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research agenda for RE, based on a systematic literature review that encompasses 237 studies from 2006 to
2014. Six research areas are identified: theory of RE; identification and classification of resilience; safety
management tools; analysis of accidents; risk assessment; and training. The area “theory of RE” accounted
for 52% of the studies, and it indicates that research has emphasized the description of how resilient
Keyy\{OTde ) ) performance occurs. The proposal for a research agenda is focused on: refining key constructs; positioning
Resilience engineering RE in relation to other theories; exploring other research strategies in addition to case-based studies;
Safety management . investigating barriers for implementing RE; and balancing the importance on describing and understanding
Systematlc literature review e . . . e . .
resilience with the emphasis on the design of resilient systems, and the evaluation of these designs.
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1. Introduction

Over the last decade, resilience engineering (RE) has been
advocated as an alternative for the management of safety in
complex socio-technical systems (CSSs) [1]. According to Woods
[2] RE “uses the insights from research on failures in complex
systems, including organizational contributors to risk, and the
factors that affect human performance to provide systems engi-
neering tools to manage risks proactively”. As the name indicates,
the assumption is that resilience can be engineered into a CSS, in
order to support the use of adaptive capacity. RE recognizes that a
portion of variability is unavoidable and beneficial, and due to this
fact it should be managed rather than dampened [8].

The first publications mentioning the term RE can be traced
back to 2003 [2,12]. However, RE became more widely known to
the academic community in a meeting in Sweden in 2004 (the 1st
RE Symposium), and also due to the publication of a book based on
that meeting [1]. Since then, the interest in RE has grown as a
result of both the theoretical merits of this discipline and the
failure of existing approaches to move CSSs beyond the existing
plateau of accident rates. Thus, in spite of being a fairly new
discipline, the assumption of this paper is that studies on RE
already exist in substantial quantity, quality and diversity. There-
fore, it is necessary to make sense of the existing knowledge,
characterizing what has been produced and identifying the main
opportunities for future studies. Based on a systematic literature
review, two research questions are addressed by this paper:
(a) what are the main research areas of RE? (b) How should a
research agenda for RE be structured? To the authors’ knowledge,
this is the first broad systematic literature review of RE, thus it has
an exploratory nature. Previous to this, Van der Vorm et al. [34]
had conducted a more limited systematic review, focusing on how
the concept of resilience has been applied at the organizational,
team and individual levels. Systematic reviews are strongly
recommended for supporting the theoretical progress of scientific
disciplines in general, as they identify over as well as under
explored areas, in addition to constructs that should be refined
[15,17].

2. Research design
2.1. Steps of the systematic literature review

A systematic literature review differs from a conventional
review due to the use of a research protocol, so that readers can
assess its rigor, completeness and repeatability; hence it reduces
the effects of chance and increases the legitimacy and authority of
the evidence found [17]. This review’s starting point was the
definition of the research questions, and subsequently three steps
were followed: (a) defining criteria for selecting the studies;
(b) defining the databases and selecting the studies based on the
criteria; and (c) data analysis and discussion of selected studies.
Regarding step (a), inclusion and exclusion criteria were defined as
follows:

(i) Inclusion: the search was limited to papers in English, and
“resilience engineering” was used as the keyword in the on-
line search for papers. That keyword could appear in the title,
abstract or the main body of the text. The keyword “resilience”
was not adopted as the search would result in a much greater
number of studies, since that concept has been investigated by
several different disciplines, such as sustainability, psychology,
economy and sociology. The search encompassed papers that
had been published or were in press until October 2014.
Moreover, the proceedings of the 2nd, 3rd, 4th and 5th

Symposiums of Resilience Engineering were included, as they
were the main academic events fully dedicated to RE so far.

(ii) Exclusion: conferences other than the RE symposiums, books,
dissertations, thesis, and studies that only referred to the
existence of RE, but did not focus on that subject. Moreover,
both the annual workshops on the Functional Resonance
Analysis Method (www.functionalresonance.net), and the
annual meetings of the Resilience Health Care Network
(www.resilienthealthcare.net) were not included, as they have
not produced full papers.

The exclusion of certain sources from the on-line search for
papers does not mean these sources were neglected by this
review. It only means that these contributions were not included
in the databases developed for supporting data analysis (see step
“c”, below), and therefore not included in the calculation of the
distribution of papers according to categories such as the domains
in which RE has been applied, and the adopted research designs. In
fact, a number of additional sources, such as the books on RE e.g.
[1,3,18,116,130], were used to support the analysis of the results
obtained from the on-line search. In other words, although these
sources did not count as “data”, they had an important role both to
enrich data analysis and characterize the research areas. Two
papers published in this special issue were also cited [134,135]
although they were not regarded as “data”.

Regarding step (b), the chosen databases were those available
from the authors’ institution, namely: ACM Digital Library, ACS
Journals Search, Academic Research Premier, Cambridge Journals
Online, Emerald Fulltext, Highwire Press, IEEE Xplore, IOPscience,
Nature, Oxford Journals, Royal Society of Chemistry, Science,
ScienceDirect, Scielo.org, SpringerLink, and Wiley Online Library.
Based on the inclusion criteria, 637 studies were identified, from
9 databases and the 4 Symposium proceedings. After checking for
studies present in more than one database and applying the
exclusion criteria, 237 studies remained.

Regarding step (c), a spreadsheet was developed to facilitate
data analysis, including the fields presented below:

(i) Identification data: database(s) from which the paper was
identified, journal’s name, title, year of publication, institution
of the first author, sector in which the study was developed;

(ii) Contents of the study: objectives, techniques for gathering and
analyzing data, research strategy (e.g. literature review, case
study, ethnography, experiments, etc.) and main results. Based
on this information, six research areas associated with RE
were identified, and the proposal for a research agenda was
developed.

2.2. Framework for addressing the research questions

In order to address the research questions, it is necessary to
develop operational definitions of what counts as a research area
within RE as well as what characterizes a research agenda. A research
area is defined mostly by the similarity of the objectives and the
types of outcomes produced by a set of studies, regardless of the
adopted research design. In turn, a research agenda refers to guide-
lines for the development of innovative practical and theoretical
knowledge within and across research areas. To some extent, such an
agenda is the result of the patterns identified in the research areas,
and may also reflect the authors’ biases. A source of bias is related to
the fact the authors are industrial engineers conducting research in
an Industrial Engineering program, and therefore concerns with the
design of artifacts are possibly more natural than for researchers with
other backgrounds.
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3. Results
3.1. Main characteristics of the selected studies

Among the 237 selected papers, 158 (67%) are from the RE
symposiums. Considering the remaining 79 journal papers, 24% of
them came from Safety Science, 16% from Cognition, Technology &
Work, and 11% from Reliability Engineering and System Safety.
Another characteristic of the sample is that the majority of the
papers (n=150, 63%) were based on empirical data. Table 1
presents the distribution of those studies across the domains in
which they were conducted—the sum of studies in all domains is
158 because some papers report investigations in multiple sectors.
Five domains account for 75% of the total: aviation (22%), health-
care (19%), chemical and petrochemical industry (16%), nuclear
power plants (10%), and railways (8%). Those domains are well-
known for their complexity and hazardous technologies [19],
which makes them proper fields for the use of RE. Nevertheless,
other domains widely regarded as complex are still under
explored, such as military and information technology.

All studies focus on risk management, massively on personal
and process safety-related risks. However, there are exceptions
focusing on other types of risk, such as the collapse in financial
services systems [84], terrorist acts in chemical plants [6], and
natural disasters [129]. Impacts on other business dimensions,
such as quality and efficiency, are usually dealt with jointly with
safety impacts (e.g. the study by Lay and Branlat [86]). Although
this approach is in line with the RE premise that safety is
inseparable from business [8], it can also be a drawback as the
full implications of using RE are not visible. It is also worth noting
that there are many studies on the relationships and impacts of
resilience on a number of areas not linked to safety—e.g. Creaco
et al. [7] demonstrate how resilience can be an effective measure
of the reliability of water distribution networks. As such studies
were not presented within a RE framework, they were not
included in this systematic review.

3.2. Methodological approaches
A substantial number of studies (n=87, 37%) were either litera-
ture reviews or conceptual papers. The studies which presented

empirical data predominantly used case study as a methodological

Table 1
Distribution of empirical studies according to the domains studied.

approach, and these accounted for 142 papers (95% of the empirical
papers). Nevertheless, the use of action research [20,21], surveys [22],
ethnography [23,24], experimental research [25], and design science
[26] was also identified in the remaining empirical studies. It is worth
noting that only 50 of the empirical papers explicitly stated their
research strategy, and the strengths and limitations arising from that.
In fact, underspecified research design is a methodological weakness
of several papers.

Further evidence of methodological limitations in the empirical
papers can be mentioned, for instance: (i) 33% of these papers
(n=50) did not explain how the data were collected and, as a
consequence, had no robust discussion on the reliability and
validity of the results; (ii) procedures for the data analysis were
stated only by 27 papers (18%)—content analysis was the most
frequently cited data analysis technique (n=22, 15%); and (iii) 23%
adopted only one source of data, such as documents (11%), inter-
views (11%), questionnaires (2%) or observations (1.3%). The use of
two or more sources of data is always desirable, so as to increase
credibility of results [27]. Of course, a possible explanation for the
methodological flaws might be related to the fact that 105 out of
the 150 empirical papers are from symposiums, which are by
nature more succinct than journal papers.

3.3. Research areas

Six research areas were identified based on this systematic
review. The distribution of the 237 selected papers across the areas
was as follows: theory of RE (n=124, 52%); safety management
tools (n=37, 16%); risk assessment (n=25, 11%); analysis of
accidents (n=20, 9%); identification and classification of resilience
(n=18, 7%); and training (n=13, 5%).

3.3.1. Theory of RE

This research area is focused on developing the theory of RE,
and it includes studies based on empirical data. Papers that do not
have any empirical data, in contrast, are not necessarily theore-
tical. In fact, an important criterion to categorize papers as related
to the theory of RE was their emphasis on the development of
constructs and models that presented the relationships among the
constructs. This was a pragmatic criterion, since constructs and
models are not sufficient for theory building [28]. Furthermore,
from a broader perspective, RE theory has been built based on

Domains/research areas Theory of

resilience resilience

Identification and classification of

Safety management Analysis of Risk
tools accidents assessment

Training Total

Aviation, including air traffic 18 2
control

Healthcare 15

Chemical and petrochemical
industry

Nuclear power plants
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Natural disasters
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Construction
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Shipping
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Fishing
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insights from all research areas identified in this literature review.
As a matter of fact, we adopted a narrow view of “theory” by
associating to this research area papers mostly devoted to the
development of descriptive theory. According to Carlile and
Christensen [15] descriptive theory is concerned with understand-
ing what a phenomenon is. It involves observation, documenta-
tion, measurement and categorization of the phenomena in words
and numbers. Normative theory stresses what causes the outcome
of interest and it gives a manager unambiguous guidance about
what actions will lead to the desired result, given the circumstance
in which she finds herself [15].

As RE is defined by its seminal authors as a paradigm for safety
management [ 1], the assumption of this paper is that RE theory is
mostly about the development of safety management theory. The
evolution of this theory was emphasized by five studies
[13,22,29,30,31]. For instance, Re and Macchi [29] analyzed the
evolution of Erik Hollnagel's assumptions on safety over his
academic trajectory. McDonald [32] uses three criteria for the
assessment of safety management theories, such as RE: focus of
application (level of the system addressed by the theory); power
of theory (extent to which the theory allows predictability and
control of the system); and technological readiness (extent to
which the theory was tested and evaluated). According to McDo-
nald, RE performs better in the criterion focus due to its commit-
ment to systems thinking, while more emphasis is necessary in the
two other criteria. Madni and Jackson [33] proposed core objec-
tives for RE: to support the management of trade-offs between
safety and productivity; to measure resilience; and to develop
mechanisms to promote resilience in organizations.

According to Back et al. [9] RE theory should be applied at three
levels: individual, team and organizational. While empirical RE
studies often describe the activities of front-line workers, researchers
usually stress the identification of work system design factors, arising
from organizational resilience, that influence individual and team
resilience. The study by Dolif et al. [130] illustrates this approach of
RE studies. Based on the investigation of the work of meteorologists
in forecasting heavy rain, they identified a number of organizational
and technical difficulties that hindered decision-making. However,

the mechanisms through which resilience is linked across the
individual/team/organizational levels are not yet well understood.

As previously mentioned, this research area emphasizes the
definition of core constructs for the field, such as resilience and RE
(Figs. 1 and 2). Some aspects of the definitions may be highlighted:
(i) neither RE nor resilience are meant to be exclusively focused on
safety; (ii) the ability of adjusting performance is the key aspect of
resilience, despite the focus on individuals, teams, organizations or
communities; and (iii) the major concern of RE is the scientific
investigation and practical use of the concept of resilience, especially
at the organizational level. Other constructs related to RE have also
been investigated, such as robustness and regulation [36], stability
[37], flexibility and robustness [38], unexpected events [39,40],
disturbances [33], improvisation [41].

The links between RE and related disciplines have also been
discussed, such as systems engineering [42], Normal Accidents
Theory, High Reliability Organizations—HRO [13,43], safety culture
[44], and complexity theory [45-50]. In particular, there has been
sharp criticism on the extent to which RE differs from HRO theory
(e.g. by Hopkins [13]), as commitment to resilience is a defining
characteristic of HRO [51]. Indeed, it would be misleading to
portray RE as radically innovative, since most of its core concepts
and principles were borrowed from other fields and even RE
seminal papers recognize inspiration from HRO [7,12]. However,
HRO theory does not give a prominent role to the concept of
resilience, as four other characteristics are equally emphasized:
preoccupation with failure, reluctance to simplify interpretations,
sensitivity to operations, and deference to expertise [51]. Further-
more, the choice of the term “high reliability” is criticized by
Dekker [52], since it does not necessarily means safety. Dekker
argues that a part can be reliable while the dynamics between
parts can make a system unsafe.

Concerning the links between RE and complexity, Saurin et al.
[46] discuss the role of resilience in the context of other character-
istics of CSSs, as well as how the guideline to create an environment
that supports resilience interacts with other guidelines for the
management of CSSs. Zarboutis and Wright [49] describe how
emergent phenomena, a core characteristic of complexity, may

Study

Definition

Grotberg [127]

“resilience is a universal capacity which allows a person, group or community to prevent, minimize or
overcome the damaging effects of adversity”

Hollnagel [11]

“resilience is an organization’s ability to adjust to harmful influences rather than to shun or resist them”

Wildavsky [10] “resilience is the capacity to cope with unanticipated dangers after they have become manifest, learning to
bounce back”
Woods [132] “resilience, as a form of adaptive capacity, is a system’s potential for adaptive action in the future when

information varies, conditions change, or new kinds of events occur, any of which challenge the viability
of previous adaptations, models, or assumptions”

Hollnagel [11]

continuous stress”

“resilience is the intrinsic ability of a system to adjust its functioning prior to, during, or following changes
and disturbances, so that it can sustain required operations even after a major mishap or in the presence of

Woods [134]

Four dimensions of the concept of resilience are identified: “(1) resilience as rebound from trauma and
return to equilibrium; (2) resilience as a synonym for robustness; (3) resilience as the opposite of
brittleness, i.e., as graceful extensibility when surprise challenges boundaries; (4) resilience as network
architectures that can sustain the ability to adapt to future surprises as conditions evolve ”

Fig. 1. Definitions of resilience [10,11,127,132,134].

Study

Definition

Woods and Hollnagel [5]

“resilience engineering is a paradigm that focuses on how to help people cope with complexity
under pressure to achieve success*

Hollnagel and Woods [62]

“resilience engineering aims to enhance the ability of a complex socio-technical system to adapt
or absorb disturbance, disruption and change”

Fairbanks et al. [133]

“resilience engineering is the deliberate design and construction of systems that have the capacity
of resilience”

Resilience Engineering
Association [14]

“resilience engineering looks for ways to enhance the ability at all levels of organizations to
create processes that are robust yet flexible, to monitor and revise risk models, and to use
resources proactively in the face of disruptions or ongoing production and economic pressures ”

Anderson et al. [35]

“resilience engineering represents a philosophical shift in the science of safety. It is a proactive
approach that focuses on the need for organizations to adapt to changes in the environment in
which they operate, supporting workers in a safe adaption when necessary”

Fig. 2. Definitions of RE [5,14,35,62,133].
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weaken resilience in aviation. CSSs are also known for the existence
of many trade-offs, which often have to be managed on the spot by
those working at the front-line. As the variety and number of trade-
offs may be overwhelming, their management cannot rely solely on
standardized operating procedures and, as a consequence, resili-
ence is necessary. Partly as a result of the theme of the 5th RE
symposium, some studies have addressed management of trade-
offs [53-56]. Also, Patterson and Wears [135] discuss the tradeoff
between the need to invest in adaptive capacity versus the need to
invest in efficient production.

Some researchers are also interested in comparing the RE
approach to resilience with the approach of other disciplines in
which the same concept has been used. Le Coze and Capo [57], and
Specht and Poumadeére [58], identified similarities and differences
between the psychological and the RE views of resilience. Those
authors concluded that both RE and psychology value the role of
past events as a basis for resilience. In fact, resilience is a concept
that has raised interest of various disciplines. Longstaff et al. [59]
found that the number of studies using that concept, in a broad
range of disciplines, has doubled from 1995 to 2013.

Several studies of this area report stories of resilience, without
being explicitly committed to the proposition of frameworks or
methods e.g. [60,61,130,131]. This is not necessarily a drawback, as
case studies perform an important role as a method of learning
[16] and descriptions of resilience can give rise to prescriptions for
safety management. The study by Le Coze and Herchin [115]
illustrates how the description of the expertise of operators led
to prescriptions that supported the re-design of standardized
operating procedures in a high pressure gas transmission network.
The strategic choice of cases is essential for conducting relevant
case studies [16], and in general, studies of RE have adopted a
consistent approach by investigating complex settings. For exam-
ple, emergency departments (EDs) have possibly been the most
frequent natural laboratory for the investigation of resilience in
healthcare, which makes sense given the nature of these environ-
ments. One such study can be seen in Perry et al. [60] which
identified resilient strategies adopted by a medical team in an ED.

Table 2
Categories adopted for classifying and describing resilience.

Furthermore, this study identified examples of sacrifice judgments
and decision-making difficulties in EDs. Similarly, Wears and Perry
[61] described how resilience can be designed, lost and restored in
EDs, especially during periods of overcrowding and when the need
for unexpected medical interventions arises.

3.3.2. Identification and classification of resilience

This research area is characterized by the development of
guidelines, frameworks and methods for the identification and
classification of resilience. On the one hand, these studies partially
overlap with those belonging to the area “Theory of RE” as their
results help to understand what resilience is. On the other hand,
this area differs from “Theory of RE” as it focuses on the means to
generate descriptive knowledge on RE, rather than on the descrip-
tions themselves.

Furniss et al. [67] developed a framework for reasoning about
resilience that requires representation of the level of analysis
(from the individual to operational), a traceable link from abstract
theory to specific observations, resilience mechanisms, and con-
textual factors. Hollnagel [18] presents the four abilities that
characterize resilient systems, which have been widely adopted
by RE researchers: anticipating, monitoring, responding, and
learning. Rankin et al. [30] extended the frameworks by Furniss
et al. [67] and Hollnagel [18], adding other categories and making
an application in the analysis of high-risk work in different
domains. Wears and Morrison [68] proposed the categorization
of resilient behavior according to the type of response for an
unexpected event: first level, characterized by a homeostatic
response that eventually may be ineffective as it hides the need
for deeper changes; second level, including not only responding,
but also anticipating and monitoring the effects of the response;
and third level, which is characterized by responses that take
advantage of learning from second level responses. Saurin and
Junior [69] developed and tested, in two air taxi carriers, a
framework for the identification and classification of sources of
resilience (SR) and sources of brittleness (SB), which allowed

Categories/studies [73] [119] [120] [121]

[98] [67] [122] [69] [123] [68] [124] [125] [126] [66] [64] [63] [30] Total

Ability of anticipating/being aware of hazards X

Capacity of adapting to variability/being flexible X

Ability of responding, restoring or limiting effects

Ability of learning

Resilient behaviors, resilient repertoire, resilience
markers, cognitive strategies that support resilience®

Sources of brittleness (SB), vulnerabilities, or threats to X
resilience

Sources of resilience (SR) and opportunities X

Capacity of absorbing variability/buffering capacity/ X
error tolerance

Ability of monitoring X

Means of RE, resources and enabling conditions

Cross-scale interactions X

Planning and preparedness

Goals of resilience

Sharp/blunt end; agents of resilience

Top level commitment

Just culture

The effectiveness of the SR

The opposite SR or SB

The risk from the SB

Origin of the SR/SB: internal/external; formal/informal

Mode of operation: the structure that a system adheres
to

Forces and situational conditions

Preventive or reactive resilience

X
X

XX XX

X X X X X X 8

X X X X 7

X X X X X 7

X X X X 6

X X X X X 5
X X X 4
X X 3
X 3

X X X 4

X X X 3
2

X X 2

X X 2

X X 2

X 1

X 1

X 1

X 1

X 1

X 1

X 1
X 1

X 1

2 The category cognitive strategies that support resilience is divided into several sub-categories by Malakis and Kontogiannis [63].
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identifying whether the SBs had correspondent SRs. The categories
SR and SB were also used by others, such as Da Mata et al. [70] and
Costa et al. [71]. While the former investigated safety of helicopter
flights to and from off-shore oil platforms, the latter studied
simulations of emergency situations in nuclear power plants.

Table 2 summarizes the categories for describing and classifying
resilience that were proposed by the studies associated with this
research area. The categories most frequently adopted are fully in line
with the definitions of resilience and RE (see Figs. 1 and 2). It is also
noteworthy that most categories, with the exception of those
stressing sources of brittleness, risks and vulnerabilities, emphasize
positive aspects of safety management. Indeed, this is consistent with
the RE objective of understanding why things go right, rather than
only why they sometimes go wrong [8]. Table 2 also indicates that
there is room for the development of innovative frameworks that
integrate the existing categories. The aforementioned work by Rankin
et al. [30] is an example of a study moving in this direction.

3.3.3. Safety management tools

This research area aims at the development of innovative safety
management tools based on RE premises. In fact, performance
measurement through indicators and audits, which is a core aspect
of safety management, is involved in the mainstream studies related
to this area. Thus, differently from the research area “Identification
and Classification of Resilience”, the area presented in this section
focuses on the management and measurement of resilience. Komat-
subara [72], for example, proposed a safety management model
which enables the identification of situations in which resilience is
needed as well as the required resources for its furtherance. Pflanz
and Levis [73] presented guidelines for the measurement of organi-
zational resilience, based on proxy measures such as error-tolerance,
capacity of responding to unexpected events and level of connectivity
between system’s elements. Siegel and Schraagen [74] devised a
model for the measurement of resilience signals, based on three
constructs: safety, capacity, and workload. Costella et al. [75] devised
a method for the assessment of H&S safety management systems,
whose requirements were explicitly related to RE premises. Jien
et al. [76,77] designed a method for developing resilience based early
warning indicators. The studies by Herrera and Tinmannsvik [78] and
Herrera and Hovden [79], both in aviation, discuss how RE supports
the design of innovative safety indicators.

Only a few studies do show concern with the design of safety
performance measurement systems (SPMS) aligned with RE. This is a
drawback, as SPMS are not limited to indicators. Indeed, guidelines
and methods are necessary for selecting, disseminating information
and learning from the results of indicators. In this respect, Saurin
et al. [80] proposed six criteria for the assessment of SPMS based on
insights from RE, and Woods et al. [81] devised a method for the
selection of safety indicators, supporting the identification of mis-
alignments, overlaps and false diversity among metrics. Huber et al.
[82] discussed how to learn from indicators aligned to RE, based on
an audit of the safety management system of a chemical plant.

3.3.4. Risk assessment

Studies associated with this research area emphasize the
development of risk assessments from the RE view. Straeter
et al. [83] criticize the traditional forms of risk assessment,
especially the emphasis on measuring human performance based
on the incidence rate of errors. This approach is in conflict with RE,
which stresses the role of context for human performance, under-
standing errors as an inevitable by-product of CSSs.

Sundstrém and Hollnagel [84] used the Functional Resonance
Analysis Method (FRAM) to assess risks in financial systems. The
well-known Failure Mode and Effects Analysis method was used
by Lhomme et al. [85] for the identification of resilient actions

directed to the prevention of natural disasters. Lay and Branlat [86]
carried out a risk assessment in a manufacturing plant, in order to
identify ways of increasing resilience during demand surges. A risk
assessment addressing the risks emerging from trade-offs in air
traffic control was undertaken by Karikawa et al. [87], in order to
identify threats to resilience. Cagno et al. [88] developed a method
for the assessment of risks that may compromise the resilience of
critical public services, such as gas and power supply, in the
aftermath of disasters. Cabon et al. [89] assessed the risks of flight
crews’ fatigue, using insights from RE to identify the contributing
factors and risk control measures. Anderson et al. [90] presented a
classification of socio-technical risks that jeopardize resilience in
the use of new technologies in healthcare. The assessment of risks
arising from the increasing automation of CSSs has been dealt with
by several studies, especially in aviation [91-94].

3.3.5. Analysis of accidents

In common, the studies associated with this research area stress
accident investigations under the lens of RE. In fact, is argued by RE
researchers that the analysis of accidents in CSSs should emphasize
the dynamics and interactions among the contributing factors,
rather than emphasizing the search for broken elements [95]. The
need for recognizing and supporting second victims in accident
investigations is emphasized by Dekker [128]. He argues that the
relationship between a resilient second victim and a resilient
organization is reciprocal. Four studies [96-99] used FRAM for re-
interpreting major accidents. A core FRAM assumption is that
accidents in CSSs result from the combination and resonance of
normal variability, and that broken elements do not necessarily
exist [8]. Praetorius et al. [97] did not identify any new contributing
factors in an accident re-investigated using FRAM. However, they
concluded that the use of FRAM allowed a better understanding of
the dynamics among the contributing factors. In fact, it has been
reported that the use of FRAM requires a high level of under-
standing of the theory underlying the method, and that obtaining
insights is not a straightforward process [97]. Moreover, it seems
that there is still under specification on how to use the method.

Major accidents have been re-interpreted in order to identify
which lessons could be learned to improve the resilience of the
affected CSS. By using FRAM to analyze a mid-air collision in Brazil,
Carvalho [96] identified measures that could enhance the resi-
lience of the air traffic control system. Westrum [100] proposed
three recommendations to improve resilience of communities
exposed to disasters similar to the one that devastated New
Orleans in 2005: (i) removing latent conditions beforehand, as
they cannot be tackled as the disaster unfolds; (ii) using decen-
tralized controls, as centralization amplifies the effects of the high
workload imposed on controllers in the aftermath of a disaster;
and (iii) training small community-based teams, such as those
related to NGOs, religious groups, and citizens in general, in order
to operationalize decentralized crisis management.

This research area also addresses the issue of how the lack of
resilience facilitated the occurrence of accidents. Shortcomings in the
abilities of anticipating and monitoring disturbances, for example,
were identified as contributing factors in two accidents in oil and gas
production [101]. Perry et al. [102] demonstrated how the lack of
resilience at the organizational level contributed to three accidents
related to the administration of drugs in an ED. They concluded that a
brittle process of purchasing and distributing drugs throughout the
hospital hindered the benefits of existing resilience at the front-line.
The insufficient use of RE principles also played a role in the
Fukushima’s nuclear disaster, according to Kitamura [103]. Yet,
resilience prevented that the damages caused by that disaster were
even greater. For example, soon after the plant was hit by the
tsunami, a worker asked for immediate support from firefighters,
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anticipating the need for cooling the reactors by injecting water.
Official investigations seem to have under appreciated the impor-
tance of similar resilient actions [104].

3.3.6. Training

This research area comprises the fewest number of studies (13),
indicating that it has been less explored in comparison with the
others. Overall, the implications of RE for training [26,105-108]
and learning [109] have been investigated in this research area.
Wachs et al. [106] re-interpreted the identification of non-
technical skills (NTS) from the RE perspective. They proposed four
procedures for the operationalization of the RE view on NTS
identification: identifying work constraints which create the need
for NTS as a means to adjust performance; identifying recommen-
dations for re-designing the system, which could reduce the need
for using NTS; regarding the identification of NTS as an opportu-
nity to give visibility to adaptations; and classifying the NTS into
categories which are meaningful for workers.

Due to the theoretical and practical implications of RE on NTS,
Saurin et al. [26] proposed to use the expression “resilience skills”,
which they defined as the individual and team skills of any type
necessary to adjust performance. Ploquin et al. [109] discussed, in a
healthcare setting, how the learning of RE premises could be
supported by an incident reporting system. Lundberg and Rankin
[107] proposed, based on focus group discussions with crisis response
teams, guidelines for the design of training for taking improvised roles.
One of the few studies involving the use of control groups in RE
research was presented by Bergstrom et al. [3]. These authors
developed scenarios for the training of resilient competencies of fire
safety engineers involved in escalating situations, comparing the
performances of control and experimental groups. The stress on
how training should be designed to support the development of skills
to deal with unexpected situations is a clear shared characteristic of
the studies in this area. As a drawback, these studies do not always
make it clear how the work system design may support the use of the
skills practiced in training. Thus, it seems that more emphasis should
be placed to make it explicit that, according to the RE view, the unit of
analysis for designing and assessing training should be the joint
cognitive system [65], rather than the individual worker.

4. Discussion and conclusions

The two research questions that guided this paper are dis-
cussed in Sections 4.1 and 4.2, respectively: (a) what are the main

-\

|

Supports studies on

Involve

research areas of RE? (b) How should a research agenda for RE be
structured?

4.1. Research areas

Considering the six research areas altogether, this literature
review indicated that studies on RE: (i) usually adopt case-based
research designs, accounting for the context-dependent nature of
the management of CSSs; (ii) have a greater emphasis on the
description of how resilient performance occurs in CSSs, in
comparison with studies on prescribing, implementing and eval-
uating practices for the management of resilience; (iii) do not
usually take advantage of the existing frameworks, guidelines and
methods for the identification and classification of resilience,
although there are exceptions [e.g. [30]]—due to this fact, a portion
of the studies describing resilience are difficult to compare with
other studies; and (iv) focus on domains in which hazardous
technologies are used (e.g. aviation and healthcare), even though
studies have also been conducted in non-safety critical domains,
such as the financial sector.

Fig. 3 illustrates the relationships among the research areas. The
area “Theory of RE” supports the others, to the extent that it involves
the development of the core constructs and principles of RE, as well
as their articulation. Of course, the relationship between this area and
the others is bi-directional, since the more empirically oriented areas
can provide insights that challenge theory and set a basis for its
refinement. Fig. 3 also indicates that the research area “Safety
Management Tools” has four branches that, due to their prominence,
were regarded as research areas on their own. The area “Identifica-
tion and Classification of Resilience” supports safety management as
it helps to uncover where resilience is and how it looks like. As a
result, it provides a basis for the design of practices to support the
emergence of resilience and to eliminate its unnecessary portion due
to ineffective processes. The relationship connecting safety manage-
ment and the areas “Risk assessment”, “Analysis of Accidents”, and
“Training” is straightforward, as those are traditional elements of
safety management systems. It is also worth noting that the level of
granularity of the adopted classification of research areas is low, so as
they could be more fragmented. For example, the area “Theory of RE”
involves studies of the evolution of safety management paradigms,
stories of resilience, and discussions on the relationships between RE
and other disciplines. As mentioned in Section 3.3.1, the common
feature linking these studies, and that justifies their placement under
“Theory of RE”, is the emphasis on understanding and describing core
constructs for the discipline, such as resilience, RE, and safety.

Should be connected to
the theory of

<€4—— Demand re-interpretation of

traditional

Fig. 3. Relationships among the research areas.
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4.2. Research agenda proposal

Based on this review, some trends were identified in RE re-

search, setting a basis for the proposition of a research agenda,
focusing on:

(i) Refining key constructs that have been used in RE research

(ii

—

(e.g. resilience, robustness, flexibility, adjustments, improvi-
sation, adaptation, stability, variability), which may lead to a
deeper understanding of their commonalities, differences,
and relationships. In fact, each of those constructs can give
rise to sub-constructs, as there is already substantial empirical
evidence pointing out that resilience may have different
manifestations—e.g. it changes across organizational levels,
it may be more or less proactive, it may be sometimes simply
a way of masking waste. The lack of well-defined constructs is
a drawback for field studies, as it may not be clear which
phenomena is to be measured. The development of a coherent
body of knowledge may also be compromised, since compar-
isons between studies might become impossible.

Positioning RE in relation to other theories. This is important
to prevent RE of becoming a self-contained discipline, which
would be contradictory with the need for considering multi-
ple perspectives when managing CSSs [117]. In particular,
progress is necessary to articulate RE with other safety
management paradigms (e.g. HRO) and system design the-
ories (e.g. systems thinking). The lack of clarity of the
conceptual links between RE and the theory of complex
systems is also representative of such criticism. For example,
it is possible that RE may not be equally relevant for all CSSs,
as complexity is a multidimensional construct, and each
dimension has different intensities in specific contexts [19].
In fact, there has been little discussion on when the use of RE
might be counter-productive. One of the few exceptions is the
study by Wears and Vincent [116], in which they discuss
examples of overusing and misusing resilience in healthcare,
and the resulting undesired side-effects, such as staff burnout.
In a similar vein, Lundberg and Rankin [107] discuss the risk
of resilience loss after an initially adaptive response, while
Komatsubara [4] illustrates how the combination of individual
resilient behaviors may lead to functional resonance type
accidents. Moreover, it is unclear under which conditions
should RE be more focused on reducing complexity or on
managing the irreducible portion of complexity. While it is
certain that both options (reduce and manage) can co-exist,
an over emphasis on complexity reduction may equalize RE to
a number of other management approaches dedicated to
increase processes efficiency and reduce variability.

(iii) While the massive use of case-based studies is one of the

strengths of RE, other research strategies have been under
explored. In particular, quantitative methods, such as surveys,
mathematical modelling, and computer simulations are not
common to observe. While the complexity of real settings is
difficult to be taken into account by those methods, they
certainly have useful applications. For example, surveys could
be carried out to investigate the extent to which RE principles
have been implicitly used by industry, as well as to identify
the perceptions of researchers in regard to where the school
of RE should be heading. This type of study should also
account for the academic background of researchers, as the
RE community is multidisciplinary.

(iv) Balancing the current emphasis on describing and under-

standing resilience, which is represented mostly by the areas
“theory of RE” and “identification and classification of resi-
lience”, with the design of resilient systems, and the evalua-
tion of these designs. In line with Le Coze and Herchin [115]

this proposal also implies the need for developing guidance to
researchers and practitioners, regarding how descriptions can
be translated into prescriptions. In fact, Hollnagel [18,
p. xxxviii] proposes that “RE should make use of existing
methods and techniques, although seem from a RE perspec-
tive and in some cases be supplemented by new methods and
techniques”. This conveys the objective of providing practical
guidance to managers on how to design and operate resilient
organizations. Thus, there is a need for the development of
testable propositions related to RE (e.g. by supporting resi-
lience through the use of a certain practice, under certain
conditions, a certain dimension of performance is likely to
improve to a certain extent), which can guide iterative cycles
of design and evaluation.

The operationalization of proposal (iv) may benefit from the
integration between RE and other management paradigms.
For example, lean production shares a number of theoretical
assumptions with complexity theory, and it has practices that
could be useful for creating an environment that supports
resilience [118]. Proposal (iv) may also benefit from the use of
Design Science Research (DSR) as a research paradigm. The
epistemology of DSR stresses knowing through making, and it
is solution-focused, rather than problem-focused [111,112].
According to Hevner and Chatterjee [113] DSR is adequate for
dealing with wicked problems, which are ubiquitous in CSSs,
as it stresses the systematic development and rigorous eva-
luation of designed socio-technical artifacts. Horst and Web-
ber [114] present ten characteristics of wicked problems, such
as their unique nature, the fact that every problem is a
symptom of another problem and the fact that they cannot
be fixed, but only improved. When engineering resilience in a
CSS, designers will be confronted with those and other
characteristics of wicked problems. In fact, similarly to what
happens with ergonomic interventions in general [110],
“solutions” based on both DSR and RE are unlikely to provide
generalizable proof of effectiveness, and this is why they
should stress the identification of intervention elements and
situations in which they are likely to work as intended. It is
also worth noting that DSR is a type of case-based investiga-
tion aligned with the tradition of qualitative research, and so
it does not imply major changes in the scientific values
adopted by RE researchers familiar with case studies. For
instance, by stressing the test of “solutions” in real environ-
ments, DSR recognizes the impact of complexity.
Investigating barriers for the implementation of RE by industry
as well as means for managing them. One of these barriers may
be related to the fact that this review did not identify any report
of companies formally using RE as their safety or business
management philosophy, systematically integrating RE princi-
ples into a wide number of management routines—e.g.
no reports were found of companies stating, in formal policies
and programs, the need for using RE. This can become a
bottleneck for the evolution of RE, as theory building would
benefit from the observation of experiences of engineering
resilience in large-scale in a company.

<

The academic origin of RE can be another barrier for wide-
spread practical dissemination. A number of other organizational
management paradigms (e.g. lean production) were born in
industry, and strong theory building came after large scale
practical experiences. Hence, some paradigms firstly proved to
be effective in practice as to raise academic interest. RE has
followed the other way around. Yet another barrier for the spread
of RE in industry can be its questioning of some paradigms deeply
rooted in practice—e.g. the view that the human being is the
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weakest link in a system, and therefore it should be replaced by
reliable automation.

4.3. Limitations of this study

Some limitations of this study must be mentioned. First, the
inclusion and exclusion criteria adopted for selecting papers imply
that relevant studies may have been neglected. It is also likely that
some studies of little relevance were included, especially because a
substantial portion of the papers came from symposiums proceed-
ings. Second, as several research areas were jointly reviewed, specific
research questions associated with each area were not addressed.
Third, the assignment of studies to research areas was a compromise
solution, as there are studies that cross more than one area. In fact,
those assignments are not free from the authors’ biases, which may
have also been evident in the studies chosen to illustrate each
research area as well as in the proposal for a research agenda—e.g.
as mentioned in Section 2.1 the authors have an engineering back-
ground, and so the suggestion for using DSR may be more natural for
them than for other researchers. Thus, due to the exploratory nature
and limitations of this research, an opportunity for further studies
would be to undertake other systematic literature reviews and
bibliometrics studies on RE. For example, narrower research ques-
tions could be defined and stricter criteria for sample selection of
papers could be used—e.g. based on the number of citations and on
the quality of contents as perceived by experts.
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