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This paper reviews the state of the art on the resilience of complex systems by embracing different research areas and using
bibliometric tools. The aim is to identify the main intellectual communities and leading scholars and to synthesize key
knowledge of each research area. We also carry out a comparison across the research areas, aimed at analyzing how resilience is
approached in any field, how the topic evolved starting from the ecological field of study, and the level of cross-fertilization
among domains. Our analysis shows that resilience of complex systems is a multidisciplinary concept, which is particularly
important in the fields of environmental science, ecology, and engineering. Areas of recent and increasing interest are also
operation research, management science, business, and computer science. Except for environmental science and ecology,
research is fragmented and carried out by isolated research groups. Integration is not only limited inside each field but also
between research areas. In particular, we trace the citation links between different research areas and find a very limited number,
revealing a scarce cross-fertilization among domains. We conclude by providing some directions for future research.

1. Introduction

A common property of many complex systems is resil-
ience, that is, the ability of the system to react to perturba-
tions, internal failures, and environmental events by
absorbing the disturbance and/or reorganizing to maintain
its functions.

The word resilience originated in the 17th century from
the Latin term “resiliere,” which means to jump back. In
academic literature, the concept emerged in the 1970s from
ecology studies on interacting populations, such as predators
and prey, and their functional responses. According to
Holling’s seminal study, “resilience determines the persistence
of relationships within a system and is a measure of the ability
of these systems to absorb changes of state variables, driving
variables, and parameters, and still persist” [1]. Early studies,
according to which the system “bounces” back to the equilib-
rium state predisturbance, related resilience to stability and
the capacity to absorb environmental shocks and still main-
tain function. Successively, the concept was enriched to
include the ability of the system to face with and adapt to

change. This proactive perspective focuses on the complex
system features and their capacity for renewal, reorgani-
zation, and growth [2-4]. In such a view, resilience is a
multifaceted capability of complex systems that encom-
passes avoiding, absorbing, adapting to, and recovering
from disruptions [5]. It involves the following main complex
system features: self-organization, adaptive capacity, and
absorptive capacity.

Since then, over the last 40 years, the topic of resilience
has grown a lot in popularity. Applications have spread into
multiple domains such as ecology, environmental science,
management, economics, engineering, computer science,
and psychology. Thus, today, resilience is a multidisciplinary
topic spanning natural science, social sciences, and engineer-
ing [6-9]. Studies on resilience concern a great variety of
complex systems embracing individuals, ecosystems, organi-
zations, communities, supply chains, computer networks,
and building infrastructures, just to name a few of the most
popular ones. In the literature, resilience can be subclassified
as ecological resilience, organizational resilience, resilience
engineering, system resilience, and psychological resilience.
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TaBLE 1: Definitions of resilience in different domains.

Definitions Sources
Measure of the persistence of systems and of their ability to absorb change and disturbance (1]
and still maintain the same relationships between populations or state variables.
Ability of a social-ecological system to absorb disturbances and reorganize while undergoing 3]
change, so as to still retain essentially the same functions, structures, identity, and feedbacks.
. - The magnitude of disturbance that can be absorbed before the system changes its structure by
Ecological resilience . . . [10]
changing the variables and processes that control behavior.
The ability of the system to maintain its identity in the face of internal change and external (8]
shocks and disturbances.
Measure of the amount of change needed to change an ecosystem from one set of processes 1]
and structures to a different set of processes and structures.
Ability to bounce back from a disruption. [12]
Ability to return to the original state or to a new, more desirable one, after experiencing (7]
Organizational resilience a disturbance.
Capability to face disruptions and unexpected events in advance, thanks to the strategic (6]
awareness and a linked operational management of internal and external shocks.
Ability of a system to sense, recognize, adapt, and absorb variations, changes, disturbances, [13]
disruptions, and surprises.
Resilience engineering The ability to bounce back when hit with unexpected events. [14]
The joint ability of a system to resist (prevent and withstand) any possible hazards, absorb [15]
the initial damage, and recover to normal operation.
Inherent ability and adaptive response that enable firms and regions to avoid maximum [16]
potential losses.
Economic resilience Capacity to reconfigure, that is, to adapt its structure (firms, industries technologies, and
institutions) so as to maintain an acceptable growth path in output, employment, and [17]
wealth over time.
Those factors that modify, ameliorate, or alter a person’s response to some environmental (18]
hazard that predisposes to a maladaptive outcome.
Psvehological resil The process of, capacity for, or outcomes of successful adaptation despite challenging [19]
sychological restlience or threatening circumstances.
The personal qualities that enable one to thrive in the face of adversity. [20]
The capacity of individuals to cope successfully with significant change, adversity, or risk. [21]

A selection of definitions of resilience for each subclass is
provided in Table 1.

This great variety of definitions and applications calls for
a systematic analysis aimed at clarifying the main aspects of
each research domain. This is useful to identify the origin
of the concept, to trace its development, and to clarify the
peculiarities of each domain as well as the common trends.

Thus, we conduct a systematic literature review of
resilience of complex systems covering various disciplines:
environmental science, ecology, operation research, manage-
ment science, engineering, computer science, economics, and
psychology. In doing so, we use in combination bibliometric
techniques and qualitative analyses of the literature. In par-
ticular, we use bibliometric techniques to identify intellec-
tual communities, the most influential scholars, and the most
influential papers in each field. Furthermore, we synthesize
key knowledge of different research fields by answering the
following questions:

(1) Which are the complex systems of interest (complex
systems)?

(2) Which types of disturbance affect the system
(disturbances)?

(3) Which are the main dimensions of resilience
(dimensions)?

(4) Which are the main attributes of the system affecting
resilience (attributes)?

In fact, as recently argued by Helfgott [22], to clarify
the resilience concept and identify its main building blocks,
it is essential to take into account resilience “of what” and
“to what.” Resilience “of what” includes the analysis of the
boundaries of the complex system and of their features criti-
cal for resilience. Resilience “to what” concerns the character-
istics of disturbance, specifying its nature and magnitude.

In addition, we also carry out comparisons across
research areas, in order to analyze how resilience is approached
in the different fields, by distinguishing the research method-
ologies commonly adopted. We are also interested in identi-
fying whether relationships between research areas exist
which demonstrate the existence of cross-fertilization among
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domains. To this end, we build a citation network of the
papers and analyze it.

Our study differs from previous ones on the topic. Firstly,
we note that recent literature reviews on resilience, while rec-
ognizing its multidisciplinary nature and analyzing studies in
different domains, are nonetheless conducted with the aim of
giving insight only into a specific application context or
research area. For example, Annarelli and Nonino [6] review
papers on organizational resilience with specific emphasis on
the development in strategic and operational management
areas. Bhamra et al. [23] provide a review of the topic from
a multidisciplinary point of view, but with the aim of identi-
tying opportunities and directions for application in the SME
context. Meerow and Newell [24] provide a bibliographic
review of studies on resilience and discuss how its findings
can be applied to industrial ecology so as to design resilient
industrial ecosystems. Cere et al. [25] offer an extensive
review of the studies on resilience in relation to geoenvir-
onmental disruptive events but from a built-environment
engineering perspective. Hosseini et al. [26] offer a multi-
disciplinary review of resilience of different complex sys-
tems with a focus on resilience measures. The complex
systems analyzed in these reviews are ecological systems,
social systems, engineering systems, and networks. How-
ever, except for Meerow and Newell [24], no one of these
reviews explicitly focuses on resilience of complex systems,
while in our review, we explicitly include only studies on
complex systems.

Furthermore, there are numerous literature reviews on
resilience that focus just on a single domain. For example,
Righi et al. [27] offer a systematic review of engineering
resilience. Kamalahmadi and Parast [28] carry out a review
of supply chain resilience definitions and concepts with the
aim of providing an updated framework of resilience princi-
ples and strategies. Fletcher and Sarkar [29] review studies on
psychological resilience.

In the next sections, we first describe the methodology,
adopt to carry out the literature review, and then discuss
the results of the analysis for each research domain in details.
Finally, we provide the cross-area comparison and analyze
the network of citations. We end by discussing gaps in the lit-
erature and directions for future research.

2. Methodology

The study is based on a bibliographic research conducted in
September 2017. The data were retrieved from Web of Sci-
ence, an academic citation indexing and search service of
Thomson Reuters’ Web of Knowledge. In order to identify
resilience related publications, we applied the keywords
“Resilience” AND “Complex system=.” The query yielded
458 publications spanning from 1997 to 2017. Only journal
articles published in English were considered for further
analysis [24, 30], that is, 322 papers (70.3% of the results).
Furthermore, we limited our analysis to the following
research areas of the database, which were identified as
coherent with the research domains studying resilience: (1)
environmental science and ecology, (2) engineering, (3)

operation research and management science, (4) computer
science, (5) business and administration, and (6) psychology.

A first postprocessing of the literature data was necessary
to exclude papers which were insufficiently relevant (e.g.,
papers where resilience was not the main research topic but
was only mentioned as a suggestion for future works or the
word resilience was among keywords, but the paper did not
really address the topic) and to reduce the number of dupli-
cated entities that occurred in the analysis. All the papers
were analyzed by all the authors, and only the papers marked
as relevant by all of them were included in the analysis.
We applied a strict method of categorizing a publication
belonging to our sample in order to accurately reflect the
penetration of resilience thinking in academic research. As
a consequence, 154 papers were selected as constituting the
final database. A second postprocessing was necessary to
eliminate the number of authors with a duplicate entry in
the analysis, inserted as a result of erroneous transcription
of their names. Without such a cleanup process, it would be
possible for an author to be recorded as being less popular
than he/she really is [31].

Each research area was first analyzed separately. For each
of them, we addressed the following issues: (1) how many
papers have been published and in which years, (2) what
are the core journals, (3) who are the key authors and what
is their collaboration network, (4) which countries are
involved in the research and what is their collaboration net-
work, and (5) what is the core literature. To perform this
analysis, we used some bibliometric techniques coupled with
qualitative analysis of the literature. Citation analysis [32]
was used to discover and highlight the core journals, litera-
ture, and countries involved for each research area. Coau-
thorship analysis [33] was used to discover and highlight
the key research groups and the relationships among them,
as well as the relationships among countries involved in the
research. The qualitative analysis was performed to identify
(1) the complex systems investigated, (2) the disturbances
affecting the systems, (3) the dimensions of resilience, and
(4) the attributes of the system affecting resilience. Finally,
we provide a qualitative description of most recent papers
to identify fresh findings in each research domain.

Then, we built the citation network including all the
analyzed papers, where the nodes represent the papers
and a directed link from node i to node j exists when paper
i cites paper j. By using centrality measures from network
analysis [34], we highlighted the most important and influ-
ent articles in driving the research on resilience of complex
systems. Furthermore, we traced the citation links between
different research areas, in order to discover how research
on the topic evolved and the level of cross-fertilization
among the areas.

3. Results

The 154 papers analyzed are shown in Table 2, where biblio-
graphical details as well as the research areas are shown for
each of them. These papers were published in 89 journals
and authored by 441 researchers from 37 countries over the
world (Figure 1).
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FIGURE 2: (a) Number of papers published by year; (b) times cited by year and sum of time cited by year.

3.1. Analysis for Each Research Area

3.1.1. Environmental Science and Ecology. 93 papers were pub-
lished between 1998 and 2017 in 44 journals (Figure 2(a)).
Within the top five journals, Ecology and Society (IF 2.8,
H-index 110) published 24 papers (25.81% of the pub-
lished papers), Ecosystems (IF 4.198, H-index 121) pub-
lished 7 papers (7.53%), Sustainability (IF 1.789, H-index
35) published 5 papers (5.38%), Water Resources Research
(IF 4.397, H-index 158) published 3 papers (3.23%), and

Journal of Industrial Ecology (IF 4.123, H-index 74) pub-
lished 3 papers (3.23%). 12 other journals published 2 papers
each, while 27 journals published 1 paper each. The number
of papers published per year increases over time with a peak
in 2015 (12 papers).

Papers in this area gained in total 3025 citations, and on
average, each paper was cited 32.53 times. Figure 2(b) shows
the number of citations gained per year as well as the sum of
times cited by year. An exponential positive trend is shown
for both these measures. In particular, since 2011, more than
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100 citations per year have been gained by these papers. This
year is topical identifying the time in which the concept starts
to grow fast and thus to be relevant in the literature.

270 researchers were found among the authors of the
analyzed papers. Figure 3 shows the coauthorship map,
where each node corresponds to one researcher and two
nodes are linked if the corresponding researchers coau-
thored at least one paper. In particular, the size of the
node is proportional to the number of authored papers.
The figure highlights 8 main research groups spread over
the world; it also shows that the most relevant researchers
in the scientific community are Craig R. Allen (University
of Nebraska, USA), Ahjond S. Garmestani (EPA National

Risk Management Research Laboratory, USA), David G.
Angeler (Sveriges Lantbruksuniversitet, Sweden), Lance H.
Gunderson (Emory University, USA), and Graeme S.
Cumming (University of Cape Town, South Africa). In fact,
in addition to having a scientific productivity higher than
the average (size of the node), these authors cooperated in a
larger number of research groups (number of links).

Figure 4 shows the countries involved in the research and
the collaborative relationships among them. In particular,
each node in the figure corresponds to a country, and the size
of the node is proportional to the number of papers authored
by at least one researcher of that country. 34 countries over
the world are involved in the research: USA (44 papers),
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Canada (12), Sweden (10), England (9), Australia (8), South
Africa (6), China (5), Scotland (3), Netherlands (3), Germany
(3), Spain (2), New Zealand (2), Japan (2), Italy (2), Ireland
(2), Indonesia (2), India (2), Denmark (2), Chile (2), Vietnam
(1), Thailand (1), South Korea (1), Slovakia (1), Singapore
(1), Romania (1), Poland (1), Norway (1), Greece (1), France
(1), Finland (1), Brazil (1), Belgium (1), Austria (1), and
Argentina (1). The figure clearly highlights the relevant role
played by the USA in this research area, for both the number
of papers published by researchers belonging to USA organi-
zations and the cooperation with many foreign researchers.

As the core literature, the five papers with the highest
number of citations are briefly presented. Walker et al.
[173] (349 citations, 29.08 citations per year) developed 14
propositions about resilience in social-ecological systems,
which represent the authors’ understanding of how these
complex systems change and what determines their ability
to absorb disturbances in either their ecological or their social
domains. For each proposition, a list of research questions
for future research is proposed. Brand and Jax [165] (235
citations, 21.36 citations per year) reviewed the variety of
definitions proposed for the concept of resilience within
environmental sustainability science and suggested a classi-
fication according to the specific degree of normativity.
They found 10 definitions of resilience, distinguishing
between purely ecological definitions (4 definitions) and
those which are also used in the context of other fields such
as economy and sociology (6 definitions). They also distin-
guished 3 categories of definitions, reflecting whether the
definition is in accordance with either a genuinely descrip-
tive concept, a genuinely normative concept, or a hybrid
concept, in which descriptive and normative connotations
are intermingled. Crowder and Norse [154] (200 citations,
20 citations per year) addressed the resilience of marine
ecosystems. They recognized that marine populations and
ecosystems exhibit complex system behaviors, and they
proposed an ecosystem-based approach for maintaining
and recovering biodiversity and integrity. Their approach
focused on the heterogeneity of biological communities
and their key components, the interaction among these
components, and the key processes that maintain them,
as well as on the heterogeneity of human uses. Anderies
et al. [182] (145 citations, 9.06 citations per year) devel-
oped a stylized mathematical model that captures the
essential features of a fire-driven rangeland system, which
is simple enough for resilience to be clearly defined. With
the model, they explored how ecological, economic, and
management factors influence the resilience of the system.
Smith and Stirling [143] (122 citations, 15.25 citations per
year) addressed the role of technology for the resilience of
socioecological and sociotechnical systems. The paper has
three purposes: (1) elaborating the roles played by technology
in social-ecological resilience; (2) discussing the impor-
tance of carefully determining the differences between the
socioecological and sociotechnical systems, in terms of
problem framings and intellectual histories, as well as the
similarities; and (3) identifying in transition management
some critical governance challenges that are valid for
social-ecological research.

21

The complex systems analyzed within this research area
are natural ecosystems (e.g., riverine, forests, lakes, sea, and
coral reefs) and socioecological systems (e.g., agricultural sys-
tems and industrial ecosystems). These systems are mainly
perturbed by the following types of disturbances: human
behaviors (e.g., fishery activities), climate change (e.g., an
increase in water temperature), and changes in the economic
and social environment. Resilience of these systems is mainly
associated with the following dimensions: resistance, recov-
ery, and adaptive capacity. Resistance refers to the ability of
individual species or communities to resist or survive with
given factors in the face of disturbance. Recovery is the pro-
cess by means of which an ecosystem bounces back to its pre-
disturbance status. Adaptive capacity is the internal ability of
the system to reorganize its internal features so that returning
to the predisturbance state is not required. In such a case, dis-
turbance can be also considered an opportunity; it transfers
the system into a new, more desirable state.

Different attributes of ecosystems influencing resilience
have been investigated to date. These can be classified refer-
ring to individual, population, community, ecosystem, and
process levels [186]. Individual attributes refer to characteris-
tics of its species including growth rate, size, and biological
ability of adaptation to disturbance. At population and com-
munity levels, three main attributes are mostly considered:
diversity, redundancy, and connectivity. These are more
commonly considered to confer to ecosystems, a resilience
to climate change, even though the complex nature of an
ecosystem can make the system’s behavior unpredictable. In
particular, genetic diversity is associated with resistance to
change and recovery, while functional and response diversity,
offering alternatives and opportunities to the system in face
of disturbance, support adaptive capacity. Redundancy fos-
ters the ability of ecosystems to maintain the provision of a
function when facing failure. For example, if a species is
removed, redundancy assures that the ecological function
provided by that species may persist within the system,
because of the compensation offered by the other species pro-
viding the same function. Redundancy thus confers resis-
tance and stability to ecosystems. Connectivity refers to
interactions between species at community and population
scales and also includes the connectivity of habitat types
and ecosystems. In the face of climate change, connectivity
is generally found to enhance recovery and adaptive capacity.
For example, Mumby and Hastings [187] show that connec-
tivity with mangroves can increase the ability of coral reef
ecosystems to recover from disturbance caused by hurri-
canes. However, it is also recognized that a too high level of
connectivity may lead to rigidity with negative consequences
on adaptability. Connectivity can also become a double-
edged sword, because it could allow pathogens and other
invasive organisms to spread, which could radically change
the structure and dynamics of ecological assemblages [188].

Focusing on the most recent studies published in this
area, two papers (50% of the total) apply network theory to
model ecosystems and use network measures to characterize
it (e.g., chain length, link density, and degree centrality). In
Pérez-Matus et al. [45], a network of feeding relationships
is constructed for 147 species that inhabit subtidal reefs of
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FIGURE 5: (a) Number of papers published by year; (b) times cited by year and sum of times cited by year.

the coast of central Chile. Network theory is shown to offer
a comprehensive representation of the trophic links that
connect species within local communities. It is also useful
to investigate the effect of fishery pressure on the stability
of a food web. In the study by Li and Xiao [47], network
theory is employed to model the Ningdong Coal Chemical
Eco-industrial Park and to analyze the structural properties
of this industrial symbiosis network from the perspective of
resilience. It extends the previous studies working on
resilience in the eco-industrial networks under disruptive
scenarios [189-191]. A new index measuring the impor-
tance of a particular node in the network is proposed,
which integrates node-level metrics (node degree, in-degree,
out-degree, betweenness, and integrated node centrality)
with the ecological factor of the node, that is, the node
impact on eco-efficiency.

The other two studies [49, 50] propose new conceptual
frameworks with the aim of applying resilience for sustain-
able development. In particular, the study by Sellberg et al.
[50] compares and integrates two methods for assessing resil-
ience of complex systems having complementary strengths:
the transition movement and the resilience alliance’s resil-
ience assessment. Since the resilience assessment’s concep-
tual framework generates context-specific understanding of
resilience but provides little guidance on how to manage
the transformation process, using it in combination with
transition movement’s methods is suggested, as the latter
offer practical tools promoting learning and participation.
This approach is shown to be useful for practitioners seeking
to apply resilience for sustainable development.

3.1.2. Engineering. 53 papers were published between 2007
and 2017 (Figure 5(a)) in 32 different journals. Within the
top four journals, Reliability Engineering System Safety (IF

3.153, H-index 105) published 8 papers (15.09% of the
papers published), Systems Engineering (IF 0.5, H-index 36)
and Journal of Loss Prevention in the Process Industries (IF
1.818, H-index 56) published 4 papers (7.55%) each, and
Journal of Industrial Ecology (IF 4.123, H-index 74) pub-
lished 3 papers (5.66%). Six journals published 2 papers each,
while 22 journals published 1 paper each. The number of
papers increases rapidly, reaching a peak in 2016 (11 papers).

Papers in this area gained in total 498 citations, and on
average, each paper was cited 9.4 times. Figure 5(b) shows
the number of citations gained per year as well as the sum
of times cited by year. A positive trend in the number of pub-
lished papers since 2013 is shown. The number of citations
grows with an exponential trend.

138 researchers were found among the authors of the
analyzed papers. Figure 6 shows the coauthorship map. From
this figure, several issues can be noticed: (1) the research is
highly fragmented, because of the high number of research
groups without any interaction among them, and (2) the
absence of a leading researcher as a point of reference. In fact,
128 researchers published only one paper each, 9 published 2
papers each, and only Ali H. Azadeh (University of Tehran,
Iran) published 3 papers.

Figure 7 shows the countries contributing involved in the
research and the relationships among them. 20 countries
over the world are involved in the research: USA (26 papers),
England (8), China (4), Italy (4), Iran (4), Brazil (3), South
Africa (2), Netherlands (2), France (2), Canada (2), Australia
(2), Vietnam (1), Sweden (1), Spain (1), Singapore (1),
Scotland (1), Saudi Arabia (1), Mexico (1), Finland (1),
and Denmark (1). From the Figure 7, it can be noticed the
central role played by USA, which cooperates with almost
all the other countries. Scant collaborative relationships
among the other countries can be noticed.
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As the core literature, the five papers with the highest
number of citations are briefly presented. Madni and Jackson
[5] (67 citations, 7.44 citations per year) developed a con-
ceptual framework for analyzing and understanding the
resilience of engineering systems. The framework identifies
system attributes affecting the system resilience, disrup-
tions, methods adopted to address resilience, and metrics
to measure resilience. Dinh et al. [14] (45 citations, 7.5
citations per year) proposed six principles (flexibility, con-
trollability, early detection, minimization of failure, limita-
tion of effects, and administrative controls/procedures) and
five factors (design, detection potential, emergency response
plan, human factor, and safety management) that contribute
to the resilience of a design or process operation. Both prin-
ciples and factors were identified based on literature reviews
and expert opinions. Wilson et al. [152] (32 citations, 3.56
citations per year) addressed how rail engineering systems
can be affected by disruptions generated by human factor
issues (e.g., work environment, communications, procedures

and responsibilities, organization, and training). Morel et al.
[157] (28 citations, 2.8 citations per year) investigated how
the resilience of fishery systems depends on the decision-
making processes of humans that are part of these systems.
Crowther and Haimes [138] (28 citations, 3.5 citations per
year) provided a holistic, methodological framework based
on the multiregional inoperability input-output model, with
which to model the interdependencies among economic sec-
tors within a given region and among different regions. Each
region is in fact recognized as a complex, interconnected, and
interdependent economic system of systems that includes
multiple stakeholders, spans multiple subregions, and pro-
duces a very large number of commodities and services. This
model is useful when studying the cascade effects of pertur-
bation across different economic sectors and regions because
it highlights significant cross-sectorial and cross-regional
interdependencies.

The complex systems analyzed within this research area
can be subdivided into two categories: (1) physical
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infrastructures, such as electric power networks, telecommu-
nication networks, water and gas distribution networks,
transport infrastructures, rail networks, air traffic control sys-
tems, and petrochemical plants, and (2) production systems
and supply chains. Both these kinds of complex system are
vulnerable to a broad range of events, which can be classified
as intentional or unexpected: terroristic attacks, sabotages,
technical failures, human failures, accidents, natural events,
changes in technology, society, and environment.

The resilience dimensions associated with these complex
systems are mainly stability, robustness, vulnerability, safety,
and adaptability. Stability refers to the ability of the system
to preserve or return to the same equilibrium state when a
failure occurs. Robustness is the property of the system to
maintain its basic functionality when subjected to failures
and voluntary attacks. Vulnerability concerns the sensitivity
of the system to threats and stress. It measures the degree of
loss and damage due to the impact of hazards. Safety is a
condition of an engineering system associated with lack (or
limited levels) of injury to people and of property damage,
achieved through a defense process of hazard identification
and risk management. Adaptive capacity involves transfor-
mation, learning, self-organization, and positive feedback
at multiple scales.

Redundancy and connectivity are considered as the main
drivers of the resilience of engineering systems, because they
are found to positively impact on adaptability and robust-
ness. Connectivity, that is, the ability of different elements
to be linked by different pathways, protects the network from
disconnection in the event of a failure making an element of
the system unavailable. For example, Porse and Lund [84]
suggest promoting physical connectivity of the California
water system to build a resilient system that could adapt
quickly to changing conditions. However, it should be borne
in mind that high connectivity can become critical in the
event of large cascading failures. These occur when the
unavailability of an element generates overloads and mal-
functioning of those elements that are connected to it [192].
Redundancy, that is, a number of elements providing the
same function to the system, allows the system to switch from
the damaged element to a working one, thus maintaining
system function.

The relationship between system topology and resilience
in terms of robustness and vulnerability, in case of node
removal, has mainly been investigated by employing network
theory. Network theory gives tools to detect important nodes
and links using different metrics such as centrality measures,
the shortest path between node pairs, and pair-wise connec-
tivity. It is also useful for quantifying the effect of firm
removal on overall network performance.

Looking at the most recent papers published in this field,
one aspect is noteworthy; 63% of them also belong to another
research field, with the great majority of them (71%) being
classified in the field of operation research and management
science. This is explained by the typology of tools adopted to
model and analyze resilience, which come from this disci-
pline. We briefly comment these papers in the next sections.
Here, we focus on the studies belonging only to the engineer-
ing field. They are quite different but have in common in the
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fact that some organizational and social factors characteriz-
ing the system are introduced into the analysis on resilience.

Schipper [36] investigates the influence of leadership on
the efficacy of polycentric adaptive control. In particular,
the study explores the behaviors and functions of leader
teams during the management of two large-scale disruptions
in the Dutch railway system. It shows that polycentric control
cannot instantly be organized, simply by introducing a leader
team above the component teams. To be effective, leadership
requires teamwork between component and leader teams in
which the component teams should facilitate the leader
teams in their role.

Jain et al. [37] present a resilience-based analysis of the
Seveso incident and develop a process resilience analysis
framework, which is aimed at advancing risk assessment
and management techniques through integration of technical
and social factors. These factors involve coordination among
the government, the management, the operation team, and
the public along with the process plant and its components.
The study suggests that the integration of technical and social
factors helps understand critical situations better and thus
supports resilience of sociotechnical process systems. Aso-
kan et al. [42] propose a dynamic conceptual framework
emphasizing the role of flexibility in creating resilience in
the field of sustainability science. It is argued that flexibility
affects robustness and transformation. It can allow for a cor-
rect balance between the two extremes. Flexibility empha-
sizes rerouting flows or functions, overlapping functions
and multifunctionality, and many options or alternatives
for decision-making.

3.1.3. Operation Research and Management Science. 16
papers were published between 2009 and 2017 (Figure 8(a))
in 6 journals: Reliability Engineering System Safety (IF
3.153, H-index 105) published 8 papers (50%), Systems Engi-
neering (IF 0.5, H-index 36) published 4 papers (25%), while
Safety Science (IF 2.246, H-index 75), Quality and Reliability
Engineering International (IF 1.366, H-index 44), Journal of
the Operational Research Society (IF 1.077, H-index 83),
and IEEE Systems Journal (IF 3.882, H-index 39) published
1 paper each. Articles in this area gained in total 189 cita-
tions, and on average, each paper was cited 11.81 times.
Figure 8(b) shows the number of citations gained per year
as well as the sum of times cited by year. A positive increasing
trend of citations is recognizable.

Figure 9 shows the coauthorship map, highlighting that
research is highly fragmented (14 research groups with no
interaction among them) and that a reference point for the
research does not exist. 38 researchers were involved in the
research: 35 of them only wrote one paper, while Giulio Di
Gravio (Universita degli Studi di Roma La Sapienza, Italy),
Riccardo Patriarca (Universita degli Studi di Roma La
Sapienza, Italy), and Azad M. Madni (USC and Intelligent
Systems Technology, USA) wrote 2 papers each.

The research involved 11 countries over the world: USA
(9 papers), Italy (3), England (2), Sweden (1), China (1),
Netherlands (1), Mexico (1), France (1), Finland (1), Brazil
(1), and Australia (1). However, scant cooperation among
countries was found: the USA cooperates with Mexico,
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China, England, and Netherlands; no other relationships
were found.

The two papers with the highest number of citations are
Madni and Jackson [5] and Crowther and Haimes [138],
already presented above in Section 3.1.2, because they are
classified in the database as belonging to multiple areas (engi-
neering, operation research and management science, and

computer science for the paper by Madni and Jackson and
engineering and operation research and management science
for the paper by Crowther and Haimes). Here, the other 3
papers with the highest number of citations are briefly pre-
sented. Higgins et al. [136] (25 citations, 3.12 citations per
year) focused on agricultural value chains as complex adap-
tive systems. In particular, they undertook a critical stocktake
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of operation research applications in this field to date and
reflected on (1) their capacity to address the complexity
inherent in agriculture value chains and (2) their contribu-
tion to the evaluation of chain sustainability and resilience.
De Carvalho [121] (21 citations, 3 citations per year)
described how the functional resonance analysis method
can be used to analyze resilience characteristics of a complex
system, such as the Brazilian Air Traffic Management Sys-
tem, and to provide useful insights about system safety and
resilience. The goal of the functional resonance analysis
method is to understand how systems function in order
to design more resilient systems, that is, systems that can
cope with dangerous variability causing the drift of the
system to states of higher risk or to design management
systems to detect the drift and assist in formulating appro-
priate responses before an accident occurs. Zio [62] (16
citations, 8 citations per year) provided a systematic view
on the problem of vulnerability and risk analysis of critical
infrastructures such as energy transmission and distribution
networks, telecommunication networks, transportation sys-
tems, and water and gas distribution systems. All these infra-
structures are recognized as complex systems designed to
function for long periods. He also discussed the concept of
resilience for such infrastructures, arguing that the complex-
ity of these systems is a challenging characteristic, which calls
for the integration of different modeling perspectives and
new analytical approaches.

The complex systems analyzed within this research area
concern supply networks, critical infrastructures, such as
energy distribution systems and transportation systems,
and management systems. The latter are sociotechnical sys-
tems characterized by the existence of multiple actors includ-
ing both human operators and engineering infrastructures.
Similarly to the categories above, these complex systems are
affected by diverse types of disturbances ranging from natu-
ral disasters to human accidents to mechanical failures. The
main dimensions of resilience include flexibility, vulnerabil-
ity, recovery, and adaptive capacity. In this context, flexibility
is defined as the capacity of the system (e.g., transportation
system, supply chain, and production network) to take differ-
ent positions to respond better to change.

Different attributes of these systems are shown to affect
resilience. Diversity of the system, measured in terms of
the number of components and the number of links among
them, is associated with high flexibility and low vulnerabil-
ity. Redundancy is also shown to enhance resilience improv-
ing flexibility and adaptive capacity [12]. For example,
having multiple suppliers, increasing safety stock, design
overcapacity, and adopt backup suppliers are strategies pro-
moting redundancy and, consequently, resilience in supply
chains [28].

Structural features of supply networks affecting resilience
have been investigated using network theory [193, 194]. The
latter is also used to conceptualize supply network disrup-
tions and resilience [195] and compare the effect of the net-
work structure (block-diagonal, centralized, scale-free, and
diagonal) on network resilience.

Further drivers of resilience of these systems concern
governance attributes. The main findings suggest that a
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limited degree of top-down hierarchy and level of control
in decision-making processes enhance adaptive capacity
and self-organization. Furthermore, it is found that a high
level of information sharing among the actors is critical in
order to build resilient supply chains [28].

Recent papers (also belonging to the engineering field)
investigate resilience of critical infrastructures such as air
traffic management, energy system, and power flow systems.
Two studies [38, 52] apply the functional resonance analysis
method (FRAM), a framework recently developed for com-
plex system analysis which is aimed at defining the couplings
among functions of the system in a dynamic way. Both
papers propose a revision of the method highlighting critical
functions and critical links between functions, so contribut-
ing to safety analysis and management.

The paper by Li et al. [44] proposes an alternative cur-
rent- (AC-) based power flow element importance measure
by considering multielement failures. A cascading failure
model is presented based on AC power flow able to capture
dynamic phenomena of power systems and assess their reli-
ability. The measure is aimed at informing decision-makers
about key components, while improving cascading failure
prevention, system backup settings, and overall resilience.

The other two recent papers employ network theory to
study resilience in the face of natural disruptions. Pumpuni-
Lenss et al. [46] combine network analysis and agent-based
modeling to measure the performance of the system as it
responds to disruptive events due to broken arcs. Various
resilience measures are proposed to quantify system resil-
ience based on the computation of maximum flow data, frac-
tion of operating arcs, system impact, and arc degradation.
This system model can be applied to the management of
response strategies for network disruptions. Dunn and
Wilkinson [51] present a new methodology for quantifying
the reliability of complex systems when subjected to hazard,
using techniques from network graph theory. The novelty
of this study relies in introducing the spatial dimension to
network analysis. A number of algorithms for generating a
range of synthetic spatial networks with different topologies
(scale-free and exponential) and spatial characteristics are
proposed. The influence of nodal location and the spatial
distribution of highly connected nodes on hazard tolerance
is analyzed. The findings show that uniform with distance
nodal configurations is vulnerable to hazards located over
the geographical center of the network. The uniform with
area nodal configurations provides the same resilience to
spatial hazards located both in the geographical center
and the periphery.

3.1.4. Computer Science. Thirteen papers were published
between 2008 and 2017 (Figure 10(a)), each of them pub-
lished in a different journal. This means that core journals
for this research area do not exist. Papers in this area gained
in total 144 citations; on average, each paper was cited 11.08
times. Figure 10(b) shows the number of citations gained per
year as well as the sum of times cited by year. Citations
increase after 2012 with a peak in 2016.

Figure 11 shows the coauthorship map, highlighting
that, also in this area, the research is highly fragmented; 11
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F1GURE 11: Coauthorship map for papers belonging to the research area “computer science.”

research groups were found, composed of up to 5 researchers,
without any interaction among them. Each of the 43
researchers wrote one paper, meaning that a reference point
for the research does not exist.

The research involved 9 countries over the world: the
USA (9 papers), Saudi Arabia (2), China (2), England (1),
Vietnam (1), Scotland (1), France (1), Canada (1), and Aus-
tralia (1). However, Figure 12 shows that scant cooperation
among countries exists.

The papers with the highest number of citations is Madni
and Jackson [5], already presented in Section 3.1.2. Erol et al.
[144] (34 citations, 4.25 citations per year) proposed a frame-
work to investigate resilience in the context of extended
enterprises. The proposed framework is based on the
expanded application of two primary enablers of enterprise
resilience: (1) the capability of an enterprise to connect sys-
tems, people, processes, and information in a way that allows
enterprise to become more connected and responsive to the
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dynamics of its environment, stakeholders, and competitors
and (2) the alignment of information technology with busi-
ness goals. Radles et al. [127] (18 citations, 2.57 citations
per year) addressed the role of distributed redundancy in
improving complex system resilience. While regular redun-
dancy refers to the function of identical elements, distributed
redundancy refers to different elements facilitating the same
outcomes. Through simulations, they showed that distrib-
uted redundancy can be enhanced by increasing the average
algebraic connectivity across the components in a network.
The results are applied to a specific application where active
clustering of like services is used to aid load balancing in a
highly distributed network. Using the described procedure
is shown to improve performance and distribute redundancy.
Vidal [176] (8 citations, 0.8 citations per year) focused on
repetitive crises that perturb the periodic evolution of tri-
trophic slow-fast systems. They analyzed the singular points
and bifurcations of the fast dynamics, the various behaviors
of the full system depending on its parameters, and the
existence and unicity of periodic bursting orbit in those
different cases. Hawes and Reed [174] (6 citations, 0.5 cita-
tions per year) demonstrated that it is possible to integrate
individual-based modeling approaches of theoretical ecology,
artificial intelligence techniques in multiagent systems, and
channel theory in philosophical logic into a coherent theoret-
ical framework for tackling the hard problem of resilience in
complex systems.

The complex systems analyzed within this research area
mainly concern computer networks, including cloud-based
systems, Internet of Things devices, and information flow
systems. Recently, social networks characterized by both the
existence of individuals and computers as nodes of the sys-
tem have attracted the interest of scholars. The resilience of
these systems is studied concerning intentional or involun-
tary disturbances, usually targeted to single nodes such as
human attacks or engineering failures.

The main dimensions of resilience investigated are recov-
ery and adaptive capacity. The main variables influencing
resilience are structural features characterizing the network.
In particular, redundancy of links and node centrality are
found to be critical to enhance resilience of these systems.

Social trustworthiness is a further variable analyzed with
respect to social networks, which is mainly critical for data
security and network survival.

Looking at recent studies, Nguyen et al. [48] investigate
the vulnerability of social networks using network theory.
Critical nodes and edges are identified by computing the num-
ber of connected triples (or triangles) that are broken, when a
failure (either random or intentional) occurs, causing changes
in the network’s organization and leading to the unpredict-
able dissolving of the network. Connected triples is a funda-
mental network property that has been shown to be relevant
to a variety of topics, such as mutual relationships in social
networks, reliable data transmission in communication net-
works, and flexibility of supply networks. Two algorithms
are proposed, which are highly performing and scalable.

3.1.5. Business and Economics. 10 papers were published
between 2007 and 2017 (Figure 13(a)) in 7 journals: 3 of them
published 2 papers (Technological Forecasting and Social
Change, IF 2.625, H-index 78; Systems Research and Behav-
ioral Science, IF 1.034, H-index 34; and Ecological Economics,
IF 2.965, H-index 151), the remaining 4 published 1 paper
each. Papers in this area gained in total 161 citations, and
on average, each paper was cited 16.1 times. Figure 8(b)
shows the number of citations gained per year as well as the
sum of times cited by year. This number has been constantly
increasing since 2008, also with an increasing trend.

Figure 14 shows the coauthorship map, highlighting
that research is highly fragmented; 11 research groups
were found, composed of up to 6 researchers, without
any interaction among them. Furthermore, we did not find
any researcher as a reference point. In fact, each of the 27
researchers wrote only one paper.

The research involved only 7 countries over the world:
USA (3 papers), Australia (2), Spain (1), Singapore (1),
Finland (1), England (1), and Austria (1).

As the core literature, the 5 papers with the highest
number of citations are briefly presented. Pendall et al.
[137] (108 citations, 13.5 citations per year) analyzed two
common frameworks underlying resilience thinking in the
context of regional resilience: (1) equilibrium analysis,
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korhenen, j
snakin. jp

bonabeau, e

blackgpan, d
WBensgp. am

foster, ka
cowell. m
pendall, r

chra@st, g
raiqer. k

@ rodw m

graiqger. a
shaygs dr
achugan, k

low, sp
zhong. y

millgr, cj

mecalligser, rrj

fletchier. cs @

higgips. aj

archgr, aa

sanz, eo

hennipg, pb

FIGURE 14: Coauthorship map for papers belonging to the research area “business and economics.”

which emphasizes the likelihood of a phenomenon exhibit-
ing resilience by “returning to normal,” as in a single equi-
librium system, or shifting to “new” or “no” normals in
multiple equilibrium systems; and (2) complex adaptive sys-
tems analysis, which emphasizes how multiple elements
interact to produce dynamic feedbacks, making a system
more or less adaptable, that is, resilient to stress. They iden-
tify four fundamental themes of resilience: equilibrium, sys-
tems’ perspective, path dependence, and the long view. The
paper by Higgins et al. [136] has already been presented in
Section 3.1.3. Bonabeau [168] (16 citations, 1.45 citations
per year) focused on complex systems composed of

different firms interacting among each other. He addressed
how improving resilience of the system can mitigate busi-
ness risks of the involved firms. In particular, he addressed
system’s modularity and diversity as two antecedents of
resilience. Zhong and Pheng Low [151] (7 citations, 0.78
citations per year) proposed a conceptual framework for
understanding the underlying pattern of communication
behavior and decisions of human systems in response to a
crisis and for investigating how to enhance the organiza-
tion’s adaptability and resilience in the event of a crisis,
focusing on the role of control parameters. Chroust et al.
[123] (3 citations, 0.45 citations per year) pointed out that
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a complex system can be made resilient by the addition of
an intervention system that intervenes in the case of loss of
dependability. In particular, they investigate the role of first
responders (i.e., fire brigade, ambulance services, and police
forces) as intervening systems in the case of chemical, biolog-
ical, radiological, or nuclear incidents, aimed at providing
resilience. They identified the main properties of the above-
mentioned incidents and their implications for the activities
of first responders both in training and real assignments.

The complex systems analyzed within this research
area involve single firms, industries, regions, ports, value
chains, and also individuals. These complex systems are
often characterized by the coexistence of diverse types of
actors including humans, industrial infrastructures, compa-
nies, computers, and information and communication tech-
nologies. Disturbances include natural disasters such as
hurricanes and tides, human actions (e.g., acts of terrorism),
and social, economic, and technological changes occurring in
the environment. In these studies, resilience is mainly associ-
ated with adaptability and recovery.

Given the diversity of the systems analyzed, there is a
wide variety in the drivers of resilience investigated. These
include human factors characterizing the individuals
belonging to the system (e.g., level of anxiety, tension,
social power, and economic status) as well as physical fea-
tures referring to the network topology as well as social
and organizational features.

As to the topological attributes, redundancy, density, and
modularity are investigated as some of the most important
factors affecting self-organization and, in turn, resilience.
Network theory coupled with agent-based modeling and
dynamical system modeling has been suggested as an appro-
priate tool for gaining insights into system dynamics under
different and dynamic conditions [136].

Recently, organizational and social features have been
analyzed as important attributes of resilience. These include
collaboration, communication, and visibility among the

actors, which are found to positively affect supply chain resil-
ience. All of them are fundamental to guarantee that timely
critical information is available to decision-makers when a
disturbance occurs requiring intervention. Social capital,
norms, and trust facilitate coordination and enable self-
organization, thus fostering adaptability.

The two most recent papers both focus on social and
organizational variables. Blackman et al. [40] investigate the
resilience of post disaster communities emphasizing the role
played by three factors: (1) new actors, (2) new forms of
social capital, and (3) coproduction. New actors emerge after
disasters playing a role as catalyst by collaborating with local
governments and media to disseminate the idea for recovery.
They also connect people outside of their network and con-
tribute to the development of social capital. This positively
influences recovery. Coproduction is about creating a new
value for community towards the recovery involving all the
actors in community. A centralized approach where solu-
tions are proposed by the government is shown to increase
tensions and lead to less effective long-term recovery.

Shaw et al. [41] focus on port resilience planning and
the importance of information sharing between stake-
holders about key dependencies and alternative actions
undertaken to achieve resilience in face of disasters. The
approach proposed to information sharing uses the subjectiv-
ity of information from a supplier’s perspective and from a
user’s perspective. A centralized method of information shar-
ing that is used in a decentralized way is designed. This helps
stakeholders to access the information they need, so that they
work more effectively.

3.1.6. Psychology. Surprisingly, only 5 papers were pub-
lished between 2008 and 2017 (Figure 15(a)) in 4 journals:
Human Factors (IF 2.219, H-index 88) published 2 papers
whereas Nonlinear Dynamics, Psychology, and Life Sciences
(IF 1.289, H-index 22), Frontiers in Psychology (IF 2.323,
H-index 58), and Ergonomics (IF 1.818, H-index 86)
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F1GURE 16: Coauthorship map for papers belonging to the research area “psychology.”

published one paper each. Note that there were no papers
published in the interval time 2011-2015, in countertrend
compared with the other domains, which experienced a
growth in those years.

Papers in this area gained in total 93 citations, and on
average, each paper was cited 18.6 times. Figure 15(b) shows
the number of citations gained per year as well as the sum of
times cited by year. Except for two years (2012, 2015), the
number of citations stays quite low and with no clear trend
of growth.

Figure 16 shows the coauthorship map, highlighting that
5 research groups exist, without any interaction among
them. Furthermore, an author reference point for the
research does not exist. In fact, each of the 20 researchers
wrote only one paper.

Only 4 countries are involved in the research: USA
(3 papers), France (1), England (1), and Australia (1).
No relationships among countries were found.

As the core literature, the 4 papers with the highest num-
ber of citations are briefly presented, because the paper by
Wilson et al. [152] has already been presented in Section
3.1.2. Pincus and Metten [196] (31 citations, 3.88 citations
per year) analyzed resilience in the context of nonlinear
dynamical systems showing complex interactions of biologi-
cal, psychological, and social factors over time, aimed at
understanding how researchers can apply nonlinear dynam-
ical system techniques and practitioners can use the resulting
evidence to improve patient care. Four data analytic tech-
niques from nonlinear dynamical systems (time-series analy-
sis, state-space grids, catastrophe modeling, and network
modeling) were used. These techniques are contrasted with
respect to the information they may provide about some
common processes underlying resilience. Morel et al. [157]
(28 citations, 2.8 citations per year) analyzed the articulation
of resilience to the notion of safety in complex systems.

First, they provided the analysis of the theoretical frame-
work linking the concepts of resilience and safety; then,
they studied the relationship between resilience and safety
in conditions of extreme risk using observations and simu-
lations in the example of professional sea fishing. Meshkati
et al. [69] (2 citations, 1 citation per year) developed a meth-
odology to identify the interdependencies of human and
organizational subsystems of multiple complex, safety-
sensitive technological systems, and their interoperability in
the context of sustainability and resilience of ecosystems.

The complex systems analyzed in this research area con-
cern individuals and groups of individuals, such as teams.
Disruptions regard stressful events happening during the
normal life or incidents occurring to complex engineering
systems which require humans (managers and operators) to
intervene. For these complex systems, resilience is mainly
associated with adaptive capacity, viewed as individual or
collective ability to adapt to change.

Resilience of these systems mainly depends on behavioral
and psychological traits of individuals, such as problem-
solving abilities, optimism, and other features of human per-
sonalities. For managers and operators, experience and skills
are considered important in this regard. Team resilience is
associated with features characterizing the group of individ-
uals such as collective efficacy, cohesion, social support, trust,
and psychological safety.

Only one paper was published in 2017. It concerns
team resilience [39], that is, how groups collectively and
positively adapt to adversity. The authors propose a con-
ceptual model of team resilience as a mediator of the rela-
tionship between other team emergent states (cohesion,
collective efficacy, shared mental models, familiarity, cul-
ture, and adaptability) and outcomes during times of stress.
Outcomes include cognitive ability, social ability, physical
health, psychological health, error avoidance, and desire
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TaBLE 3: Summary of the main features for each research area.

Research areas Papers Interval time Journals Citations Authors Prominent country
Environmental science and ecology 93 1998-2017 44 3025 270 USA
Engineering 53 2009-2017 32 498 138 USA
Operation research and management science 16 2008-2017 8 189 38 USA
Computer science 13 2007-2017 13 144 43 USA
Business and economics 10 2008-2017 7 161 27 USA
Psychology 5 2008-2017 4 93 20 USA

to remain. Thus, resilience is the result of these other
states, and it enables the team to achieve either positive or
negative outcomes.

3.2. Cross-Area Comparison. In this section, we make a com-
parison among the different research areas. Table 3 summa-
rizes the main results of previous analyses. It appears clear
that environmental science, ecology, and engineering are
the fields of study in which the topic received most attention.
In these domains, both the number of papers published and
the number of citations received increased over time with
an exponential trend. The areas of operation research and
management science, computer science, and business and
economics are novel domains of interest but considerably
less important. Resilience in psychology has a marginal role
even though the number of citations received on average by
the papers is quite high. In all research areas, the USA plays
the prominent role.

3.3. Research Methodologies. Figure 17 shows the research
methodologies adopted by papers for each research area. Five
research methodologies were identified: (1) case study, (2)
conceptual model, (3) simulation, (4) survey, and (5) analytic
model. On average, the conceptual model is the most adopted
methodology, followed by the case study, the simulation, sur-
vey, and analytic model. We note that conceptual model is
the methodology most adopted by papers in environmental
science and ecology (51.06% of the papers in this area use
such an approach), computer science (46.15%), business
and economics (50%), and psychology (40%, ex aequo with
case study). Case study is the most adopted methodology
for papers in engineering (47.06%) and operation research
and management (43.75%). The use of surveys seems to be
restricted to papers belonging to operation research and
management area (6.25%), while the analytic approach is sig-
nificantly used only in computer science (7.69%). Finally,
simulation is mainly used by papers in operation research
and management (18.75%) and computer science (23.08%).

Conceptual models are mainly employed when the
research aim is to provide notions of resilience and to theo-
retically identify the drivers of resilience. Case studies are
mainly used to provide clarification and confirmation of the
relationship between drivers and resilience. The studies using
simulation offer dynamic models reproducing complex
system behavior and are employed to measure resilience.
Surveys are mainly adopted to develop assessment measures
both qualitative and quantitative in nature.

3.4. Citation Analysis. Figure 18 shows the citation network
among the papers belonging to our population. Each node
of the network depicts one paper, while links among papers
denote citations among them; for instance, a directed link
from node 2 to node 44 means that the paper corresponding
to node 2 cites the paper corresponding to node 44.

123 links among nodes were found in the network.
Table 4 shows the centrality measures computed on the net-
work. Papers with the highest in-degree centrality, that is, the
most cited papers, are Allen et al. [178] (17 citations), Stow
et al. [167] (8 citations), and Garmestani et al. [149] (7 cita-
tions). These papers all belong to the “environmental science
and ecology” research area and are the most influential for
the study of resilience of complex systems. Papers with the
highest out-degree centrality, that is, papers providing the
highest number of citations, are Sun et al. [64] (12 citations),
Slight et al. [71] (7 citations), Li and Li [117] (5 citations),
Brinnlund and Axelsson [125] (5 citations), and Brock
and Carpenter [135] (5 citations). These papers use con-
cepts developed in previous studies most extensively. Papers
with the highest betweenness centrality in the network are
Allen et al. [95], Angeler et al. [134], and Brand and Jax
[165]. These papers belong to the “environmental science
and ecology” area and are critical because they are nodes
that convey information in the network.

We also analyze the network in Figure 18 to identify clus-
ters, that is, groups made up of papers with links among each
other and without any link with papers external to the group.
13 clusters were found (Table 5).

We found that papers belonging to a given research area
tend to cite papers belonging to the same research area.
This means that the research fields are still isolated from
each other with little integration and cross-fertilization.
Despite the recognized multidisciplinary nature of complex
systems’ resilience, very few studies seem to rely on and
exploit this feature.

A few cross-citations among different areas were found,
although this practice is recent. In fact, almost all papers
citing papers belonging to different areas have been pub-
lished since 2014. All citation relationships among different
research areas are graphically highlighted in Figure 19. Two
papers belonging to the “engineering” area cite papers
belonging to other areas. Yodo and Wang [59] cite Patterson
and Wears [79] (“engineering” and “operation research and
management”) and Miller et al. [113] (“environmental sci-
ence and ecology”) referring to applications of the concept
of resilience in several fields. Cumming [130] uses Cumming
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and Coller’s [179] (“environmental science and ecology”)
definition of resilience and methodological approach in order
to find the most important elements for the system. Three
papers belonging to “environmental science and ecology” cite
papers belonging to other areas. Asokan et al. [42] and
Davoudi et al. [58] cite Pendall et al. [137] (“business and
economics”), highlighting the importance of human behav-
ior and policy measures in affecting resilience of ecosystems.
In their review of panarchy theory, Allen et al. [95] cite the
study by Eason et al. [98] (“environmental science and ecol-
ogy” and “engineering”) as an improved method to detect
discontinuities. Bowers et al. [39] (“psychology”) cite Vidal
et al. [148] (“environmental science and ecology” and “engi-
neering”) about the role of explicit communication as one of
the main inputs enabling resilience in social systems. Basole
et al. [63] (“computer science” and “engineering”) cite Zhao
et al. [104] (“environmental science and ecology”) about the
importance of taking into account resilience due to the criti-
cality of healthy supply networks to firm survival and growth.
Yodo et al. [35] (“computer science” and “engineering”) use

the definition of resilience provided by Dessavre et al. [66]
(“engineering” and “operation research and management”)
and cite Yodo and Wang [59] (“engineering”) to highlight
the fact that interdependencies among components in a sys-
tem play a critical role on the resilience of that system, since
they allow an initial failure to be redistributed to other com-
ponents in the system. Higgins et al. [136] (“operation
research and management” and “business and economics”)
use the methodology adopted by Anderies et al. [182] (“envi-
ronmental science and ecology”) to quantify the thresholds
where the interactions between dynamic components may
flip to drive a system away from a dynamic equilibrium to
which it is attracted and towards a different equilibrium.
Garmestani [97] and Eason et al. [98] (“environmental sci-
ence and ecology” and “engineering”) refer to the concept
of panarchy (originated by Gunderson and Holling [10])
citing the study by Garmestani et al. [149] (“environmen-
tal science and ecology”).

It is not surprising that papers in the “environmental
science and ecology” research area are cited by papers in



34

u70

®5 %9 %

\6

0R2) B3y SR IR BN LIS Qg 825 WkSek 225 | s 05

YV YX| Y YY YY) Y'Y N Y Y Y XY [y N

/ J
/44 A Beyss %6 °BIBRBBAAe; 05, s ‘s, Vs

.20

.78

Complexity

22 023
Y
e
Y
~
!
A3s
J \
| !
%2 | =3 T | T
MY X
Y v' ) Y
g | A Tt 9B T
v o Y Y
18: NN W
P . \J VIAR .
8 61 66 3
™~ \ ! YY
Y V' Y
38 73 g | 1321964
\ X # ‘_/ Y Y Y
N *BAsp6>

FiGure 18: Citation network among the papers belonging to our population.

different areas because this area is where the concept origi-
nated. For this reason, we expected this type of cross-area
citations, though we also anticipated a higher number than
was actually found. Interestingly, we note that the papers in
this research area, instead, cite papers in different areas. This
shows that the “environmental science and ecology” research
area is far from maturity and opens to new insights from
other areas.

Furthermore, we combine cross-area citations with infor-
mation concerning the number of citations provided in
Table 2. We found that papers receiving citation by papers
belonging to other areas are cited over the average number
for all papers cited, ceteris paribus. This means that papers
integrating different theoretical perspectives allow a better
performance to be achieved, and this suggests directions for
future research.

4. Conclusions, Gaps of the Literature, and
Future Research Directions

This paper offered a systematic literature review of the
studies concerning the resilience of complex systems by
analyzing multiple research areas, with the aim of identify-
ing intellectual communities, leading scholars, key knowl-
edge, specific dimensions, and attributes of resilience. Our
analysis provided an updated state of the art of the literature,
characterized by a multidisciplinary nature and without
emphasis on a specific field of study, as is commonly the case
in the literature.

The analysis revealed that a common understanding of
resilience across research fields is still lacking, even though

some dimensions of resilience (recovery and adaptive capac-
ity) as well as some attributes of the systems (redundancy and
connectivity) influencing resilience are shared by a number
of research areas.

Our analysis has allowed us to identify important gaps in
the literature to be filled. Except for “environmental science
and ecology,” in all the other fields, we found that research
is highly fragmented and carried out by a number of isolated
research groups. This represents a strong limitation for the
development of new studies in all these research areas. We
also discovered a further gap in the literature, not previously
identified, by analyzing the network of citations of the papers.
We expected a higher number of citations between papers
belonging to different research areas and especially from
other areas towards the “environmental science and ecology”
field. Surprisingly, we found a very limited number of
cross-area citations. This finding confirms the isolation of
research groups, which, operating in such a way, do not
exploit the possibilities coming from the cross-fertilization
among research areas.

As to the research methodologies, we found that the con-
ceptual model is still the preferred approach on average
across the research areas, even though the case study is gen-
erally preferred in “engineering” and “operation research
and management science.” Quantitative approaches relying
on simulation are used to a limited extent only. Since concep-
tual models are mainly adopted at the beginning of a research
topic, when conceptualizations and theories should be devel-
oped and are required most, this appears a strong limitation
of the current literature. In fact, the number of theories
developed on resilience in each research field still lacks
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TaBLE 4: Centrality measures for the citation network.

Centrality measures

Node Reference Betweenness Out-degree In-degree Out-closeness In-closeness
1 [35] 0 2 0 0.000406 0

2 [37] 0 1 0 0.000152 0

3 [38] 0 2 0 0.000406 0

4 [39] 0 1 0 0.000152 0

5 [42] 0 1 0 0.000152 0

6 [43] 0 4 0 0.000635 0

7 [47] 0 1 0 0.000152 0

8 [48] 0 1 0 0.000152 0

9 [51] 0 1 0 0.000203 0

10 [53] 1 1 1 0.000152 0.000152
11 [54] 0 1 0 0.000152 0

12 [56] 0 3 0 0.001551 0

13 [59] 0 1 0 0.000152 0

14 [60] 2 2 1 0.000305 0.000152
15 [62] 0 1 0 0.000203 0

16 [63] 0 1 0 0.000152 0

17 [64] 0 1 0 0.000152 0

18 [67] 0 0 1 0 0.000152
19 [68] 0 1 0 0.000152 0

20 [72] 0 3 0 0.00157 0

21 [79] 0 1 1 0.000152 0.000152
22 [80] 0 0 1 0 0.000203
23 [83] 0 2 0 0.001372 0

24 [84] 0 2 0 0.000499 0

25 [86] 0 1 0 0.000152 0

26 [88] 1 2 1 0.000381 0.000152
27 [89] 1 1 1 0.000152 0.000152
28 [91] 0 2 0 0.000406 0

29 [93] 0 0 1 0 0.000152
30 [94] 1 3 1 0.000457 0.000152
31 [96] 49.375 12 3 0.001967 0.000457
32 [98] 3.625 1 2 0.000274 0.000305
33 [99] 0 1 1 0.000274 0.000348
34 [100] 1 1 1 0.000152 0.000152
35 [104] 0 2 0 0.000305 0

36 [105] 0 0 1 0 0.000152
37 [106] 0 1 0 0.000152 0

38 [107] 6.410714 7 2 0.001106 0.000406
39 [108] 0 0 1 0 0.000152
40 [110] 2.410714 4 2 0.000697 0.000476
41 [112] 0 0 1 0 0.000203
42 [113] 1.910714 4 2 0.00061 0.000476
43 [14] 0 0 1 0 0.000203
44 [114] 0 0 4 0 0.00061
45 [115] 0 0 2 0 0.000305
46 [117] 5410714 5 2 0.000897 0.000476
47 [118] 0 0 1 0 0.000152
48 [119] 4 4 1 0.000635 0.000152
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TaBLE 4: Continued.

Node Reference Betweenness Out-degree Cengla—l(liteyg?elzasures Out-closeness In-closeness
49 [121] 0 1 2 0.000152 0.000457
50 [122] 0 0 1 0 0.000203
51 [125] 0 5 0 0.00083 0

52 [131] 0 1 0 0.000152 0

53 [135] 17.91071 5 3 0.00083 0.000679
54 [136] 0 0 1 0 0.000152
55 [137] 0 1 0 0.000152 0

56 [138] 0 0 2 0 0.000305
57 [141] 6.5 3 2 0.000488 0.000549
58 [143] 0 1 2 0.000152 0.000542
59 [144] 0 0 1 0 0.000203
60 [149] 0 0 1 0 0.000152
61 [5] 9.535714 2 7 0.000305 0.001423
62 [150] 0 0 3 0 0.000488
63 [151] 0 0 2 0 0.000305
64 [153] 1 1 1 0.000152 0.000152
65 [154] 0 1 0 0.000152 0

66 [156] 1.410714 2 6 0.000305 0.001089
67 [158] 0 0 1 0 0.000203
68 [159] 0 3 0 0.000457 0

69 [160] 0 0 1 0 0.000348
70 [164] 0 1 0 0.000271 0

71 [166] 17.5 3 4 0.000457 0.000802
72 [167] 12 1 2 0.000274 0.000476
73 [168] 1 8 0.000152 0.001618
74 [171] 3 0 0.000488 0

75 [173] 9.5 2 2 0.000305 0.000498
76 [174] 0.5 1 1 0.000152 0.000152
77 [176] 0 0 1 0 0.000152
78 [178] 0 0 2 0 0.000636
79 [179] 0 0 17 0 0.002743
80 [180] 0 0 7 0 0.001487
81 [182] 0 0 1 0 0.000203
82 [183] 0 0 6 0 0.000844

operationalization and testing. This is especially true for the
“environmental science and ecology” research area, which
is the oldest one. Even though the numbers are still low, the
adoption of simulation is, however, increasing, especially in
“operation research and management science” and “com-
puter science.” This is a positive signal because simulation,
introducing the possibility of reproducing system dynamics,
can allow further drivers of resilience to be investigated from
a dynamic perspective.

Based on these outcomes, our study contributes to the
literature by suggesting some important directions for future
research. First, as a general recommendation for researchers
in all research areas, we suggest that collaboration among
scholars belonging to different research groups, but within
the same area, should be enhanced. This is recommended

with reference to the performance of the “environmental
science and ecology” research area, which is the one
experiencing the highest growth in terms of number of
papers and citations, and at the same time is the only one
characterized by high collaboration among research groups.
This would contribute to consolidate knowledge in each
domain as to definitions, dimensions, attributes, and strate-
gies to enhance resilience.

We also suggest that, given the considerable amount of
conceptual research and the number of qualitative studies,
more emphasis should be devoted to quantitative research
approaches adopting, in particular, case studies and simula-
tion. Both approaches would allow the attributes of resilience
to be investigated in a greater depth and would contribute to
the testing of the conceptual theories already developed
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TasLE 5: Clusters from the citation analysis.

Cluster Papers Research areas

1 [14, 37, 43,78, 93, 111, 112] Engineering

2 [39, 148] Engineering, psychology

3 [42, 58, 137] Environmental science and ecology, engineering, business and economics

4 [5, 46, 61, 62, 88] Engineering, operation research and management, computer science

5 [47, 92] Environmental science and ecology

6 [50, 99, 136] Environmental science and ecology, computer science, business and economics
7 [53, 117] Environmental science and ecology

8 [63, 104] Environmental science and ecology, engineering, computer science

9 (35, 59, 66, 79, 113] Environmental scien;fair;gee;;(;lnofygoemnﬁiunéiri?gncgeration research and

10 [67,107] Engineering, operation research and management

11 [98, 175] Environmental science and ecology, engineering

12 [38, 52, 121, 152, 157] Engineering, operation research and management, psychology

13 All the other papers Environmental science and ecology, engineering, computer science, business and economics

N
51> 138l [98] > [149] Psychology
[59] > [113] l [39] > [148]
59] > [113
[130] 5 [179] L
[35] > [59]
[59] > [79]
[42] > [137]
[63] > [104] [58] > [137]
[136] > [182] Business.and
economics

[35] > [66]

Business and
economics

FiGure 19: Citation relationships among research areas.
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concerning them. This would allow the contradictory find-
ings highlighted in the literature to be resolved, thus helping
in identifying the boundary conditions of the theories. The
case study approach is particularly useful because it could
provide real examples and quantitative data to test the exist-
ing theories. Simulation could offer the possibility of testing
and extending conceptual theories by adding new scenarios
in a controlled laboratory setting.

Finally, we suggest increasing collaboration among
researchers belonging to different areas. This should favor
the exploitation of the results achieved in one area by
scholars in another. At the same time, cross-field collabora-
tion would encourage the exploration of new drivers of resil-
ience, promoting development and creativity. To this aim,
we suggest that the drivers investigated with reference to a
given type of the complex system be contextualized to fit
the features of other types of complex systems. This appears
particularly promising for features concerning the gover-
nance of the system, which are proven to influence the resil-
ience of business, economics, and supply networks. Similar
variables could be identified, for example, for engineering
and computer systems, and their effect on resilience could
thus be tested.

Collaboration among different research fields is also use-
ful to generalize resilience by integrating knowledge coming
from different expertise and domains. In this regard, network
theory can play a relevant role as a bridging theory. In
fact, it is central in complex system analysis, and we found
recent applications of network theory in studies belonging
to multiple research areas (ecology, engineering, operation
research and management science, computer science, and
economics). Network theory can offer a common foundation
to conceptualize complex systems, which can generally be
framed in terms of nodes and links also at multiple scales
(e.g., by modeling networks of networks or by employing
multiplex networks). Furthermore, a network perspective
can be adopted to characterize disturbances. From this point
of view, rather than classifying disturbances based on the
nature and/or intentionality of the event, they can be distin-
guished, in more general terms, focusing on the conse-
quences. In doing so, disturbances can be classified as
targeted on the node, link or network and operationalized
as a partial or total removal of the node, link, or network,
respectively. Network perspective can be particularly benefi-
cial for investigating resilience in terms of robustness and
vulnerability but also adaptive capacity, when disturbances
targeted on the node, link, or network occur.

It provides a wide range of measures and complex tools to
characterize the network topology and analyze network
dynamics. This allows different types of complex systems to
be compared across diverse research fields in a quantitative
and objective manner. For this reason, it is particularly
appropriate to analyses of the relationship between the topol-
ogy of complex systems and resilience. Furthermore, network
theory coupled with agent-based simulation is a promising
tool for the investigation of the relationship between organi-
zational and social features and resilience. Regarding this
aspect, interesting applications refer to the degree of diffusion
of trust and social norms within supply networks and social

Complexity

networks. By using diffusion algorithms, scholars may con-
tribute to elucidating how these factors impact on the
recovery and adaptation of these systems, a recent need
of the literature.
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