviewed studies that have applied systems
thinking accident analysis methods to better understand the cause of accidents in a diverse range of socio-
technical systems contexts.
Methods: Four databases (PubMed, ScienceDirect, Scopus, Web of Science) were searched for published articles
during the dates 01 January 1990 to 31 July 2018, inclusive, for original peer reviewed journal articles. Eligible
studies applied AcciMap, the Human Factors Analysis and Classification System (HFACS), the Systems Theoretic
Accident Model and Processes (STAMP) method, including Causal Analysis based on STAMP (CAST), and the
Functional Resonance Analysis Method (FRAM). Outcomes included accidents ranging from major events to
minor incidents.
Results: A total of 73 articles were included. There were 20, 43, six, and four studies in the AcciMap, HFACS,
STAMP-CAST, and FRAM methods categories, respectively. The most common accident contexts were aviation,
maritime, rail, public health, and mining. A greater number of contributory factors were found at the lower end
of the sociotechnical systems analysed, including the equipment/technology, human/staff, and operating pro-
cesses levels. A majority of studies used supplementary approaches to enhance the analytical capacity of base
applications.
Conclusions: Systems thinking accident analysis methods have been popular for close to two decades and have
been applied in a diverse range of sociotechnical systems contexts. A number of research-based recommenda-
tions are proposed, including the need to upgrade incident reporting systems and further explore opportunities
around the development of novel accident analysis approaches.

1. Introduction

Accidents are increasingly being examined through a systems the-
oretic lens (Salmon et al., 2011; Waterson et al., 2015). Since the turn of
the century, four systems thinking accident analysis methods have been
widely used in the human factors and safety science literature: (i) Ac-
ciMap (Rasmussen, 1997; Rasmussen and Svedung, 2000); (ii) the
Human Factors Analysis and Classification System (HFACS) (Shappell
and Wiegmann, 2001); (iii) the Systems Theoretic Accident Model and
Processes (STAMP) model and associated Causal Analysis based on
STAMP (CAST) method (Leveson, 2004; Leveson et al., 2009); and, (iv)
the Functional Resonance Analysis Method (FRAM) (Hollnagel, 2004,

2012). In recent times, the capability of these methods to address and
resolve resilient accident-related problems has been a topic of much
scholarly conversation (Leveson, 2011; Dekker and Pitzer, 2016;
Salmon et al., 2017a). Arguments have centred on the impending shift
in the nature of safety-critical sociotechnical systems, such as increased
levels of advanced automation, artificial general intelligence and the
use of robotics (e.g., Banks et al., 2018; Hancock, 2017, 2018) which
together are likely to expose further theoretical and methodological
flaws in contemporary accident analysis methods (Salmon et al., 2017a;
Stanton and Harvey, 2017; Walker et al., 2017).

Given that applications of these state-of-the-art methods now span
almost 20 years, as well as the fact that they have recently been
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criticised (Leveson, 2011; Salmon et al., 2017a), it is timely to subject
this body of accident analysis research to a detailed systematic review.
Aside from other comprehensive reviews published in areas such as
occupational safety (Khanzode et al., 2012), or reviews that focus on a
specific method (e.g., AcciMap; Waterson et al., 2017), there is a need
for a systematic and thorough overview of systems thinking accident
analysis applications in the broader peer reviewed literature. Such a
review is required to not only gain an overview of the applications and
their implications for accident prevention, but also to ascertain what
they are adding to the knowledge base around accident causation and
prevention more generally. Reporting on unique study features and
characteristics, such as the addition of analyses or statistical techniques
to supplement base applications, can provide a historical account of
how systemic accident analysis research has evolved over time.
Therefore, the aim of this systematic literature review is to examine and
report on peer reviewed studies that have applied AcciMap, HFACS,
STAMP-CAST, and FRAM to analyse and understand the cause of ac-
cidents across a diverse range of sociotechnical systems contexts.

1.1. Structure of this review

This review is structured as follows. First, an overview of the in-
cluded accident analysis methods is provided. This overview, albeit
brief in scope and scale, describes the main features of the methods and
models reviewed. Second, a methods section outlines the electronic
search terms, study eligibility criteria, as well as how information and
data were extracted and synthesised. Third, the results section is di-
vided into four methods categories according to the study groups
identified, the key findings of which are presented qualitatively and
quantitatively. Fourth, the discussion describes the results and methods
categories, of which a number of key findings are identified and re-
search-based suggestions proposed.

1.2. Methods overview

Based on recent discussions around the advancement of accident
analysis theory and approaches (Salmon et al., 2017a), this review re-
stricted article inclusion to reflect a core set of systems thinking
methods only. Consistent with their underlying theoretical basis and
original intended purpose, the aim of these methods is to identify and/
or conceptualise a range of interacting contributory factors or functions
from across a sociotechnical system.

1.2.1. AcciMap
An overview of the AcciMap method requires a brief introduction to

Rasmussen's (1997) Risk Management Framework (RMF). The RMF is
predicated on the idea that sociotechnical systems comprise various
hierarchical levels (e.g., government, regulators, company, manage-
ment, staff, and work), each of which contain actors, organisations, and
technologies that share responsibility for production and safety. Deci-
sions and actions occurring across levels of the system interact to shape
behaviour, meaning that organisational safety and health are influ-
enced by all elements in a system. The RMF describes the concepts of
organisational migration and vertical integration. Specifically, the be-
haviour of a complex sociotechnical system shifts, over time, towards or
away from acceptable boundaries of safety and performance depending
on external pressures (e.g., financial pressures) and the nature of the
communication and feedback between actors across the system hier-
archy.

Based on the RMF theory, Rasmussen and Svedung (2000) outlined
the AcciMap technique which is used to graphically represent the
system-wide failures, decisions, and actions involved in accidents
(Waterson et al., 2017) (Fig. 1). AcciMap analyses typically focus on
decisions and actions across the following six organisational levels: (i)
government policy and budgeting; (ii) regulatory bodies and associa-
tions; (iii) local area government planning and budgeting (including

company management); (iv) technical and operational management;
(v) physical processes and actor activities; and, (vi) equipment and
surroundings. The output is a map of contributory factors and their
interrelationships across the system. AcciMap is a generic approach that
does not use a taxonomy of failure modes and has since been applied in
a diverse range of safety-critical domains.

1.2.2. HFACS
HFACS was developed based on Reason’s (1990) theory of latent

and active failures (i.e., the so-called Swiss cheese model). Latent fail-
ures include factors such as deficient organisational management
practices, inadequate or missing resources, supervisory violations, poor
equipment design, and insufficient staff training protocols and proce-
dures. Conversely, active failures include unsafe acts that occur closer
to the moment at which an accident happened. Reason’s (1990) model
is theoretical in nature, and at the height of its popularity, lacked a
taxonomy to classify contributory factors. In response to this, Shappell
and Wiegmann (2001) formalised an aviation specific method in-
corporating categories of failure modes across four levels: (i) unsafe
acts; (ii) preconditions for unsafe acts; (iii) unsafe supervision; and, (iv)
organisational influences. Each of the four levels contain at least three
independent categories of contributory factors, with a total of 17 ori-
ginal categories that were later extended to 19 via the addition of en-
vironmental factors (Li and Harris, 2006) (Fig. 2). When applying
HFACS, analysts classify the human (active) errors and the related la-
tent failures across levels of the work system.

1.2.3. STAMP-CAST
The STAMP model (Leveson, 2004; Leveson et al., 2009) takes the

view that accidents result from the inadequate control or enforcement
of safety-related constraints – when disturbances, failures, and/or
dysfunctional interactions between components are not handled by
existing control mechanisms. STAMP considers safety as a control issue
that is managed through a control structure, with the primary goal of
enforcing constraints on the actors, organisations, and technologies
across the sociotechnical system (Fig. 3). Various forms of control are
considered, including managerial, organisational, operational, manu-
facturing-based, and even social controls (Leveson et al., 2009). That is,
overall system behaviour is dictated not only by appropriately designed
and engineered systems, but also by policies, procedures, shared values,
and other aspects of the surrounding organisational culture. Similar to
AcciMap, STAMP adopts a broad, holistic view of the entire system and
includes a congress and legislatures, as well as government level.

The STAMP model has associated risk and hazard assessment
(Systems Theoretic Process Analysis: STPA) and accident analysis (i.e.,
CAST) methods. When used for accident analysis purposes, applying
CAST involves developing a control structure model of the system under
analysis, and then using the associated taxonomy to identify control
and feedback failures that played a role the accident. Leveson’s (2004)
classification taxonomy of control flaws includes failures related to: (i)
the inadequate enforcement of safety constraints (control actions); (ii)
the inadequate execution of control actions; and, (iii) inadequate or
missing feedback. CAST analyses can include ‘context’, ‘mental model
flaws’, and ‘coordination’ as classification taxonomy categories in order
to cater to the human element since the method originated in the en-
gineering domain (Leveson, 2004).

1.2.4. FRAM
FRAM (Hollnagel, 2004, 2012) provides the means to develop an

overall understanding of how a complex sociotechnical system oper-
ates. FRAM is able to facilitate a risk and hazard analysis by describing
the relationships among factors according to their functional de-
pendencies (Hollnagel, 2012). The method is unique in the sense that
work organisations are not conceptualised as having multiple system
levels as is the case when modelling human and non-human interac-
tions across an abstraction hierarchy. Consequently, FRAM is focussed
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on understanding how combinations of everyday normal performance
variability may lead to unexpected (and usually unwanted) outcomes,
rather than to trace the propagation of a failure or malfunction
(Hollnagel, 2016).

The first step of a FRAM analysis is to identify system functions,
whether human, technological, organisational, or otherwise. Each
function is described from the perspective of six FRAM aspects: (i) the
input that a function uses or transforms; (ii) the output that that a

Fig. 1. Rasmussen’s (1997) RMF and the associated Accimap technique (Rasmussen and Svedung, 2000).

Fig. 2. HFACS taxonomies overlaid on the Swiss Cheese model.
adapted from Salmon et al., 2012
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function produces; (iii) a function’s preconditions that must be fulfilled
to perform its function; (iv) the resources that a function needs or
consumes; (v) a function’s time that affects time availability; and, (vi)
the control required to supervise or adjust a function’s behaviour
(Hollnagel et al., 2008). The second step involves characterising the
context-dependent observed and potential variability of the identified
system functions (Hollnagel et al., 2008). Step three involves linking
the different functions from step one, whilst considering the identified
factors and circumstances in step two, to produce a FRAM diagram
depicting aggregate variability (Fig. 4). When the links among functions
are modelled using the FRAM Model Visualiser (FMV; http://
functionalresonance.com/), it is possible to specify where the varia-
bility in a system has occurred, as well as how this variability con-
tributed to an accident. Accordingly, FRAM gets its name from the
propagation of variability through a system which can result in what
has been termed functional resonance – or the point at which an ex-
pected level of ‘noise’ oscillates and becomes a ‘signal’ representing a
non-specific accident cause (Hollnagel, 2012). The fourth and final step

is to examine the variability depicted across the FRAM model (i.e.,
variability is visualised across the six FRAM aspects, as well as the links
between aspects) to identify solutions to maintain work operations
within an acceptable boundary of safety and performance. The idea of
this step is to propose new ways of monitoring and/or dampening un-
wanted performance variability (Hollnagel, 2016). Further information
about how to conduct a FRAM analysis can be found elsewhere
(Hollnagel, 2012).

2. Methods

2.1. Electronic search

Four databases (PubMed, ScienceDirect, Scopus, Web of Science)
were searched by the first author for published journal articles during
the dates 01 January 1990 to 31 July 2018, inclusive. Citation software
(EndNote for Windows 6.0.1) facilitated the searching process. Limiters
were applied when searching databases. The search aimed to retrieve

Fig. 3. Leveson’s (2004) and Leveson et al. (2009) STAMP control structure model.
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articles from 1990 onwards as this predates the development of the
methods to be included (see Section 2.2.1). Database limits were im-
posed on both the published language and document type to maintain a
manageable and highly relevant search strategy (e.g., the search in the
Scopus and Web of Science database was restricted to include peer
reviewed journal articles only). The complete search strategy including
key terms, can be viewed in Table 1.

2.2. Eligibility criteria

2.2.1. Inclusion criteria
To be eligible for inclusion, studies were required to comply with

the following criteria:

i. Analyses involved an application of AcciMap, HFACS, STAMP-
CAST, and FRAM. Domain-specific adaptations to the original ter-
minology and/or taxonomy were permitted (e.g., HFACS-RR is a
modified version of HFACS for railroad accidents (Reinach and
Viale, 2006)).

ii. Analyses aimed to understand the cause of accidents (singular

events or aggregated datasets) from a systems thinking perspective
(i.e., systemic contributory and proximal causal factors could reside
across the work system).

iii. Outcomes included documented accidents ranging from major
events (e.g., large-scale nuclear disasters impacting on global
economies, environments, populations) to relatively minor in-
cidents and anomalies (e.g., component failures, exposure to ha-
zardous substances, personal injury).

iv. Information sources were original peer reviewed journal articles
published in English.

2.2.2. Exclusion criteria
Studies were excluded if they complied with the following criteria:

i. The use of traditional error and hazard analyses (e.g., fault tree
inspired analyses, human error identification and human reliability
analysis techniques), teamwork and performance assessment
methods that have been used in an accident analysis capacity (e.g.,
Event Analysis of Systemic Teamwork (EAST)), Distributed
Situation Awareness (DSA), and communications analyses.

Fig. 4. Generic example of a FRAM model
(Hollnagel, 2004, 2012). The hexagonal
shapes represent individual functions that
contain the six FRAM aspects, indicated by I
(input), O (output), P (precondition), R (re-
source), T (time), and C (control). Systems
exhibiting high variability and resonance can
be modelled using the FRAMModel Visualiser
(FMV; http://functionalresonance.com/). The
FMV is a computer-based tool that can assist
analysts to develop models and conceptualise
where in the system performance variability
has occurred.

Table 1
Key words and applied limits associated with each of the four databases.

Database Search terms and applied filters

PubMed Search (((((“human factors analysis and classification system”)) OR “rasmussen’s risk management framework”) OR AcciMap) OR (“systems theoretic accident
model and processes”)) OR “functional resonance analysis method” Filters: Publication date from 1990/01/01 to 2018/07/31; English

Scopus TITLE-ABS-KEY (“human factors analysis and classification system” OR “rasmussen's risk management framework” OR AcciMap OR “systems theoretic accident
model and processes” OR “functional resonance analysis method”) AND DOCTYPE (ar) AND PUBYEAR > 1989 AND (LIMIT-TO (LANGUAGE, “English”))

ScienceDirect “human factors analysis and classification system” OR “rasmussen’s risk management framework” OR AcciMap OR “systems theoretic accident model and
processes” OR “functional resonance analysis method”

Web of Science TOPIC: (“human factors analysis and classification system”) OR TOPIC: (“rasmussens risk management framework”) OR TOPIC: (AcciMap) OR TOPIC:
(“systems theoretic accident model and processes”) OR TOPIC: (“functional resonance analysis method”) Refined by: DOCUMENT TYPES: (ARTICLE) AND
LANGUAGES:(ENGLISH)
Timespan: 1990–2018. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC.
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ii. Analyses describing work-as-done as a basis to identify organisa-
tional or systemic frailties with the end goal of recommending re-
design and/or new engineering resilience activities (i.e., the ab-
sence of a documented accident).

iii. The theoretical and/or analytical enhancement of another accident
analysis method via the integration of certain aspects associated
with AcciMap, HFACS, STAMP-CAST, and FRAM. Doing so funda-
mentally changed the use of methods resulting in a hybridised ap-
proach (i.e., an approach that does not involve a complete appli-
cation of the method for accident analysis purposes).

iv. Books, conference or symposium presentations or papers, sys-
tematic and narrative reviews of the literature, industry reports, and
articles published in a language other than English.

Following the initial search, the first author inspected the titles and
abstracts of all retrieved articles against the inclusion criteria. For the
remaining potentially eligible articles, two authors (AH and PS) in-
dependently conducted the screening of abstracts and, in cases of in-
sufficient detail, the full-texts. Eligibility disagreements were resolved
during discussions involving two authors (AH, PS).

2.3. Data extraction

Eligible studies were grouped into one of four methods categories:
(i) AcciMap; (ii) HFACS; (iii) STAMP-CAST; and, (iv) FRAM. Extracted
study information differed according to the method used, however the
following categories provide a general overview of the information that
was obtained: (i) study/date; (ii) accident context; (iii) data sources/
year; (iv) the version of the method (e.g., HFACS-RR; AcciMap with five
levels); (v) outcome/severity (i.e., accident details, injuries and fatal-
ities); (vi) accident/error/category frequency; (viii) relationships
among factors; and, (ix) unique features of the methods applied, in-
cluding the use of additional theories, methods, analyses, and statistical
techniques.

2.4. Data organisation and interpretation

This section describes how study data and information were syn-
thesised so that conclusions about methods applications could be for-
mulated.

2.4.1. AcciMap
Information and data were summarised qualitatively (Table 2) and

quantitatively. A quantitative synthesis of the mean (Fig. 6) and total
number of contributory factors identified (Fig. 7) (i.e., errors and fail-
ures across the AcciMap model) was performed. Information regarding
the modelling of relationships among AcciMap factors was extracted
regarding whether links were qualitative or quantitatively described.

2.4.2. HFACS
A qualitative HFACS study synthesis is provided (Table 3). The non-

weighted and weighted mean proportion of a given HFACS category
was computed (Figs. 8 and 9). Calculating a weighted mean proportion
(Eq. (1)) and weighted standard deviation (Eq. (2)) was performed as
the number of accidents varied across studies. Studies providing in-
formation about the frequency of the presence of each HFACS category,
as well as the number of accidents analysed, were eligible for a quan-
titative synthesis:
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where x is the frequency of a HFACS category for a given study (cal-
culated manually where necessary), and w is the weighted factor based

on the total number of accidents. The relative quality of the data, as
well as the nature and severity of accidents, were treated as equal given
that the purpose was only to understand where classification efforts
have been concentrated on HFACS. For this review, there were 18
HFACS categories across four levels (i.e., unsafe acts, preconditions for
unsafe acts, unsafe supervision, organisational influences). The viola-
tions category under the unsafe acts level was not divided into its
constituent ‘routine’ and ‘exceptional’ behaviours as studies do not al-
ways report this distinction (Fig. 2).

2.4.3. STAMP-CAST
A written synthesis elaborating on extracted data and information

from each study is provided to supplement tabulated information
(Table 5). A quantitative summary of the number of control structure
levels and controllers (e.g., equipment, physical components, technol-
ogies, environments, weather conditions, people, organisations) is
provided (Fig. 10) in addition to the number of control flaws from
Leveson’s (2004) classification taxonomy (Table 6).

2.4.4. FRAM
A written synthesis is provided to supplement tabulated information

(Table 7). This general summary focusses on the identification of FRAM
functions, and describes in further detail, any unique features of the
investigations.

3. Results

3.1. Full-text selection

After searching four databases, a total of 690 articles were identi-
fied. After removing 197 duplicates and examining 493 titles and ab-
stracts, 104 potentially eligible articles were retained. The decision to
exclude 389 articles was based on: (i) method eligibility (n= 269); (ii)
whether or not the analysis aimed to better understand accident cau-
sation from a sociotechnical systems perspective (i.e., n= 114 studies
applied methods in an attempt to optimise sociotechnical systems from
a design and/or engineering resilience standpoint); and, (iii) relatively
few articles (n= 6) were reviews of the accident analysis literature.
Articles not identified through the systematic searching process were
later added according to the authors’ knowledge of the peer reviewed
literature (n= 5). Closer examination of 109 full texts led to the ex-
clusion of a further 36 articles. The reasons for exclusion at this later
stage can be viewed in Fig. 5. Overall, this process resulted in a total of
73 articles for inclusion.

3.2. Overview of AcciMap studies

A total of 20 AcciMap studies were included (Table 2). There were
five studies published between the years 2000 and 2009, and 15 studies
published between the years 2010 and 31 July 2018, inclusive. Six
studies were undertaken in the public health context, five of which
aimed to identify the factors underpinning food contamination and
infectious disease outbreaks (Woo and Vicente, 2003; Vicente and
Christoffersen, 2006; Cassano-Piche et al., 2009; Waterson, 2009;
Nayak and Waterson, 2016). The other public health study applied a
systems analysis to investigate the cause of a firearms-related fatality
involving a case of mistaken identity during police anti-terrorism ac-
tivities (Jenkins et al., 2010).

There were four studies in the transport context, including com-
muter and high-speed rail (Salmon et al., 2013; Underwood and
Waterson, 2014), freight road safety (Newnam and Goode, 2015), and
off-road beach driving (Stevens and Salmon, 2016). There were four
studies in the led outdoor recreation domain (Salmon et al., 2010;
2012, 2014a; 2017b), two of which examined the contributory factors
underpinning student group fatalities (Salmon et al., 2010; 2012). The
remaining contexts were maritime (Akyuz, 2015; Kee et al., 2017; Lee
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et al., 2017), aerospace (Johnson and de Almeida, 2008), bushfire
emergency response (Salmon et al., 2014b), and civil engineering (Fan
et al., 2015).

A majority of AcciMap studies used six hierarchical levels consistent
with Rasmussen’s (1997) RMF. Exceptions to this were few, with three
studies depicting five levels (Nayak and Waterson, 2016; Kee et al.,
2017; Lee et al., 2017). One study included an ‘outcomes’ level con-
taining the factors most proximal to a bacterial foodborne outbreak
(Nayak and Waterson, 2016). Two studies analysing the systemic cause
(s) of a passenger ferry disaster replaced the equipment and sur-
roundings level (i.e., the sixth level) with a similar outcomes level (Kee
et al., 2017; Lee et al., 2017). Other unique AcciMap features and
changes included the incorporation of logic gates or decision trees that
visualised a sequence of branching causality (Woo and Vicente, 2003).
One study drew attention to a critical event, or the point at which the
accident and its consequences on population health was unavoidable
(Cassano-Piche et al., 2009). Other studies coded contributory factors to
provide contextual insight into the occurrence of certain events. For
instance, the shading of AcciMap factors indicated the time and phy-
sical location of when and where decisions and actions took place
(Jenkins et al., 2010). Equally, factors were coded based on whether
they were preconditions (i.e., latent and distal to the accident), direct,
or complex (i.e., factors that had multiple aetiologic roles) (Nayak and
Waterson, 2016). Three studies used a quantitative approach when
modelling contributory factors and their relationships (Newnam and
Goode, 2015; Akyuz, 2017; Salmon et al., 2017b). For example, the
weighting of factors in terms of their contributory significance to the
accident was based on the use of Analytical Network process (ANP)
methods (Akyuz, 2017). Two studies descriptively quantified relation-
ships according to the frequency with which those relationships across
incidents were reported (Newnam and Goode, 2015; Salmon et al.,
2017b).

3.3. AcciMap contributory factor characteristics

Sixteen (80.0%) of 20 studies were eligible for quantitative sum-
mary regarding the mean number of AcciMap factors identified across
six levels of the RMF (Fig. 6). The four studies excluded did not follow
the traditional AcciMap format in terms of the labelling or number of
system levels (Waterson, 2009; Nayak and Waterson, 2016; Kee et al.,
2017; Lee et al., 2017). Regarding Fig. 6, the highest factor frequency
was found for the physical process and actor activities level, with a
mean of 13.4 (SD=8.0) factors identified. The lowest factor frequency
was found for the government policy and budgeting level, with a mean
of 3.2 (SD=3.1) factors identified.

Twenty studies were eligible for a quantitative summary regarding
the total number of AcciMap factors (Fig. 7). The mean and median
number of AcciMap factors identified was 40.0 and 37.0 (SD=16.5),
respectively. The highest total number of AcciMap factors was 71
(Salmon et al., 2014b). The lowest was seven (Waterson, 2009).

Table 4
Overview of accidents, errors, and HFACS category frequencies across studies.
‘Errors’ indicates the total number of causal/contributory factors identified,
whereas ‘categories’ refers to the total HFACS levels/categories/causal codes
for a given study.

Studies Total Range Median Mean (SD)

Accidents 43 5965 1–1020 48 139 (203)
Errors 19† 6938 15–2868 153 365 (681)
Categories 20‡ 15,720 55–2686 324 786 (868)

† Includes only those studies indicated in Table 3.
‡ Includes only those studies indicated in Table 3.
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3.4. Overview of HFACS studies

A total of 43 HFACS studies were included (Table 3). There were 14
studies published between the years 2000 and 2009, and 29 studies
published between the years 2010 and 31 July 2018, inclusive. Most
studies aimed to understand the human and organisational factors un-
derpinning aviation (n=15) and maritime (n=10) accidents. Studies
in the mining (n= 7), rail (n= 6), construction (n=2), nuclear power
(n=2), and industrial (n= 1) work domains were identified. The
sources of accident data as well as the type and severity of accidents
varied across studies.

In terms of HFACS framework modifications, eight studies in-
corporated an additional fifth level above the organisational level
(Reinach and Viale, 2006; Patterson and Shappell, 2010; Chauvin et al.,
2013; Chen et al., 2013; Theophilus et al., 2017; Verma and Chaudhari,
2017; Yıldırım et al., 2017; Zhang et al., 2018). Thirty-four studies used
a traditional four level HFACS framework that included between 17 and
20 individual categories. One study modified the HFACS framework to
include 28 categories across the traditional four levels (Batalden and
Sydnes, 2014). Twenty-six (60.5%) studies modelled interactions across
errors and/or HFACS categories. The approaches and techniques to
model relationships included traditional statistical modelling (e.g., chi-
squared, Fisher’s exact test, logistic regression analyses), hierarchical
decision-making process methods (e.g., ANP, Fuzzy Analytic Hierarchy
Process (FAHP)), and quantitative probability modelling (e.g., Bayesian
networks (BN)). Table 4 provides a summary of the total accident,
error, and HFACS category frequencies, as well as measures of central
tendency applicable only to studies reporting the necessary informa-
tion.

3.5. HFACS classifications

A total of 22 (51.2%) studies reported the frequency of the presence
of a HFACS category (Fig. 8). The weighted mean proportions and
standard deviations of 18 HFACS categories are based on 4456 acci-
dents (i.e., 74.7% of the total accidents analysed). Details of the 22
studies can be found in the nomenclature directly below Table 3 and
Fig. 8.

Skill-based error, decision error, perceptual error, inadequate su-
pervision, planned inappropriate operation, and supervisory violation
were the HFACS categories featuring in all 22 studies. The remaining
mean proportions computed were limited to those studies (parentheses)
that reported HFACS category frequencies: violation (n= 20), physical
environment (n=20), technical environment (n= 20), adverse mental
state (n= 19), adverse physiological state (n=20), physical and

mental limitation (n= 19), crew resource management (n= 21), per-
sonal readiness (n= 21), failed to correct a known problem (n=21),
organisational resource management (n=20), organisational climate
(n= 19), and organisational process (n= 20). HFACS category fre-
quencies in one study were estimated from a histogram (Daramola,
2014). In another study, the human failure investigations rather than
the equipment failure investigations were examined (Baysari et al.,
2008). The variation around the classification of HFACS categories was
generally less pronounced when studies were weighted according to the
number of accidents analysed.

In terms of the weighted mean proportions, skill-based error
(53.5%), decision error (36.5%), physical environment (30.6%), vio-
lation (27.2%), and inadequate supervision (25.5%) were the most
frequently coded HFACS categories. The lowest proportions were found
for physiological state (3.4%), supervisory violation (4.9%), failed to
correct a known problem (5.6%), organisational climate (8.9%), and
physical and mental limitation (9.3%).

A total of 10 (23.3%) studies in the civil and/or military aviation
context reported the frequency of the presence of a HFACS category
(Wiegmann and Shappell, 2001; Gaur, 2005; Li and Harris, 2006;
Shappell et al., 2007; Lenne et al., 2008; Li et al., 2008; Hooper and
O'Hare, 2013; Li and Harris, 2013; Daramola, 2014; Al-Wardi, 2017)
(Fig. 9). The weighted mean proportions and standard deviations of 18
HFACS categories are based on 2813 accidents (i.e., 47.2% of the total
accidents analysed). The HFACS category frequencies for the 10 avia-
tion studies were compared with the remaining 12 studies (Fig. 8) that
included 1643 accidents (i.e., 27.5% of the total accidents analysed).
Three of 10 aviation studies did not report the HFACS category fre-
quencies for physical environment and technological environment
(Wiegmann and Shappell, 2001; Gaur, 2005), or adverse mental state
and physical and mental limitations (Daramola, 2014).

Notable differences between the 10 aviation and 12 varied studies in
terms of classifying errors were found for the HFACS categories of or-
ganisational process (diff. 24.4%), technological environment (diff.
21.4%), organisational climate (diff. 19.4%), inadequate supervision
(diff. 17.4%), and planned inappropriate operation (diff. 14.3%).

3.6. Overview of STAMP-CAST studies

A total of six STAMP-CAST studies were included (Table 5). Further
information pertaining to the STAMP control structure model and
Leveson’s (2004) classification taxonomy of control flaws can be viewed
in Section 1.2.3.

The use of the CAST method was similar across studies in terms of
the approach taken to develop models and analyse control flaws. For

Table 6
Overview of select CAST characteristics among six studies ordered by ascending publication date. The ‘constraints’, ‘controls’, and ‘feedback’ columns correspond to
the inadequate enforcement of constraints (control actions), the inadequate execution of control actions, and inadequate or missing feedback, respectively.
Hyphenated fields indicate that information was not provided.

Study Constraints Controls Feedback Context Mental model flaws Coordination Total

Ouyang et al. (2010)* 20 17 2 20 11 1 71
Kontogiannis and Malakis (2012)† – 8 3 12 7 3 33
Altabbakh et al. (2014)‡ 17 17 – 20 11 – 65
Rong and Tian (2015)§ 17 32 – 7 – – 56
Kim et al. (2016)** 25 11 2 9 5 – 52
Canham et al. (2018)†† – 6 4 – 4 – 14

* Data were based on Fig. 5 through to Fig. 8.
† Data were based on Figs. 3 and 4.
‡ Data were based on a qualitative description of the hierarchical control structure (i.e., the model itself was a drawing/picture of the oil and gas system, i.e.,

Fig. 6).
§ Data were based on Table 4 and Fig. 4 (i.e., Table 4 included, ‘controlled component failures’, ‘dysfunctional interactions’, ‘delayed or missing control actions’,

and ‘incorrect process models’ at the operating processes level of STAMP and had to be manually defined under the appropriate category of the control flaws
classifications taxonomy).
** Data were based on Fig. 3 through to Fig. 5 (the CAST category ‘constraints’ includes ‘the subcategory process model flaws’).
†† Data were based on Table 3.
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example, missing or deficient control mechanisms were examined by
applying or extending Leveson’s (2004) classification taxonomy of
control flaws (Ouyang et al., 2010; Kontogiannis and Malakis, 2012;
Altabbakh et al., 2014; Rong and Tian, 2015; Kim et al., 2016; Canham
et al., 2018), and/or were supplemented via the use of additional the-
ories, methods, and models (Kontogiannis and Malakis, 2012; Rong and
Tian, 2015). Common to all but two studies (Kim et al., 2016; Canham
et al., 2018) was a focus on system operations rather than system de-
velopment. To be precise, the studies by Kim et al. (2016) and Canham
et al. (2018) briefly described the role of engineering safety into the
design of systems from the ‘ground-up’ prior to their analyses, however
each application of STAMP-CAST was focussed on system constraints
and flawed control mechanisms from the perspective of working op-
erations either before or at the time of an accident. The studies did not
elaborate on the importance of engineering safety and resilience into
systems, nor did they formally analyse or evaluate the properties of
existing work structure(s) from a design-based safety standpoint.

3.7. STAMP control structure and CAST characteristics

The number of control structure levels and controllers (e.g.,
equipment, physical components, technologies, environments, weather
conditions, people, organisations) included in six CAST analyses can be
visualised in Fig. 10. Also included in Fig. 10 is the number of system
levels and controllers that were described in each study prior to a CAST
analysis. The number of system levels was determined based on
Leveson’s (2004) control structure model as many studies provided
their own description of a system that did not adhere to the traditional
hierarchy.

In relation to Fig. 10, notable differences between the levels and
controllers described and analysed is not a reflection of the relative
quality of a given study. Firstly, the analysis of an accident using CAST
is reliant on the availability of the data sources and information used.
Secondly, the research purpose could be to identify control flaws among
human operators and physical/technical components only, despite a
reduction in analytical scope. Thirdly, the studies by Altabbakh et al.
(2014) and Rong & Tian (2015) are not necessarily more comprehen-
sive in terms of the congruence between a system description and the
subsequent analysis. Rather, those studies offered an initial description
of the system that was applicable only to the analysis itself.

The total number of control flaws in six CAST analyses can be
viewed in Table 6. The mean (SD) number of constraints, control and
feedback-based errors and deficiencies was 49 (21.3).

3.8. Overview of FRAM studies

A total of four FRAM studies were included (Table 7). Information
pertaining to the process of identifying different FRAM functions, in-
cluding their six aspects (i.e., input, output, preconditions, resources,
time, control), can be viewed in Section 1.2.4. It was not possible to
identify the number of couplings (i.e., relationships) among FRAM
functions for each study given the complex nature of the diagrams
presented. One study did report a total of n=245 couplings, however
such information was the exception (Patriarca et al., 2018).

In the study by Herrera and Woltjer (2009), a total of 19 FRAM
functions were identified. The analysis itself included nine functions
and focussed only on a specific time interval during the incident. No
reasons for this were specified. De Carvalho (2011) presented three
different FRAM diagrams relating to: (i) the Air Traffic management
(ATM) system; (ii) take-off; and, (iii) in-flight activities. Both applica-
tions involved a more traditional application of FRAM and used official
accident reports to extract the necessary data and information.

Patriarca et al. (2017) combined FRAM with Rasmussen’s (1985)
abstraction-decomposition framework to develop a systemic, multi-
layered description of a rail incident. The FRAM diagram was overlaid
onto the abstraction-decomposition framework which contained twoTa
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mutually inclusive dimensions: (i) a description of the rail system based
on five functional and generalised purposes (i.e., a vertical axis); and,
(ii) an overview of the agents in the rail system (e.g., infrastructure
company, signaller, train company, driver) who played a role at the
time of the accident (i.e., the horizontal axis). A cross-examination of
the interactions between different agents at a single functional level of
abstraction with the interactions among agents across different levels of
the rail system provided a deeper level of analysis that could not be
achieved with a more traditional FRAM application. Patriarca et al.’s
(2017) investigation was focussed on contextualising the identified
FRAM functions and did not discuss the results of the analysis in terms
of dampening unwanted performance variability in the rail system to
inform the implementation of future accident prevention interventions.

The second study by Patriarca et al. (2018) used the Resonance
Analysis Matrix (RAM), a FRAM support tool, to visualise and structure
the couplings among functions. The RAM was used because a tradi-
tional application of FRAM can include multiple functions and poten-
tially hundreds of couplings resulting a highly complex model that is
difficult to understand. Indeed, each function in a FRAM analysis is
unique in terms of its effect on performance variability across the

system as a whole. Consequently, the RAM provided the means to
systematically examine the number and type of couplings among dif-
ferent functions, including the functions that are highly connected and
have a critical role to play in accident causation.

3.9. Accident contexts

Fig. 11 shows the most popular accident contexts to feature across
the four methods categories. Aviation is the most popular context given
the relatively high number of HFACS studies included.

4. Discussion

The aim of this systematic literature review was to examine and
report on peer reviewed studies that have applied AcciMap, HFACS,
STAMP-CAST, and FRAM to analyse and understand the cause of ac-
cidents in a diverse range of sociotechnical systems contexts. Based on
the eligibility criteria and scope of article inclusion, HFACS (n=43)
was the most widely used method between 1990 and 2018, followed by
AcciMap (n=20), STAMP-CAST (n=6), and FRAM (n=4). Despite

Fig. 5. A visualisation of the systematic searching process (*‘non-methods focus’ refers to studies that aimed to enhance or expand an existing approach via the use of
certain principles or aspects associated with another method resulting in an incomplete application of one of the primary methods to be included, or did not actually
use an eligible method).
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being the older of the four methods, AcciMap continues to be applied to
analyse and understand accident causation in modern day socio-
technical systems. Although each method is underpinned by its own set
of theories and philosophes (i.e., Rasmussen’s (1997) RMF, Reason’s
(1990) Swiss Cheese Model, systems and control theory (Leveson, 2004;
Leveson et al., 2009), functional resonance (Hollnagel, 2004, 2012)),
there are a number of key findings across the applications reviewed in
terms of the general approach taken to identify casual factors and
elucidate accident mechanisms.

4.1. Key findings from the studies reviewed

The first finding is the identification of a greater number of con-
tributory factors at the sharp-end of a sociotechnical system relative to
the number of factors identified at higher levels (e.g., congressional,
governmental, regulatory). For example, most of the contributory fac-
tors in the AcciMap studies were located at the ‘physical process and
actor activities’ and ‘equipment and environment’ levels. Likewise,
many contributory factors in the HFACS studies were identified at the

Fig. 6. Mean and standard deviation for the number of AcciMap factors included on each level of Rasmussen’s (1997) RMF across 16 studies. Studies analysed both
single and multiple accidents. Further information can be found in the nomenclature below Table 2.

Fig. 7. Total number of AcciMap factors identified in 20 studies including mean trendline overlay. Studies mapped factors across six system levels and are ordered by
ascending publication date.
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‘unsafe acts’ and ‘preconditions for unsafe acts’ levels, including skill-
based errors, decision errors, violations, and factors related to the
physical environment. The CAST analyses demonstrate a similar pat-
tern, with studies typically identifying control flaws among controllers
at the ‘operating process’, ‘operational management’, and ‘company’
levels. A focus on including contributory factors at lower system levels
may be a function of the information and data available to analysts
rather than a consistent feature of accident causation. Nevertheless, the
limited number of factors identified at higher system levels suggests
that interventions and strategies designed to prevent accidents could be

ignoring the potential benefit of going upstream where arguably some
of the greatest differences could be made. A disproportionate focus on
human and technical factors is not necessarily consistent with a systems
theoretic accident causation philosophy which draws attention to the
role of governmental, regulatory, and organisational factors.

A second finding is the fact that all of the studies reviewed, re-
gardless of the method adopted, identified multiple contributory fac-
tors, functions, and relationships. For example, although AcciMap stu-
dies generally identified fewer factors at higher system levels, there
were instances whereby > 50 contributory factors were described

Fig. 8. Non-weighted and weighted mean proportions of 18 HFACS categories across 22 studies (aviation n= 10, rail n= 4, mining n=4, maritime n= 1,
construction n= 1, nuclear power n= 1, industrial n=1). AMS, Adverse Mental State; APS, Adverse Physiological State; CRM, Crew Resource Management; DEr,
Decision Error; FCP, Failed to Correct a Known Problem; ISu, Inadequate Supervision; OCl, Organisational Climate; OPr, Organisational Process; ORM,
Organisational Resource Management; PEn, Physical Environment; PEr, Perceptual Error; PIO, Planned Inappropriate Operation; PML, Physical-Mental Limitation;
PRe, Personal Readiness; SEr, Skill-based Error; SVi, Supervisory Violation; TEn, Technological Environment; Vi, Violation.

Fig. 9. Comparison of the weighted mean proportions of 18 HFACS categories between 12 varied and 10 aviation studies. AMS, Adverse Mental State; APS, Adverse
Physiological State; CRM, Crew Resource Management; DEr, Decision Error; FCP, Failed to Correct a Known Problem; ISu, Inadequate Supervision; OCl,
Organisational Climate; OPr, Organisational Process; ORM, Organisational Resource Management; PEn, Physical Environment; PEr, Perceptual Error; PIO, Planned
Inappropriate Operation; PML, Physical-Mental Limitation; PRe, Personal Readiness; SEr, Skill-based Error; SVi, Supervisory Violation; TEn, Technological
Environment; Vi, Violation.
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(Woo and Vicente, 2003; Salmon et al., 2012; Salmon et al., 2014b;
Underwood and Waterson, 2014; Newnam and Goode, 2015; Salmon
et al., 2017b). Similarly, there was an average of 49 control flaws across
the STAMP-CAST applications based on Leveson’s (2004) classifications
taxonomy. In the FRAM category, one study identified a total of 95
functions across three analyses (Patriarca et al., 2017). Not only does

this finding emphasise the complex and multifactorial nature of acci-
dent causation (Rasmussen, 1997), but it also has implications for data
collection and analysis. Incident reporting systems and accident ana-
lysis methods require the capacity to collect and analyse data on mul-
tiple factors from across an overall sociotechnical system. Such in-
formation may be external to the organisation and could even relate to

Fig. 10. Number of control structure levels and controllers described and analysed in six STAMP/CAST studies ordered by ascending publication date. The number of
system levels was determined based on Leveson’s (2004) model.

Fig. 11. The frequency of the different accident contexts that were studied across the four methods categories.
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certain decisions and actions that occurred months or years prior to an
accident. Unfortunately, many of the incident reporting and accident
data collection systems currently used in practice are deemed in-
adequate (Salmon et al., 2017a; Goode et al., 2018), suggesting that
accident analysis in practice may not be providing a complete under-
standing of how and why accidents occur. An important area of future
research is to explore the context-dependent feasibility of introducing
or upgrading incident reporting systems to account for big data and the
complexities of accident causation (Goode et al., 2018). The Under-
standing and Preventing Led Outdoor Accidents Data System (UP-
LOADS) is a good example of a nationwide incident reporting system
that was developed to address a lack of quality data on injuries and
incidents in various led outdoor Australian contexts (UPLOADS, 2018).
This novel database has gained considerable traction in Australia and
affords led outdoor recreation organisations the ability to benchmark
performances and compare incident data with other, similar providers.

A third finding relates to the way that studies have attempted to
enhance or extend the analytical scope of a method to better meet the
needs of a given problem or sociotechnical systems context. For ex-
ample, across the methods categories, it was relatively common for
studies to modify the total number of system levels, change the tradi-
tional labelling of system levels and categories, and/or extend the uti-
lity of analyses with additional theories, approaches, or statistical
techniques. Notably, in the HFACS methods category, 60% of studies
applied some form of quantitative or statistical approach to better un-
derstand the degree (or strength) to which higher level organisational
determinants influenced factors at the lower end of a system.
Examining the statistical dependency between factors in this way is
congruent with the underlying unidirectional causal theory of HFACS.
Also interesting is the evolution of the analytical approaches across
HFACS studies. For instance, Li and Harris (2006) used relatively basic
asymmetric measures of association to quantify the relationships be-
tween latent and active failures. Since then, the use of more sophisti-
cated forms of statistical and probability modelling (e.g., regression
analyses, FAHP algorithms including priority weighting procedures, BN
modelling) have become more common (e.g., Tvaryanas et al., 2006;
Lenne et al., 2008; Celik and Cebi, 2009; Wang et al., 2011; Akhtar and
Utne, 2014; Zhan et al., 2017; Aliabadi et al., 2018). In short, one
reason for wanting to improve HFACS is the need for a quantitative
dimension that is better able to objectively pinpoint the most significant
factors and causal ‘routes to failure’ (Li et al., 2008). It could be argued
that the methods in their current form are being stretched beyond their
capabilities and are not necessarily congruent with sociotechnical sys-
tems thinking or approaches (Leveson, 2011; Stanton and Harvey,
2017; Salmon et al., 2017; Walker et al., 2017).

A fourth finding relates to the disconnect between the different
theories and tenets of accident causation with the models and outputs
that are produced in practice. For example, a recent review has iden-
tified a set of 15 integrated systems thinking tenets across accident
causation models as found in the original texts describing the use of
AcciMap, STAMP, and FRAM (Grant et al., 2018). These tenets include
vertical integration, functional dependency, emergence, normal per-
formance, non-linear interactions, modularity, feedback loops, and
performance variability (Table 8). The intention of Grant et al.’s (2018)
work was to synthesise the core features of contemporary accident
causation models as a basis to develop a formal methodology for pre-
dicting accident occurrence. The authors’ (Grant et al., 2018) analysis
determined that despite considerable variation in the different philo-
sophies of accident causation, the tenets were universally supported in
the source literature. Accordingly, the question that remains is to what
extent do state-of-the-art methods, including the studies in this review,
take into consideration the key systems thinking tenets of accident
causation? Unfortunately, the answer to this question is that not every
study, model, or accident description has (or can) account for the tenets
in their current form. To illustrate this point, a predominant focus on
errors, failures, malfunctions, and deficiencies was noted across the

AcciMap, HFACS, and STAMP-CAST applications. This is contradictory
to the tenet of normal performance which is thought to play a key role
in accident causation (Perrow, 1984; Hollnagel, 2004; Dekker, 2011;
Hollnagel et al., 2013; Dekker and Pruchnicki, 2014; Salmon et al.,
2015; Salmon et al., 2017a). Although FRAM is designed to account for
normal performance variability, its outputs can be highly complex and
difficult to interpret. This has forced researchers to come up with new
and innovative ways of contextualising the results of FRAM so that
meaningful insights from the analysis can be used to inform practice
(e.g., Patriarca et al., 2017; Patriarca et al., 2018). Similar limitations of
accident causation methods and models have been noted (Salmon et al.,
2015, 2017a), suggesting that further work is required to understand
exactly how normal performance, as well as other systems thinking
tenets, contribute to accident causation. Overall, there appears to be a
requirement to ensure that Grant et al.’s (2018) tenets are considered
during accident analysis efforts.

4.2. Implications for accident analysis research moving forwards

Based on the key findings described, there is an opportunity for
future research to examine whether the proposed interventions to
prevent accidents are consistent with the results of each study identi-
fied. For example, factors related to equipment and the technical en-
vironment, as well as human error and failure, were emphasised across
studies relative to those factors that would typically be found at higher
levels of a sociotechnical system (e.g., legislative decision-making,
policy formation, organisational regulation, guidelines around com-
pany management practices). Such a detailed critique of the practical
implications as described in each study would provide further evidence
to support whether current systems thinking methods and models are
capable of producing results that can be translated into effective in-
terventions. However, with current interest levels around the safety-II
paradigm mounting (Hollnagel et al., 2013; Braithwaite et al., 2015;
Patterson and Deutsch, 2015; Hollnagel, 2018), as well as a recognised
need for theoretical and methodological advancement (Salmon et al.,
2017a), the focus of future research could also be positioned around the
development of novel approaches that can account for the key systems
thinking tenets of accident causation (Grant et al., 2018). Lastly, and in
relation to the scientific approach adopted in this review, we encourage
other practitioners in the field of safety science and human factors re-
search to follow a systematic process and document clearly the steps
leading to article inclusion and evidence synthesis. In doing so, the
science is more likely to be objective and fair, especially as it can be
tempting to select and include only those articles that might be known
to the research team and/or that tend to support a preconceived hy-
pothesis or argument.

4.3. Limitations and research-based considerations

This review has limitations that should be noted. During the process
of screening for potentially eligible articles, there is a possibility that
studies were not included. In anticipation of a considerably large
number of accident analysis investigations in the safety science litera-
ture, the initial screening of studies was based on the title and abstracts
of peer reviewed journal articles only (i.e., books, conference pro-
ceedings and articles, and official reports were excluded). It was ex-
pected that a majority, if not all studies, would also make explicit re-
ference to the primary method used in the abstract. In addition, the
eligibility criteria were narrowly defined to emphasise the use of the
main four methods to be included. For example, Section 2.2.2 specified
that studies were excluded if they attempted to enhance the theoretical
and/or analytical capability of another accident analysis approach by
integrating certain aspects of AcciMap, HFACS, STAMP-CAST, or
FRAM. This is despite the value and utility of studies that take the better
aspects of one or more methods to form a new accident analysis ap-
proach. Although this review has included HFACS studies utilising BN
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and ANP modelling, those studies did so after retaining the underlying
layers of defence theory whilst equally considering supplementary
techniques as methodological additions. We also alert the reader to the
fact that many studies were not included despite a complete application
of one or more of the eligible methods. For example, we initially
identified a total of 62 studies that referred to the use of STAMP fol-
lowing the initial systematic search. However, a majority of these in-
vestigations were concerned with optimising sociotechnical systems
and applying methods for the purposes of undertaking a hazard analysis
to generate potential list of causal (or other) scenarios that could inform
future accident prevention interventions (e.g., Pawlicki et al. 2016).
Other studies did not undertake a complete application of CAST. Si-
milarly, FRAM analyses depicting work-as-done variability as a basis to
understand the emergent nature of risk or hazards were excluded,
particularly as these studies also do not require an accident to have
occurred (e.g., Rosa et al., 2015; Patriarca et al., 2017).

5. Conclusion

This systematic review has examined and reported on systems
thinking accident analysis methods in the peer reviewed safety science
literature. A total of 73 studies were included across four methods ca-
tegories: AcciMap, HFACS, STAMP-CAST, and FRAM. These methods
have been popular for close to two decades and have been applied in a
diverse range of sociotechnical systems contexts. In consideration of the
main results, the following take-home messages are provided. First,
there has been a focus on identifying and recording or classifying
contributory factors at the sharp-end of the sociotechnical systems
analysed. Given the widely accepted belief that accidents are a systems
problem and require a whole systems approach to elucidate complex
aetiologies, there is little evidence that this is occurring in practice
among the applications reviewed. This is most likely a result of the
information and data available to support analyses rather than a
common feature of accident causation more broadly. The implication of
this finding leads to a second point; namely, the recognised need for
more sophisticated incident reporting systems that have the potential to
collect data from across all levels of a sociotechnical system. Doing so
will provide a more complete understanding of how and why accidents
occur whilst considering the influence of legislative, regulatory, and
organisational factors. Third, many of the applications modified or
extended the analytical scope of a method in an attempt to better reflect
the nuances of a particular context. Methodological innovation has

generally occurred out of necessity, whether to enhance the applic-
ability of a method to a new context, model multi-factor relationships,
or overcome the potentially complex nature of certain accident analysis
outputs. Fourth, and based on the inherent properties of the methods
themselves, there appears to be a disconnect between the theories and
tenets of accident causation with the models that are produced in
practice. There is a need to further explore research opportunities
around the development of novel approaches that consider the key
systems thinking tenets of accident causation.
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