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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 resilience, that is, the ability of the system to react to perturbations, 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 equilibrium state predisturbance, related resilience to stability and
the capacity to absorb environmental shocks and still maintain 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, reorganization, and growth [2–4]. In such a view, resilience is a
multifaceted capability of complex systems that encompasses 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 engineering [6–9]. Studies on resilience concern a great variety of
complex systems embracing individuals, ecosystems, organizations, 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

Ecological resilience

Organizational resilience

Resilience engineering

Economic resilience

Psychological resilience

Measure of the persistence of systems and of their ability to absorb change and disturbance
and still maintain the same relationships between populations or state variables.
Ability of a social-ecological system to absorb disturbances and reorganize while undergoing
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
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
shocks and disturbances.
Measure of the amount of change needed to change an ecosystem from one set of processes
and structures to a diﬀerent set of processes and structures.
Ability to bounce back from a disruption.
Ability to return to the original state or to a new, more desirable one, after experiencing
a disturbance.
Capability to face disruptions and unexpected events in advance, thanks to the strategic
awareness and a linked operational management of internal and external shocks.
Ability of a system to sense, recognize, adapt, and absorb variations, changes, disturbances,
disruptions, and surprises.
The ability to bounce back when hit with unexpected events.
The joint ability of a system to resist (prevent and withstand) any possible hazards, absorb
the initial damage, and recover to normal operation.
Inherent ability and adaptive response that enable ﬁrms and regions to avoid maximum
potential losses.
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
wealth over time.
Those factors that modify, ameliorate, or alter a person’s response to some environmental
hazard that predisposes to a maladaptive outcome.
The process of, capacity for, or outcomes of successful adaptation despite challenging
or threatening circumstances.
The personal qualities that enable one to thrive in the face of adversity.
The capacity of individuals to cope successfully with signiﬁcant change, adversity, or risk.

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, management science, engineering, computer science, economics, and
psychology. In doing so, we use in combination bibliometric
techniques and qualitative analyses of the literature. In particular, we use bibliometric techniques to identify intellectual 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)?

Sources
[1]
[3]
[10]
[8]
[11]
[12]
[7]
[6]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

(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 critical for resilience. Resilience “to what” concerns the characteristics 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 methodologies commonly adopted. We are also interested in identifying 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 recognizing 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 identifying 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. Cerè et al. [25] oﬀer an extensive
review of the studies on resilience in relation to geoenvironmental disruptive events but from a built-environment
engineering perspective. Hosseini et al. [26] oﬀer a multidisciplinary review of resilience of diﬀerent complex systems with a focus on resilience measures. The complex
systems analyzed in these reviews are ecological systems,
social systems, engineering systems, and networks. However, 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 principles 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 literature 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 Science, 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)
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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 duplicated 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 network, 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, literature, and countries involved for each research area. Coauthorship 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 inﬂuent 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 bibliographical 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).

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

“Challenges to multiteam system
leadership: an analysis of leadership
during the management of railway
disruptions”

“Did we learn about risk control
since Seveso? Yes, we surely did, but
is it enough? An historical brief and
problem analysis”

“Deﬁning the functional resonance
analysis space: combining
abstraction hierarchy and FRAM”

“Team resilience as a second-order
emergent state: a theoretical model
and research directions”

“Disaster resilience as a complex
problem: why linearity is not
applicable for long-term recovery”

“Multi-level port resilience planning
in the UK: how can information
sharing be made easier?”

“Introducing ﬂexibility to complex,
resilient socio-ecological systems: a
comparative analysis of economics,
ﬂexible manufacturing systems,
evolutionary biology, and supply
chain management”

“A consensus-based AHP for
improved assessment of resilience
engineering in maintenance
organizations”

“AC power ﬂow importance
measures considering multi-element
failures”

Reference

“Predictive resilience analysis of
complex systems using dynamic
Bayesian networks”

Title

Reliability
Engineering &
System Safety

Journal of Loss
Prevention in
the Process
Industries

Sustainability

Technological
Forecasting and
Social Change

Technological
Forecasting and
Social Change

Frontiers in
Psychology

Reliability
Engineering &
System Safety

Journal of Loss
Prevention in
the Process
Industries

Cognition
Technology &
Work

IEEE
Transactions on
Reliability

Source title

2017

2017

2017

2017

2017

2017

2017

2017

2017

2017

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0

0

—

—

—

—

—

—

—

—

—

—

—

—

—

Operation
Business
Average Environmental
Computer
Publication Total
and
Psychology
citations
science and Engineering research and
year
citations
science
per year
ecology
management
economics

Table 2: Papers considered in the analysis.
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[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

“Resilience in complex systems: an
agent-based approach”

“Analyzing network topological
characteristics of eco-industrial parks
from the perspective of resilience: a
case study”

“Transitivity demolition and the fall
of social networks”

“From math to metaphors and back
again social-ecological resilience
from a multi-agent-environment
perspective”

“Improving participatory resilience
assessment by cross-fertilizing the
resilience alliance and transition
movement approaches”

“Hazard tolerance of spatially
distributed complex networks”

“A Monte Carlo evolution of the
Functional Resonance Analysis
Method (FRAM) to assess
performance variability in complex
systems”

“Socio-ecological adaptation of
agricultural heritage systems in
modern China: three cases in
Qingtian County, Zhejiang Province”

“Developing an integrated
framework to assess agri-food
systems and its application in the
Ecuadorian Andes”

“Adaptive management for
ecosystem services”

Reference

“Temperate rocky subtidal reef
community reveals human impacts
across the entire food web”

Title

2016

2016

Journal of
Environmental
Management

2016

Regional
Environmental
Change

Sustainability

2017

2017

Reliability
Engineering &
System Safety

Safety Science

2017

2017

GAIA Ecological
Perspectives for
Science and
Society
Ecology and
Society

2017

2017

2017

2017

2

1

0

3

0

0

1

0

1

0

1

1

0.5

0

3

0

0

1

0

1

0

1

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

IEEE Access

Ecological
indicators

Systems
Engineering

Marine Ecology
Progress Series

Source title

Table 2: Continued.
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[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

“Remotely sensed resilience of
tropical forests”

“Evolutionary resilience and complex
lagoon systems”

“Resilience allocation for early stage
design of complex engineered
systems”

“Breaking resilient patterns of
inequality in Santiago de Chile:
challenges to navigate towards a
more sustainable city”

“A maintenance-focused approach to
complex system design”

“Challenges in the vulnerability and
risk analysis of critical
infrastructures”

“Computational analysis and
visualization of global supply
network risks”

“Designing an emergency continuity
plan for a megacity government: a
conceptual framework for coping
with natural catastrophes”

“A framework for the future of urban
underground engineering”

Reference

“Comparison of static and dynamic
resilience for a multipurpose
reservoir operation”

Title

2016

2016

2016

2016

IEEE
Transactions on
Industrial
Informatics
International
Journal of
Critical
Infrastructure
Protection
Tunnelling and
Underground
Space
Technology

2016

AI EDAMArtiﬁcial
Intelligence for
Engineering
Design Analysis
and
Manufacturing
Reliability
Engineering &
System Safety

2016

Sustainability

2016

2016

Integrated
Environmental
Assessment and
Management
Journal of
Mechanical
Design

2016

2016

0

0

0

16

0

2

0

1

7

1

0

0

0

8

0

1

0

0.5

3.5

0.5

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Nature Climate
Change

Water Resources
Research

Source title

Table 2: Continued.
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[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]
[76]

“Engineered resilience for complex
systems as a predictor for cost
overruns”

“A graph-theoretic framework for
assessing the resilience of sectorised
water distribution networks”

“People-technology-ecosystem
integration: a framework to ensure
regional interoperability for safety,
sustainability, and resilience of
interdependent energy, water, and
seafood sources in the (Persian) gulf”

“SIBBORK: a new spatially-explicit
gap model for boreal forest”

“Policy support for rural economic
development based on Holling’s
ecological concept of panarchy”

“The power problematic: exploring
the uncertain terrains of political
ecology and the resilience
framework”

“Community currency (CCs) in
Spain: an empirical study of their
social eﬀects”

“A risk assessment approach to
improve the resilience of a seaport
system using Bayesian networks”

“Quantifying the relationship of
resilience and eco-eﬃciency in
complex adaptive energy systems“

“Urban vulnerability and resilience
in post-communist Romania

Reference

“Multidimensional approach to
complex system resilience analysis”

Title

Carpathian
Journal of Earth

Ecological
Economics

Ocean
Engineering

Ecological
Economics

2015

2015

2016

2016

2016

2016

International
Journal of
Sustainable
Development
and World
Ecology
Ecology and
Society

2016

2016

2016

2016

Ecological
modelling

Human factors

Water Resources
Management

Systems
Engineering

5

1

1

0

6

2

4

2

4

1

1.67

0.33

0.5

0

3

1

2

1

2

0.5

3

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

6

Reliability
Engineering &
System Safety
2016

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Source title

Table 2: Continued.
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[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

“A unique algorithm for the
assessment and improvement of job
satisfaction by resilience engineering:
hazardous labs”

“Resilience and precarious success

Safety culture and subcontractor
network governance in a complex
safety critical project”

“Hydrocomplexity: addressing water
security and emergent environmental
risks”

“Assessing temporal scales and
patterns in time series: comparing
methods based on redundancy
analysis”

“Resilience and tipping points of an
exploited ﬁsh population over six
decades”

“Network structure, complexity, and
adaptation in water resource
systems”

“The resilience of interdependent
industrial symbiosis networks a case
of Yixing economic and
technological development zone”

“Life cycle assessment and the
resilience of product systems”

Reference

“Resilience projects as experiments:
implementing climate change
resilience in Asian cities”

(comparative case studies of iasi and
Bacau cities and metropolitan areas)”

Title

2015

Reliability
Engineering &
System Safety

2015

2015

Journal of
Industrial
Ecology

2015

Civil
Engineering and
Environmental
Systems
Journal of
Industrial
Ecology

2015

2015

Global Change
Biology

Ecological
Complexity

2015

2015

Reliability
Engineering &
System Safety

Water Resources
Research

2015

2015

6

5

2

4

1

10

3

5

2

3

2

1.67

0.67

1.33

0.33

3.33

1

1.67

0.67

1

—

—

—

—

—

—

—

—

—

—

—

—

Business
Operation
Average Environmental
Computer
Publication Total
and
Psychology
science and Engineering research and
citations
science
year
citations
economics
ecology
management
per year

International
Journal of
Industrial
Ergonomics

Climate and
Development

and
Environmental
Sciences

Source title

Table 2: Continued.

8
Complexity

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]
[95]
[96]

“Resiliency analysis for complex
engineered system design”

“Managing hunting under
uncertainty: from one-oﬀ ecological
indicators to resilience approaches in
assessing the sustainability of
bushmeat hunting”

“Using fuzzy cognitive mapping as a
participatory approach to analyze
change, preferred states, and
perceived resilience of socialecological systems”

“Communication and sustainability
science teams as complex systems”

“Regime shifts under forcing of nonstationary attractors: conceptual
model and case studies in hydrologic
systems”

“Modeling and optimizing eﬃciency
gap between managers and operators
in integrated resilient systems: the
case of a petrochemical plant”

“Physical infrastructure
interdependency and regional
resilience index after the 2011
Tohoku Earthquake in Japan”

“Panarchy: theory and application”

“Managing incidents in a complex
system: a railway case study”

Reference

“Understanding protected area
resilience: a multi-scale, socialecological approach”

Title

2014
2014

Cognition
Technology &
Work

2014

2014

2014

2015

2015

Ecosystems

Earthquake
Engineering &
Structural
Dynamics

Process Safety
and
Environmental
Protection

Journal of
Contaminant
Hydrology

Ecology and
Society

Ecology and
Society

2015

2015

AI EDAMArtiﬁcial
Intelligence for
Engineering
Design Analysis
and
Manufacturing
Ecology and
Society

2015

4

45

17

10

2

5

16

1

5

22

1

11.25

4.25

2.5

0.5

1.67

5.33

0.33

1.67

7.33

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Ecological
Applications

Source title

Table 2: Continued.
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[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

“Managing for resilience: early
detection of regime shifts in complex
systems”

“Applying resilience thinking to
natural resource management
through a planning-by-doing
framework”

“Linking complexity and
sustainability theories: implications
for modeling sustainability
transitions”

“Comparison of ilities for protection
against uncertainty in system design”

“Consensus recovery from
intentional attacks in directed
nonlinear multi-agent systems”

“Early warning signals: the charted
and uncharted territories”

“Understanding resilient urban
futures: a systemic modelling
approach”

“Highlighting order and disorder in
social-ecological landscapes to foster
adaptive capacity and sustainability”

“Measuring the relative resilience of
subarctic lakes to global change:
redundancies of functions within and
across temporal scales”

Reference

“Sustainability science: accounting
for nonlinear dynamics in policy and
social-ecological systems”

Title

2013

International
Journal of
Nonlinear
Sciences and
Numerical
Simulation

Journal of
Applied Ecology

Landscape
Ecology

Sustainability

2013

2013

2013

2013

2013

Journal of
Engineering
Design

Theoretical
Ecology

2014

Sustainability

2014

2014

Clean
Technologies
and
Environmental
Policy
Society &
Natural
Resources

2014

19

18

6

40

7

8

4

11

12

7

3.8

3.6

1.2

8

1.4

1.6

1

2.75

3

1.75

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Clean
Technologies
and
Environmental
Policy

Source title

Table 2: Continued.
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[107]

[108]

[109]

[110]

[111]

[112]
[113]

[14]

[114]

[115]

[116]

“Transition landscapes and social
networks: examining on-ground
community resilience and its
implications for policy settings in
multiscalar systems”

“Temporal scales and patterns of
invertebrate biodiversity dynamics in
boreal lakes recovering from
acidiﬁcation”

“Microclimate and vegetation
function as indicators of forest
thermodynamic eﬃciency”

“A framework for identifying and
analyzing sources of resilience and
brittleness: a case study of two air taxi
carriers”

“Species, functional groups, and
thresholds in ecological resilience”

“Understanding ecohydrological
connectivity in savannas: a system
dynamics modelling approach”

“Resilience engineering of industrial
processes: principles and
contributing factors”

“Assessing resilience engineering
based on safety culture and
managerial factors”

“Agents, individuals, and networks:
modeling methods to inform natural
resource management in regional
landscapes”

“Insight on invasions and resilience
derived from spatiotemporal
discontinuities of biomass at local
and regional scales”

Reference

“Towards aﬀordably adaptable and
eﬀective systems”

Title

Ecology and
Society

Ecology and
Society

2012

2012

2012

2012

Journal of Loss
Prevention in
the Process
Industries
Process Safety
Progress

2012

2012

2012

2012

2012

2013

2013

15

14

7

45

15

20

10

21

25

21

11

2.5

2.33

1.17

7.5

2.5

3.33

1.67

3.5

4.17

4.2

2.2

—

—

—

—

—

—

—

—

—

—

—

—

Business
Operation
Average Environmental
Computer
Publication Total
and
Psychology
science and Engineering research and
citations
science
year
citations
economics
ecology
management
per year

Ecohydrology

Conservation
Biology

International
Journal of
Industrial
Ergonomics

Journal of
Applied Ecology

Ecological
Applications

Ecology and
Society

Systems
Engineering

Source title

Table 2: Continued.
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[117]
[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

“Managing for resilience”

“Towards adaptive integrated water
resources management in southern
Africa: the role of self-organisation
and multi-scale feedbacks for
learning and responsiveness in the
Letaba and Crocodile catchments”

“Assessing the use of functional
diversity as a measure of ecological
resilience in arid rangelands”

“The use of Functional Resonance
Analysis Method (FRAM) in a midair collision to understand some
characteristics of the air traﬃc
management system resilience”

“Disequilibrium, development and
resilience through adult life”

“Improving resilience of critical
human systems in CBRN
emergencies: challenges for ﬁrst
responders”

“Can we manage for resilience? The
integration of resilience thinking into
natural resource management in the
United States”

“Reindeer management during the
colonization of Sami lands: a longterm perspective of vulnerability and
adaptation strategies”

Reference

“Managing rangeland as a complex
system: how government
interventions decouple social systems
from ecological systems”

Title

2011

2011

Environmental
Management
Global
Environmental
Change-Human
and Policy
Dimensions

2011

2011

Systems
Research and
Behavioral
Science
Systems
Research and
Behavioral
Science

2011

2011

2011

2011

2012

14

28

3

1

21

23

26

35

15

2

4

0.43

0.14

3

3.29

3.71

5

2.5

—

—

—

—

—

—

—

—

—

—

Operation
Business
Average Environmental
Computer
Publication Total
science and Engineering research and
and
Psychology
citations
science
year
citations
ecology
management
economics
per year

Reliability
Engineering &
System Safety

Ecosystems

Water Resources
Management

Wildlife Biology

Ecology and
Society

Source title

Table 2: Continued.
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[135]

“Interacting regime shifts in
ecosystems: implication for early
warnings”

Ecological
monographs

Oecologia

[134]

“Identifying resilience mechanisms
to recurrent ecosystem
perturbations”

2010

2010

2010

Biodiversity and
Conservation

2010

[133]

[132]

“Design of highly synchronizable and
robust networks”

African Journal
of Range &
Forage Science

“Dynamic properties of complex
adaptive ecosystems: implications for
the sustainability of service
provision”

[131]

“Modelling the complex dynamics of
vegetation, livestock and rainfall in
asemiarid rangeland in South Africa”

2011

Water
International

2010

[130]

“The resilience of big river basins”

2011

Ecology and
Society

Nonlinear
Dynamics
Psychology and
Life Sciences

[129]

“Promoting health and well-being by
managing for social-ecological
resilience: the potential of integrating
ecohealth and water resources
management approaches”

2011

IEEE
Transactions on
Information
Forensics And
Security

“Nonlinear dynamics in
biopsychosocial resilience”

[128]

“Exploiting trust-based social
networks for distributed protection
of sensitive data”

2011

Journal of
Computer And
System Sciences

2010

[127]

“Distributed redundancy and
robustness in complex systems”

2011

51

21

32

31

4

3

3

29

5

18

3

6.38

2.62

4

3.88

0.5

0.38

0.43

4.14

0.71

2.57

0.43

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Australasian
Journal of
Environmental
Management

Source title

Automatica

[126]

Reference

“Transition principles: experiences
from the Victorian State of the
Environment reporting process and
relevance to sustainability in complex
systems”

Title

Table 2: Continued.
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[136]

[137]

[138]

[139]

[140]
[141]

[142]

[143]

[144]

[145]

[146]

“Resilience and regions: building
understanding of the metaphor”

“Development of the multiregional
inoperability input-output model
(MRIIM) for spatial explicitness in
preparedness of interdependent
regions”

“Organizational attributes of highly
reliable complex systems”

“Novelty, adaptive capacity, and
resilience”

“Complex land systems: the need for
long time perspectives to assess their
future”

“Ecological and human community
resilience in response to natural
disasters”

“The politics of social-ecological
resilience and sustainable sociotechnical transitions”

“A framework for investigation into
extended enterprise resilience”

“Thresholds and multiple
community states in marine fouling
communities: integrating natural
history with management strategies”

“Resilience and thresholds in
savannas: nitrogen and ﬁre as drivers
and responders of vegetation
transition”

Reference

“Challenges of operation research
practice in agricultural value chains”

Title

Ecosystems

2009

2010

2010

Enterprise
Information
Systems
Marine Ecology
Progress Series

2010

2010

2010

Ecology and
Society

Ecology and
Society

Ecology and
Society

2010

2010

Quality and
Reliability
Engineering
International
Ecology and
Society

2010

2010

Cambridge
Journal of
Regions
Economy and
Society
Systems
Engineering

2010

22

13

34

122

50

65

26

3

28

108

25

2.44

1.62

4.25

15.25

6.25

8.12

3.25

0.38

3.5

13.5

3.12

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Journal of the
Operational
Research Society

Source title

Table 2: Continued.
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[147]

[148]

[149]

[5]
[150]

[151]

[152]

[153]

[154]

[155]

“Collective work and resilience of
complex systems”

“Panarchy: discontinuities reveal
similarities in the dynamic system
structure of ecological and social
systems”

“Towards a conceptual framework
for resilience engineering”

“The structure, function, and
evolution of a regional industrial
ecosystem”

“Managing crisis response
communication in construction
projects - from a complexity
perspective”

“Understanding safety and
production risks in rail engineering
planning and protection”

“Alternative stable states in
Australia’s wet tropics: a theoretical
framework for the ﬁeld data and a
ﬁeld-case for the theory”

“Essential ecological insights for
marine ecosystem-based
management and marine spatial
planning”

“A test of the cross-scale resilience
model: functional richness in
Mediterranean-climate ecosystems”

Reference

“Integrated policies for
environmental resilience and
sustainability”

Title

Ecological
Complexity

Marine Policy

Landscape
Ecology

Ergonomics

Disaster
Prevention and
Management

Journal of
Industrial
Ecology

IEEE Systems
Journal

Ecology and
Society

2008

2008

2009

2009

2009

2009

2009

2009

17

200

69

32

7

57

67

30

21

1.7

20

7.67

3.56

0.78

6.33

7.44

3.33

2.33

—

—

—

—

—

—

—

—

—

—

—

—

2009

Journal of Loss
Prevention in
the Process
Industries
—

—

0.22

2009

Proceedings of
the Institution of
Civil EngineersEngineering
Sustainability
2

Average Environmental
Operation
Business
Publication Total
Computer
citations
science and Engineering research and
and
Psychology
science
year
citations
per year
ecology
management
economics

Source title

Table 2: Continued.
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[156]

[157]

[158]

[159]

[160]
[161]
[162]

[163]

[164]

[165]
[166]
[167]

“Articulating the diﬀerences between
safety and resilience: the decisionmaking process of professional seaﬁshing skippers”

“Adaptive harvesting in a multiplespecies coral-reef food web”

“Not all roads lead to resilience: a
complex systems approach to the
comparative analysis of tortoises in
arid ecosystems”

“Governing ﬁsheries as complex
adaptive systems”

“Marine protected areas: a
governance system analysis”

“Creating a transparent, distributed,
and resilient computing
environment: the OpenRTE project”

“Vulnerability analysis in
environmental management:
widening and deepening its
approach”

“Cross-scale interactions and
changing pattern-process
relationships: consequences for
system dynamics”

“Focusing the meaning(s) of
resilience: resilience as a descriptive
concept and a boundary object”

“Resilience, panarchy, and worldsystems analysis”

“Evaluating discontinuities in
complex systems: toward
quantitative measures of resilience”

Reference

“Fostering resilience to extreme
events within infrastructure systems:
characterizing decision contexts for
mitigation and adaptation”

Title

Ecology and
Society

Ecology and
Society

Ecology and
Society

Ecosystems

Environmental
Conservation

Journal of
Supercomputing

Human Ecology

Marine Policy

Ecology and
Society

Ecology and
Society

Human Factors

Global
Environmental
Change-Human
and Policy
Dimensions

Source title

2007

2007

2007

2007

2007

2007

2007

2008

2008

2008

2008

2008

20

31

235

88

6

1

76

84

6

6

28

105

1.82

2.82

21.36

8

0.55

0.09

6.91

8.4

0.6

0.6

2.8

10.5

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Table 2: Continued.
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[168]

[169]

[170]
[171]
[172]

[173]

[174]

[175]

[176]

[177]

[178]
[179]

“Understanding and managing the
complexity of urban systems under
climate change”

“Australian pastoralists in time and
space: the evolution of a complex
adaptive system”

“Biodiversity and land use change on
the Causse Mejan, France”

“Collapse and reorganization in
social-ecological systems: questions,
some ideas, and policy implications”

“A handful of heuristics and some
propositions for understanding
resilience in social-ecological
systems”

“Theoretical steps towards modelling
resilience in complex systems”

“Indicating retrospective resilience of
multi-scale patterns of real habitats
in a landscape”

“Stable periodic orbits associated
with bursting oscillations in
population dynamics”

“A systems model approach to
determining resilience surrogates for
case studies”

“The use of discontinuities and
functional groups to assess relative
resilience in complex systems”

“Change and identity in complex
systems”

Reference

“Understanding and managing
complexity risk”

Title

Ecology and
Society

Ecosystems

Ecosystems

Positive Systems,
Proceedings

2005

2005

2005

2006

2006

2006

Computational
Science and Its
Applications ICCSA 2006, PT
1
Ecological
Indicators

2006

2006

2006

2006

2007

2007

58

76

72

8

20

6

352

86

8

23

31

16

4.46

5.85

5.54

0.67

1.67

0.5

29.33

7.17

0.67

1.92

2.82

1.45

—

—

—

—

—

—

—

—

—

—

—

—

Business
Average Environmental
Operation
Publication Total
Computer
and
citations
science and Engineering research and
Psychology
science
year
citations
per year
ecology
management
economics

Ecology and
Society

Ecology and
Society

Biodiversity and
Conservation

Ecology and
Society

Climate Policy

MIT Sloan
Management
Review

Source title

Table 2: Continued.
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[180]

[181]

[182]

[183]

[184]

[185]

“Landscape change in the southern
Piedmont: challenges, solutions, and
uncertainty across scales”

“Grazing management, resilience,
and the dynamics of a ﬁre-driven
rangeland system”

“First-order reliability method for
estimating reliability, vulnerability,
and resilience”

“Prediction in complex communities:
analysis of empirically derived
Markov models”

“A fuzzy logic model to predict coral
reef development under nutrient and
sediment stress”

Reference

“Sustainability indicators as a
communicative tool: building bridges
in Pennsylvania”

Title

Conservation
Biology

Ecology

Water Resources
Research

Ecosystems

Conservation
Ecology

Environmental
Monitoring and
Assessment

Source title

1998

2001

2001

2002

2003

2004

36

59

42

146

17

13

1.8

3.47

2.47

9.12

1.13

0.93

—

—

—

—

—

—

Operation
Business
Average Environmental
Computer
Publication Total
science and Engineering research and
and
Psychology
citations
science
year
citations
ecology
management
economics
per year

Table 2: Continued.
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Figure 1: Distribution of publications by country.
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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 published 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 published papers), Ecosystems (IF 4.198, H-index 121) published 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) published 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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Figure 3: Coauthorship map for papers belonging to the research area “environmental science and ecology.”

Figure 4: Relationships among countries concerning papers belonging to the research area “environmental science and ecology.”

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 coauthored 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),

Complexity
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 organizations 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 classiﬁcation 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 distinguished 3 categories of deﬁnitions, reﬂecting whether the
deﬁnition is in accordance with either a genuinely descriptive 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) developed 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 importance 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 systems 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, recovery, 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 process by means of which an ecosystem bounces back to its predisturbance 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, disturbance 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 referring to individual, population, community, ecosystem, and
process levels [186]. Individual attributes refer to characteristics of its species including growth rate, size, and biological
ability of adaptation to disturbance. At population and community 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 fosters 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 providing the same function. Redundancy thus confers resistance 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 connectivity with mangroves can increase the ability of coral reef
ecosystems to recover from disturbance caused by hurricanes. 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 doubleedged 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 importance 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 sustainable development. In particular, the study by Sellberg et al.
[50] compares and integrates two methods for assessing resilience of complex systems having complementary strengths:
the transition movement and the resilience alliance’s resilience assessment. Since the resilience assessment’s conceptual 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) published 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 published 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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Figure 6: Coauthorship map for papers belonging to the research area “engineering.”

Figure 7: Relationships among countries concerning papers belonging to the research area “engineering.”

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 conceptual framework for analyzing and understanding the
resilience of engineering systems. The framework identiﬁes
system attributes aﬀecting the system resilience, disruptions, 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, controllability, early detection, minimization of failure, limitation 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 principles 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 decisionmaking 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 sectors 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 produces a very large number of commodities and services. This
model is useful when studying the cascade eﬀects of perturbation 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, telecommunication networks, water and gas distribution networks,
transport infrastructures, rail networks, air traﬃc control systems, 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 transformation, 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 robustness. 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 malfunctioning 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 connectivity. 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 discipline. We brieﬂy comment these papers in the next sections.
Here, we focus on the studies belonging only to the engineering ﬁeld. They are quite diﬀerent but have in common in the
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fact that some organizational and social factors characterizing 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. Asokan 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 correct balance between the two extremes. Flexibility emphasizes 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 Engineering (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 citations, 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 (Università degli Studi di Roma La Sapienza, Italy),
Riccardo Patriarca (Università 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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Figure 8: (a) Number of papers published by year; (b) times cited by year and sum of time cited by year.

Figure 9: Coauthorship map for papers belonging to the research area “operation research and management.”

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 (engineering, 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 presented. Higgins et al. [136] (25 citations, 3.12 citations per
year) focused on agricultural value chains as complex adaptive 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 contribution 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 System, 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 appropriate 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 systems, and water and gas distribution systems. All these infrastructures are recognized as complex systems designed to
function for long periods. He also discussed the concept of
resilience for such infrastructures, arguing that the complexity 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 systems characterized by the existence of multiple actors including both human operators and engineering infrastructures.
Similarly to the categories above, these complex systems are
aﬀected by diverse types of disturbances ranging from natural disasters to human accidents to mechanical failures. The
main dimensions of resilience include ﬂexibility, vulnerability, 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 diﬀerent 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 vulnerability. Redundancy is also shown to enhance resilience improving ﬂexibility and adaptive capacity [12]. For example,
having multiple suppliers, increasing safety stock, design
overcapacity, and adopt backup suppliers are strategies promoting 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 disruptions and resilience [195] and compare the eﬀect of the network 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 complex 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 contributing to safety analysis and management.
The paper by Li et al. [44] proposes an alternative current- (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 reliability. 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. PumpuniLenss 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 resilience based on the computation of maximum ﬂow data, fraction 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 published 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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Figure 10: (a) Number of papers published by year; (b) times cited by year and sum of time cited by year.

Figure 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 Australia (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 framework 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 systems, people, processes, and information in a way that allows
enterprise to become more connected and responsive to the
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Figure 12: Relationships among countries concerning papers belonging to the research area “computer science.”

dynamics of its environment, stakeholders, and competitors
and (2) the alignment of information technology with business 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 redundancy refers to the function of identical elements, distributed
redundancy refers to diﬀerent elements facilitating the same
outcomes. Through simulations, they showed that distributed 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 tritrophic 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 citations 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 theoretical 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 system have attracted the interest of scholars. The resilience of
these systems is studied concerning intentional or involuntary disturbances, usually targeted to single nodes such as
human attacks or engineering failures.
The main dimensions of resilience investigated are recovery 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 number 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 unpredictable dissolving of the network. Connected triples is a fundamental 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 networks, 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 Behavioral 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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Figure 13: (a) Number of papers published by year; (b) times cited by year and sum of time cited by year.

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

which emphasizes the likelihood of a phenomenon exhibiting resilience by “returning to normal,” as in a single equilibrium system, or shifting to “new” or “no” normals in
multiple equilibrium systems; and (2) complex adaptive systems analysis, which emphasizes how multiple elements
interact to produce dynamic feedbacks, making a system
more or less adaptable, that is, resilient to stress. They identify four fundamental themes of resilience: equilibrium, systems’ 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 business 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 organization’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, biological, radiological, or nuclear incidents, aimed at providing
resilience. They identiﬁed the main properties of the abovementioned 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, companies, computers, and information and communication technologies. 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 associated 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 features 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 appropriate 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 resilience. 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 selforganization, 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 contribute 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 solutions 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 stakeholders about key dependencies and alternative actions
undertaken to achieve resilience in face of disasters. The
approach proposed to information sharing uses the subjectivity of information from a supplier’s perspective and from a
user’s perspective. A centralized method of information sharing 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 published 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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Figure 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 number 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 biological, psychological, and social factors over time, aimed at
understanding how researchers can apply nonlinear dynamical system techniques and practitioners can use the resulting
evidence to improve patient care. Four data analytic techniques from nonlinear dynamical systems (time-series analysis, 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 framework linking the concepts of resilience and safety; then,
they studied the relationship between resilience and safety
in conditions of extreme risk using observations and simulations in the example of professional sea ﬁshing. Meshkati
et al. [69] (2 citations, 1 citation per year) developed a methodology to identify the interdependencies of human and
organizational subsystems of multiple complex, safetysensitive technological systems, and their interoperability in
the context of sustainability and resilience of ecosystems.
The complex systems analyzed in this research area concern 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 problemsolving abilities, optimism, and other features of human personalities. For managers and operators, experience and skills
are considered important in this regard. Team resilience is
associated with features characterizing the group of individuals 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 conceptual model of team resilience as a mediator of the relationship between other team emergent states (cohesion,
collective eﬃcacy, shared mental models, familiarity, culture, 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
Environmental science and ecology
Engineering
Operation research and management science
Computer science
Business and economics
Psychology

Papers

Interval time

Journals

Citations

Authors

Prominent country

93
53
16
13
10
5

1998–2017
2009–2017
2008–2017
2007–2017
2008–2017
2008–2017

44
32
8
13
7
4

3025
498
189
144
161
93

270
138
38
43
27
20

USA
USA
USA
USA
USA
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 comparison among the diﬀerent research areas. Table 3 summarizes 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, survey, 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 signiﬁcantly 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 theoretically 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 network. 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 citations). 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),
Brännlund and Axelsson [125] (5 citations), and Brock
and Carpenter [135] (5 citations). These papers use concepts 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 clusters, 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 published 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 science and ecology”) referring to applications of the concept
of resilience in several ﬁelds. Cumming [130] uses Cumming
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Figure 17: Research methodologies adopted for each research area: (a) environmental science and ecology; (b) engineering; (c) operation
research and management; (d) computer science; (e) business and economics; (f) psychology.

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 behavior 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 ecology” and “engineering”) as an improved method to detect
discontinuities. Bowers et al. [39] (“psychology”) cite Vidal
et al. [148] (“environmental science and ecology” and “engineering”) 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 criticality 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 system play a critical role on the resilience of that system, since
they allow an initial failure to be redistributed to other components in the system. Higgins et al. [136] (“operation
research and management” and “business and economics”)
use the methodology adopted by Anderies et al. [182] (“environmental 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 science and ecology” and “engineering”) refer to the concept
of panarchy (originated by Gunderson and Holling [10])
citing the study by Garmestani et al. [149] (“environmental science and ecology”).
It is not surprising that papers in the “environmental
science and ecology” research area are cited by papers in
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Figure 18: Citation network among the papers belonging to our population.

diﬀerent areas because this area is where the concept originated. 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 information 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 identifying intellectual communities, leading scholars, key knowledge, 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 capacity) 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 conceptual model is still the preferred approach on average
across the research areas, even though the case study is generally preferred in “engineering” and “operation research
and management science.” Quantitative approaches relying
on simulation are used to a limited extent only. Since conceptual models are mainly adopted at the beginning of a research
topic, when conceptualizations and theories should be developed 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.

Node
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Reference
[35]
[37]
[38]
[39]
[42]
[43]
[47]
[48]
[51]
[53]
[54]
[56]
[59]
[60]
[62]
[63]
[64]
[67]
[68]
[72]
[79]
[80]
[83]
[84]
[86]
[88]
[89]
[91]
[93]
[94]
[96]
[98]
[99]
[100]
[104]
[105]
[106]
[107]
[108]
[110]
[112]
[113]
[14]
[114]
[115]
[117]
[118]
[119]

Betweenness

Out-degree

0
0
0
0
0
0
0
0
0
1
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0
1
49.375
3.625
0
1
0
0
0
6.410714
0
2.410714
0
1.910714
0
0
0
5.410714
0
4

2
1
2
1
1
4
1
1
1
1
1
3
1
2
1
1
1
0
1
3
1
0
2
2
1
2
1
2
0
3
12
1
1
1
2
0
1
7
0
4
0
4
0
0
0
5
0
4

Centrality measures
In-degree
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
1
0
0
1
1
0
0
0
1
1
0
1
1
3
2
1
1
0
1
0
2
1
2
1
2
1
4
2
2
1
1

Out-closeness

In-closeness

0.000406
0.000152
0.000406
0.000152
0.000152
0.000635
0.000152
0.000152
0.000203
0.000152
0.000152
0.001551
0.000152
0.000305
0.000203
0.000152
0.000152
0
0.000152
0.00157
0.000152
0
0.001372
0.000499
0.000152
0.000381
0.000152
0.000406
0
0.000457
0.001967
0.000274
0.000274
0.000152
0.000305
0
0.000152
0.001106
0
0.000697
0
0.00061
0
0
0
0.000897
0
0.000635

0
0
0
0
0
0
0
0
0
0.000152
0
0
0
0.000152
0
0
0
0.000152
0
0
0.000152
0.000203
0
0
0
0.000152
0.000152
0
0.000152
0.000152
0.000457
0.000305
0.000348
0.000152
0
0.000152
0
0.000406
0.000152
0.000476
0.000203
0.000476
0.000203
0.00061
0.000305
0.000476
0.000152
0.000152
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Table 4: Continued.

Node
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

Reference
[121]
[122]
[125]
[131]
[135]
[136]
[137]
[138]
[141]
[143]
[144]
[149]
[5]
[150]
[151]
[153]
[154]
[156]
[158]
[159]
[160]
[164]
[166]
[167]
[168]
[171]
[173]
[174]
[176]
[178]
[179]
[180]
[182]
[183]

Betweenness

Out-degree

0
0
0
0
17.91071
0
0
0
6.5
0
0
0
9.535714
0
0
1
0
1.410714
0
0
0
0
17.5
12
0
0
9.5
0.5
0
0
0
0
0
0

1
0
5
1
5
0
1
0
3
1
0
0
2
0
0
1
1
2
0
3
0
1
3
1
1
3
2
1
0
0
0
0
0
0

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 “computer 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

Centrality measures
In-degree
2
1
0
0
3
1
0
2
2
2
1
1
7
3
2
1
0
6
1
0
1
0
4
2
8
0
2
1
1
2
17
7
1
6

Out-closeness

In-closeness

0.000152
0
0.00083
0.000152
0.00083
0
0.000152
0
0.000488
0.000152
0
0
0.000305
0
0
0.000152
0.000152
0.000305
0
0.000457
0
0.000271
0.000457
0.000274
0.000152
0.000488
0.000305
0.000152
0
0
0
0
0
0

0.000457
0.000203
0
0
0.000679
0.000152
0
0.000305
0.000549
0.000542
0.000203
0.000152
0.001423
0.000488
0.000305
0.000152
0
0.001089
0.000203
0
0.000348
0
0.000802
0.000476
0.001618
0
0.000498
0.000152
0.000152
0.000636
0.002743
0.001487
0.000203
0.000844

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 strategies 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 simulation. 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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Table 5: Clusters from the citation analysis.
Papers

Research areas

1
2
3
4
5
6
7
8

Cluster

[14, 37, 43, 78, 93, 111, 112]
[39, 148]
[42, 58, 137]
[5, 46, 61, 62, 88]
[47, 92]
[50, 99, 136]
[53, 117]
[63, 104]

9

[35, 59, 66, 79, 113]

10
11
12
13

[67, 107]
[98, 175]
[38, 52, 121, 152, 157]
All the other papers

Engineering
Engineering, psychology
Environmental science and ecology, engineering, business and economics
Engineering, operation research and management, computer science
Environmental science and ecology
Environmental science and ecology, computer science, business and economics
Environmental science and ecology
Environmental science and ecology, engineering, computer science
Environmental science and ecology, engineering, operation research and
management, computer science
Engineering, operation research and management
Environmental science and ecology, engineering
Engineering, operation research and management, psychology
Environmental science and ecology, engineering, computer science, business and economics

Environmental
science and
ecology
Engineering

[95] → [98]

Engineering

[97] → [149]
[98] → [149]

Psychology

[39] → [148]
[59] → [113]
[130] → [179]
Environmental
science and
ecology

[35] → [59]
[59] → [79]

[42] → [137]
[58] → [137]

[63] → [104]
Computer
science
[136] → [182]
Engineering

[35] → [66]

Engineering

Operation
research and
management

Operation
research and
management

Business and
economics

Figure 19: Citation relationships among research areas.

Business and
economics
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concerning them. This would allow the contradictory ﬁndings 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 existing 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 collaboration would encourage the exploration of new drivers of resilience, 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 governance of the system, which are proven to inﬂuence the resilience 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 useful 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 distinguished, in more general terms, focusing on the consequences. 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 beneﬁcial 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 topology of complex systems and resilience. Furthermore, network
theory coupled with agent-based simulation is a promising
tool for the investigation of the relationship between organizational 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 contribute to elucidating how these factors impact on the
recovery and adaptation of these systems, a recent need
of the literature.

Conflicts of Interest
The authors declare that there are no conﬂicts of interest
regarding the publication of this paper.

References
[1] C. S. Holling, “Resilience and stability of ecological systems,”
Annual Review of Ecology and Systematics, vol. 4, no. 1, pp. 1–
23, 1973.
[2] C. Folke, S. Carpenter, B. Walker et al., “Regime shifts, resilience, and biodiversity in ecosystem management,” Annual
Review of Ecology, Evolution, and Systematics, vol. 35, no. 1,
pp. 557–581, 2004.
[3] B. Walker, C. S. Holling, S. R. Carpenter, and A. Kinzig,
“Resilience, adaptability and transformability in social–ecological systems,” Ecology and Society, vol. 9, no. 2, p. 5, 2004.
[4] T. J. Vogus and K. M. Sutcliﬀe, “Organizational resilience:
towards a theory and research agenda,” in 2007 IEEE International Conference on Systems, Man and Cybernetics,
pp. 3418–3422, Montreal, QC, Canada, October 2007.
[5] A. M. Madni and S. Jackson, “Towards a conceptual framework for resilience engineering,” IEEE Systems Journal,
vol. 3, no. 2, pp. 181–191, 2009.
[6] A. Annarelli and F. Nonino, “Strategic and operational management of organizational resilience: current state of research
and future directions,” Omega, vol. 62, pp. 1–18, 2016.
[7] H. Carvalho, A. P. Barroso, V. H. Machado, S. Azevedo, and
V. Cruz-Machado, “Supply chain redesign for resilience
using simulation,” Computers and Industrial Engineering,
vol. 62, no. 1, pp. 329–341, 2012.
[8] G. S. Cumming, G. Barnes, S. Perz et al., “An exploratory
framework for the empirical measurement of resilience,” Ecosystems, vol. 8, no. 8, pp. 975–987, 2005.
[9] L. Fraccascia, I. Giannoccaro, and V. Albino, “Rethinking
resilience in industrial symbiosis: conceptualization and measurements,” Ecological Economics, vol. 137, pp. 148–162,
2017.
[10] L. H. Gunderson and C. S. Holling, Panarchy: Understanding
Transformations in Human and Natural Systems, Island
Press, 2002.
[11] D. G. Angeler and C. R. Allen, “Quantifying resilience,” Journal of Applied Ecology, vol. 53, no. 3, pp. 617–624, 2016.
[12] Y. Sheﬃ and J. B. Rice, “A supply chain view of the resilient
enterprise,” MIT Sloan Management Review, vol. 47, no. 1,
pp. 41–48, 2005.
[13] E. Hollnagel, D. D. Woods, and N. C. Leveson, Eds., Resilience Engineering: Concepts and Precepts, Ashgate, Aldershot,
UK, 2006.
[14] L. T. T. Dinh, H. Pasman, X. Gao, and M. S. Mannan, “Resilience engineering of industrial processes: principles and contributing factors,” Journal of Loss Prevention in the Process
Industries, vol. 25, no. 2, pp. 233–241, 2012.
[15] M. Ouyang, “Review on modeling and simulation of interdependent critical infrastructure systems,” Reliability Engineering and System Safety, vol. 121, pp. 43–60, 2014.

Complexity
[16] A. Rose and S.-Y. Liao, “Modeling regional economic resilience to disasters: a computable general equilibrium analysis
of water service disruptions,” Journal of Regional Science,
vol. 45, no. 1, pp. 75–112, 2005.
[17] R. Martin, “Regional economic resilience, hysteresis and
recessionary shocks,” Journal of Economic Geography,
vol. 12, no. 1, pp. 1–32, 2012.
[18] M. Rutter, “Resilience in the face of adversity. Protective
factors and resistance to psychiatric disorder,” The British
Journal of Psychiatry, vol. 147, no. 6, pp. 598–611, 1985.
[19] A. S. Masten, K. M. Best, and N. Garmezy, “Resilience and
development: contributions from the study of children who
overcome adversity,” Development and Psychopathology,
vol. 2, no. 4, p. 425, 1990.
[20] K. M. Connor and J. R. T. Davidson, “Development of a
new resilience scale: the Connor-Davidson Resilience Scale
(CD-RISC),” Depression and Anxiety, vol. 18, no. 2, pp. 76–
82, 2003.
[21] R. Greene and N. Conrad, “Basic assumptions and terms,” in
Resiliency: An Integrated Approach to Practice, Policy, and
Research, R. Greene, Ed., pp. 1–47, National Association of
Social Workers Press, Washington, DC, USA, 2002.
[22] A. Helfgott, “Operationalising systemic resilience,” European
Journal of Operational Research, vol. 268, no. 3, pp. 852–864,
2018.
[23] R. Bhamra, S. Dani, and K. Burnard, “Resilience: the concept,
a literature review and future directions,” International Journal of Production Research, vol. 49, no. 18, pp. 5375–5393,
2011.
[24] S. Meerow and J. P. Newell, “Resilience and complexity: a
bibliometric review and prospects for industrial ecology,”
Journal of Industrial Ecology, vol. 19, no. 2, pp. 236–251,
2015.
[25] G. Cerѐ, Y. Rezgui, and W. Zhao, “Critical review of existing
built environment resilience frameworks: directions for
future research,” International Journal of Disaster Risk
Reduction, vol. 25, pp. 173–189, 2017.
[26] S. Hosseini, K. Barker, and J. E. Ramirez-Marquez, “A review
of deﬁnitions and measures of system resilience,” Reliability
Engineering & System Safety, vol. 145, pp. 47–61, 2016.
[27] A. W. Righi, T. A. Saurin, and P. Wachs, “A systematic literature review of resilience engineering: research areas and a
research agenda proposal,” Reliability Engineering & System
Safety, vol. 141, pp. 142–152, 2015.
[28] M. Kamalahmadi and M. M. Parast, “A review of the literature on the principles of enterprise and supply chain resilience: major ﬁndings and directions for future research,”
International Journal of Production Economics, vol. 171,
pp. 116–133, 2016.
[29] D. Fletcher and M. Sarkar, “Psychological resilience: a review
and critique of deﬁnitions, concepts, and theory,” European
Psychologist, vol. 18, no. 1, pp. 12–23, 2013.
[30] Y. Geng, W. Chen, Z. Liu et al., “A bibliometric review:
energy consumption and greenhouse gas emissions in the
residential sector,” Journal of Cleaner Production, vol. 159,
pp. 301–316, 2017.
[31] C. Yu, C. Davis, and G. P. J. Dijkema, “Understanding the
evolution of industrial symbiosis research,” Journal of Industrial Ecology, vol. 18, no. 2, pp. 280–293, 2014.
[32] E. Garﬁeld, “Citation analysis as a tool in journal evaluation,”
Science, vol. 178, no. 4060, pp. 471–479, 1972.

39
[33] W. Glänzel and A. Schubert, “Analysing scientiﬁc networks through co-authorship,” in Handbook of Quantitative Science and Technology Research, H. F. Moed, W.
Glänzel, and U. Schmoch, Eds., pp. 257–276, Springer,
Dordrecht, 2004.
[34] S. Wasserman and K. Faust, “Structural analysis in the social
sciences,” in Social Network Analysis: Methods and Applications, pp. 756–801, Cambridge University Press, New York,
NY, USA, 1994.
[35] N. Yodo, P. Wang, and Z. Zhou, “Predictive resilience analysis of complex systems using dynamic Bayesian networks,”
IEEE Transactions on Reliability, vol. 66, no. 3, pp. 761–770,
2017.
[36] D. Schipper, “Challenges to multiteam system leadership: an
analysis of leadership during the management of railway disruptions,” Cognition, Technology & Work, vol. 19, no. 2-3,
pp. 445–459, 2017.
[37] P. Jain, H. J. Pasman, S. P. Waldram, W. J. Rogers, and M. S.
Mannan, “Did we learn about risk control since Seveso? Yes,
we surely did, but is it enough? An historical brief and problem analysis,” Journal of Loss Prevention in the Process Industries, vol. 49, pp. 5–17, 2017.
[38] R. Patriarca, J. Bergström, and G. Di Gravio, “Deﬁning the
functional resonance analysis space: combining abstraction
hierarchy and FRAM,” Reliability Engineering & System
Safety, vol. 165, pp. 34–46, 2017.
[39] C. Bowers, C. Kreutzer, J. Cannon-Bowers, and J. Lamb,
“Team resilience as a second-order emergent state: a theoretical model and research directions,” Frontiers in Psychology,
vol. 8, article 1360, 2017.
[40] D. Blackman, H. Nakanishi, and A. M. Benson, “Disaster
resilience as a complex problem: why linearity is not applicable for long-term recovery,” Technological Forecasting and
Social Change, vol. 121, pp. 89–98, 2017.
[41] D. R. Shaw, A. Grainger, and K. Achuthan, “Multi-level port
resilience planning in the UK: how can information sharing
be made easier?,” Technological Forecasting and Social
Change, vol. 121, pp. 126–138, 2017.
[42] V. Asokan, M. Yarime, and M. Esteban, “Introducing
ﬂexibility to complex, resilient socio-ecological systems: a
comparative analysis of economics, ﬂexible manufacturing
systems, evolutionary biology, and supply chain management,” Sustainability, vol. 9, no. 7, p. 1091, 2017.
[43] A. Azadeh, S. M. Asadzadeh, and M. Tanhaeean, “A
consensus-based AHP for improved assessment of resilience
engineering in maintenance organizations,” Journal of Loss
Prevention in the Process Industries, vol. 47, pp. 151–160,
2017.
[44] J. Li, L. Dueñas-Osorio, C. Chen, and C. Shi, “AC power ﬂow
importance measures considering multi-element failures,”
Reliability Engineering & System Safety, vol. 160, pp. 89–97,
2017.
[45] A. Pérez-Matus, A. Ospina-Alvarez, P. Camus et al., “Temperate rocky subtidal reef community reveals human impacts
across the entire food web,” Marine Ecology Progress Series,
vol. 567, pp. 1–16, 2017.
[46] G. Pumpuni-Lenss, T. Blackburn, and A. Garstenauer, “Resilience in complex systems: an agent-based approach,” Systems
Engineering, vol. 20, no. 2, pp. 158–172, 2017.
[47] X. Li and R. Xiao, “Analyzing network topological characteristics of eco-industrial parks from the perspective of

40

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Complexity
resilience: a case study,” Ecological Indicators, vol. 74,
pp. 403–413, 2017.
H. T. Nguyen, N. P. Nguyen, T. Vu, H. X. Hoang, and T. N.
Dinh, “Transitivity demolition and the fall of social networks,” IEEE Access, vol. 5, pp. 15913–15926, 2017.
J. F. Donges and W. Barfuss, “From math to metaphors and
back again: social-ecological resilience from a multi-agentenvironment perspective,” GAIA - Ecological Perspectives for
Science and Society, vol. 26, no. 1, pp. 182–190, 2017.
M. M. Sellberg, S. T. Borgström, A. V. Norström, and G. D.
Peterson, “Improving participatory resilience assessment by
cross-fertilizing the resilience alliance and transition movement approaches,” Ecology and Society, vol. 22, no. 1, p. 28,
2017.
S. Dunn and S. Wilkinson, “Hazard tolerance of spatially distributed complex networks,” Reliability Engineering & System
Safety, vol. 157, pp. 1–12, 2017.
R. Patriarca, G. Di Gravio, and F. Costantino, “A Monte
Carlo evolution of the Functional Resonance Analysis
Method (FRAM) to assess performance variability in complex systems,” Safety Science, vol. 91, pp. 49–60, 2017.
W. Jiao, A. Fuller, S. Xu, Q. Min, and M. Wu, “Socio-ecological adaptation of agricultural heritage systems in modern
China: three cases in Qingtian County, Zhejiang Province,”
Sustainability, vol. 8, no. 12, p. 1260, 2016.
V. Vallejo-Rojas, F. Ravera, and M. G. Rivera-Ferre,
“Developing an integrated framework to assess agri-food
systems and its application in the Ecuadorian Andes,”
Regional Environmental Change, vol. 16, no. 8, pp. 2171–
2185, 2016.
H. E. Birgé, C. R. Allen, A. S. Garmestani, and K. L. Pope,
“Adaptive management for ecosystem services,” Journal of
Environmental Management, vol. 183, Part 2, pp. 343–352,
2016.
S. P. Simonovic and R. Arunkumar, “Comparison of static
and dynamic resilience for a multipurpose reservoir operation,” Water Resources Research, vol. 52, no. 11, pp. 8630–
8649, 2016.
J. Verbesselt, N. Umlauf, M. Hirota et al., “Remotely sensed
resilience of tropical forests,” Nature Climate Change, vol. 6,
no. 11, pp. 1028–1031, 2016.
S. Davoudi, J. Zaucha, and E. Brooks, “Evolutionary resilience
and complex lagoon systems,” Integrated Environmental
Assessment and Management, vol. 12, no. 4, pp. 711–718,
2016.
N. Yodo and P. Wang, “Resilience allocation for early stage
design of complex engineered systems,” Journal of Mechanical Design, vol. 138, no. 9, article 091402, 2016.
I. Fernández, D. Manuel-Navarrete, and R. Torres-Salinas,
“Breaking resilient patterns of inequality in Santiago de Chile:
challenges to navigate towards a more sustainable city,” Sustainability, vol. 8, no. 8, p. 820, 2016.
B. Y. Yu, T. Honda, S. M. Zubair, M. H. Sharqawy, and M. C.
Yang, “A maintenance-focused approach to complex system
design,” Artiﬁcial Intelligence for Engineering Design, Analysis and Manufacturing, vol. 30, no. 3, pp. 263–276, 2016.
E. Zio, “Challenges in the vulnerability and risk analysis of
critical infrastructures,” Reliability Engineering & System
Safety, vol. 152, pp. 137–150, 2016.
R. C. Basole, M. A. Bellamy, H. Park, and J. Putrevu, “Computational analysis and visualization of global supply network

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

risks,” IEEE Transactions on Industrial Informatics, vol. 12,
no. 3, pp. 1206–1213, 2016.
Q. Y. Sun, X. Y. Li, and F. Yu, “Designing an emergency continuity plan for a megacity government: a conceptual framework for coping with natural catastrophes,” International
Journal of Critical Infrastructure Protection, vol. 13, pp. 28–
35, 2016.
P. P. Nelson, “A framework for the future of urban underground engineering,” Tunnelling and Underground Space
Technology, vol. 55, pp. 32–39, 2016.
D. Gama Dessavre, J. E. Ramirez-Marquez, and K. Barker,
“Multidimensional approach to complex system resilience
analysis,” Reliability Engineering & System Safety, vol. 149,
pp. 34–43, 2016.
B. Roberts, T. Mazzuchi, and S. Sarkani, “Engineered resilience for complex systems as a predictor for cost overruns,”
Systems Engineering, vol. 19, no. 2, pp. 111–132, 2016.
M. Herrera, E. Abraham, and I. Stoianov, “A graph-theoretic
framework for assessing the resilience of sectorised water distribution networks,” Water Resources Management, vol. 30,
no. 5, pp. 1685–1699, 2016.
N. Meshkati, M. Tabibzadeh, A. Farshid, M. Rahimi, and
G. Alhanaee, “People-technology-ecosystem integration: a
framework to ensure regional interoperability for safety, sustainability, and resilience of interdependent energy, water,
and seafood sources in the (Persian) gulf,” Human Factors:
The Journal of the Human Factors and Ergonomics Society,
vol. 58, no. 1, pp. 43–57, 2016.
K. Brazhnik and H. H. Shugart, “SIBBORK: a new spatiallyexplicit gap model for boreal forest,” Ecological Modelling,
vol. 320, pp. 182–196, 2016.
P. Slight, M. Adams, and K. Sherren, “Policy support for rural
economic development based on Holling’s ecological concept
of panarchy,” International Journal of Sustainable Development & World Ecology, vol. 23, no. 1, pp. 1–14, 2016.
M. L. Ingalls and R. C. Stedman, “The power problematic:
exploring the uncertain terrains of political ecology and the
resilience framework,” Ecology and Society, vol. 21, no. 1,
p. 6, 2016.
E. Oliver Sanz, “Community currency (CCs) in Spain: an
empirical study of their social eﬀects,” Ecological Economics,
vol. 121, pp. 20–27, 2016.
A. John, Z. Yang, R. Riahi, and J. Wang, “A risk assessment
approach to improve the resilience of a seaport system using
Bayesian networks,” Ocean Engineering, vol. 111, pp. 136–
147, 2016.
J. Korhonen and J. P. Snäkin, “Quantifying the relationship of
resilience and eco-eﬃciency in complex adaptive energy systems,” Ecological Economics, vol. 120, pp. 83–92, 2015.
A. Bănică and I. Muntele, “Urban vulnerability and resilience
in post-communist Romania (comparative case studies of iași
and Bacău cities and metropolitan areas),” Carpathian Journal of Earth and Environmental Sciences, vol. 10, pp. 159–
171, 2015.
S. O. Reed, R. Friend, J. Jarvie et al., “Resilience projects
as experiments: implementing climate change resilience in
Asian cities,” Climate and Development, vol. 7, no. 5,
pp. 469–480, 2015.
A. Azadeh, N. Alizadeh Bonab, V. Salehi, and M. Zarrin, “A
unique algorithm for the assessment and improvement of
job satisfaction by resilience engineering: hazardous labs,”

Complexity

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

International Journal of Industrial Ergonomics, vol. 49,
pp. 68–77, 2015.
M. D. Patterson and R. L. Wears, “Resilience and precarious
success,” Reliability Engineering & System Safety, vol. 141,
pp. 45–53, 2015.
P. Oedewald and N. Gotcheva, “Safety culture and subcontractor network governance in a complex safety critical project,” Reliability Engineering and System Safety, vol. 141,
pp. 106–114, 2015.
P. Kumar, “Hydrocomplexity: addressing water security and
emergent environmental risks,” Water Resources Research,
vol. 51, no. 7, pp. 5827–5838, 2015.
D. L. Baho, M. N. Futter, R. K. Johnson, and D. G. Angeler,
“Assessing temporal scales and patterns in time series: comparing methods based on redundancy analysis,” Ecological
Complexity, vol. 22, pp. 162–168, 2015.
P. Vasilakopoulos and C. T. Marshall, “Resilience and tipping
points of an exploited ﬁsh population over six decades,”
Global Change Biology, vol. 21, no. 5, pp. 1834–1847, 2015.
E. Porse and J. Lund, “Network structure, complexity, and
adaptation in water resource systems,” Civil Engineering
and Environmental Systems, vol. 32, no. 1-2, pp. 143–156,
2015.
Y. Li and L. Shi, “The resilience of interdependent industrial
symbiosis networks: a case of Yixing economic and technological development zone,” Journal of Industrial Ecology,
vol. 19, no. 2, pp. 264–273, 2015.
M. Pizzol, “Life cycle assessment and the resilience of product
systems,” Journal of Industrial Ecology, vol. 19, no. 2, pp. 296–
306, 2015.
G. S. Cumming, C. R. Allen, N. C. Ban et al., “Understanding
protected area resilience: a multi-scale, social-ecological
approach,” Ecological Applications, vol. 25, no. 2, pp. 299–
319, 2015.
H. Mehrpouyan, B. Haley, A. Dong, I. Y. Tumer, and
C. Hoyle, “Resiliency analysis for complex engineered system
design,” Artiﬁcial Intelligence for Engineering Design, Analysis and Manufacturing, vol. 29, no. 1, pp. 93–108, 2017.
N. van Vliet, J. Fa, and R. Nasi, “Managing hunting under
uncertainty: from one-oﬀ ecological indicators to resilience
approaches in assessing the sustainability of bushmeat hunting,” Ecology and Society, vol. 20, no. 3, p. 7, 2015.
S. A. Gray, S. Gray, J. L. De Kok et al., “Using fuzzy cognitive
mapping as a participatory approach to analyze change,
preferred states, and perceived resilience of social-ecological
systems,” Ecology and Society, vol. 20, no. 2, p. 11, 2015.
B. McGreavy, L. Lindenfeld, K. Hutchins Bieluch, L. Silka,
J. Leahy, and B. Zoellick, “Communication and sustainability
science teams as complex systems,” Ecology and Society,
vol. 20, no. 1, p. 2, 2015.
J. Park and P. S. C. Rao, “Regime shifts under forcing of nonstationary attractors: conceptual model and case studies in
hydrologic systems,” Journal of Contaminant Hydrology,
vol. 169, pp. 112–122, 2014.
A. Azadeh and V. Salehi, “Modeling and optimizing eﬃciency gap between managers and operators in integrated
resilient systems: the case of a petrochemical plant,” Process
Safety and Environment Protection, vol. 92, no. 6, pp. 766–
778, 2014.
G. P. Cimellaro, D. Solari, and M. Bruneau, “Physical infrastructure interdependency and regional resilience index after

41

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

the 2011 Tohoku Earthquake in Japan,” Earthquake Engineering & Structural Dynamics, vol. 43, no. 12, pp. 1763–
1784, 2014.
C. R. Allen, D. G. Angeler, A. S. Garmestani, L. H. Gunderson, and C. S. Holling, “Panarchy: theory and application,”
Ecosystems, vol. 17, no. 4, pp. 578–589, 2014.
L. Collis, F. Schmid, and A. Tobias, “Managing incidents in a
complex system: a railway case study,” Cognition, Technology
& Work, vol. 16, no. 2, pp. 171–185, 2014.
A. S. Garmestani, “Sustainability science: accounting for nonlinear dynamics in policy and social-ecological systems,”
Clean Technologies and Environmental Policy, vol. 16, no. 4,
pp. 731–738, 2014.
T. Eason, A. S. Garmestani, and H. Cabezas, “Managing
for resilience: early detection of regime shifts in complex
systems,” Clean Technologies and Environmental Policy,
vol. 16, no. 4, pp. 773–783, 2014.
M. Mitchell, R. Griﬃth, P. Ryan et al., “Applying resilience thinking to natural resource management through
a “planning-by-doing” framework,” Society & Natural
Resources, vol. 27, no. 3, pp. 299–314, 2014.
C. Peter and M. Swilling, “Linking complexity and sustainability theories: implications for modeling sustainability transitions,” Sustainability, vol. 6, no. 3, pp. 1594–1622, 2014.
M. J. Chalupnik, D. C. Wynn, and P. J. Clarkson, “Comparison of ilities for protection against uncertainty in system
design,” Journal of Engineering Design, vol. 24, no. 12,
pp. 814–829, 2013.
Y. Shang, “Consensus recovery from intentional attacks in
directed nonlinear multi-agent systems,” International Journal of Nonlinear Sciences and Numerical Simulation, vol. 14,
no. 6, pp. 355–361, 2013.
C. Boettiger, N. Ross, and A. Hastings, “Early warning signals: the charted and uncharted territories,” Theoretical Ecology, vol. 6, no. 3, pp. 255–264, 2013.
P. Zhao, R. Chapman, E. Randal, and P. Howden-Chapman,
“Understanding resilient urban futures: a systemic modelling
approach,” Sustainability, vol. 5, no. 7, pp. 3202–3223, 2013.
G. Zurlini, I. Petrosillo, K. B. Jones, and N. Zaccarelli,
“Highlighting order and disorder in social–ecological landscapes to foster adaptive capacity and sustainability,” Landscape Ecology, vol. 28, no. 6, pp. 1161–1173, 2013.
D. G. Angeler, C. R. Allen, and R. K. Johnson, “Measuring
the relative resilience of subarctic lakes to global change:
redundancies of functions within and across temporal
scales,” Journal of Applied Ecology, vol. 50, no. 3, pp. 572–
584, 2013.
R. Neches and A. M. Madni, “Towards aﬀordably adaptable
and eﬀective systems,” Systems Engineering, vol. 16, no. 2,
pp. 224–234, 2013.
R. Beilin, N. T. Reichelt, B. J. King, A. Long, and S. Cam,
“Transition landscapes and social networks: examining onground community resilience and its implications for policy
settings in multiscalar systems,” Ecology and Society, vol. 18,
no. 2, p. 30, 2013.
D. G. Angeler and R. K. Johnson, “Temporal scales and patterns of invertebrate biodiversity dynamics in boreal lakes
recovering from acidiﬁcation,” Ecological Applications,
vol. 22, no. 4, pp. 1172–1186, 2012.
C. Norris, P. Hobson, and P. L. Ibisch, “Microclimate and
vegetation function as indicators of forest thermodynamic

42

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Complexity
eﬃciency,” Journal of Applied Ecology, vol. 49, no. 3, pp. 562–
570, 2011.
T. A. Saurin and G. C. Carim Junior, “A framework for identifying and analyzing sources of resilience and brittleness: a
case study of two air taxi carriers,” International Journal of
Industrial Ergonomics, vol. 42, no. 3, pp. 312–324, 2012.
S. M. Sundstrom, C. R. Allen, and C. Barichievy, “Species,
functional groups, and thresholds in ecological resilience,”
Conservation Biology, vol. 26, no. 2, pp. 305–314, 2012.
G. R. Miller, J. M. Cable, A. K. McDonald et al., “Understanding ecohydrological connectivity in savannas: a system
dynamics modelling approach,” Ecohydrology, vol. 5, no. 2,
pp. 200–220, 2012.
G. H. A. Shirali, I. Mohammadfam, M. Motamedzade,
V. Ebrahimipour, and A. Moghimbeigi, “Assessing resilience
engineering based on safety culture and managerial factors,”
Process Safety Progress, vol. 31, no. 1, pp. 17-18, 2012.
L. Parrott, C. Chion, R. Gonzalès, and G. Latombe, “Agents,
individuals, and networks: modeling methods to inform natural resource management in regional landscapes,” Ecology
and Society, vol. 17, no. 3, p. 32, 2012.
D. G. Angeler, C. R. Allen, and R. K. Johnson, “Insight on
invasions and resilience derived from spatiotemporal discontinuities of biomass at local and regional scales,” Ecology and
Society, vol. 17, no. 2, p. 32, 2012.
W. Li and Y. Li, “Managing rangeland as a complex system:
how government interventions decouple social systems from
ecological systems,” Ecology and Society, vol. 17, no. 1, p. 9,
2012.
C. R. Allen, G. S. Cumming, A. S. Garmestani, P. D. Taylor,
and B. H. Walker, “Managing for resilience,” Wildlife Biology,
vol. 17, no. 4, pp. 337–349, 2011.
S. Pollard and D. du Toit, “Towards adaptive integrated water
resources management in southern Africa: the role of selforganisation and multi-scale feedbacks for learning and
responsiveness in the Letaba and Crocodile catchments,”
Water Resources Management, vol. 25, no. 15, pp. 4019–
4035, 2011.
V. Chillo, M. Anand, and R. A. Ojeda, “Assessing the use of
functional diversity as a measure of ecological resilience in
arid rangelands,” Ecosystems, vol. 14, no. 7, pp. 1168–1177,
2011.
P. V. R. De Carvalho, “The use of functional resonance analysis method (FRAM) in a mid-air collision to understand
some characteristics of the air traﬃc management system
resilience,” Reliability Engineering & System Safety, vol. 96,
no. 11, pp. 1482–1498, 2011.
P. B. Henning, “Disequilibrium, development and resilience
through adult life,” Systems Research and Behavioral Science,
vol. 28, no. 5, pp. 443–454, 2011.
G. Chroust, K. Rainer, N. Sturm, M. Roth, and
P. Ziehesberger, “Improving resilience of critical human systems in CBRN emergencies: challenges for ﬁrst responders,”
Systems Research and Behavioral Science, vol. 28, no. 5,
pp. 476–490, 2011.
M. H. Benson and A. S. Garmestani, “Can we manage for
resilience? The integration of resilience thinking into natural
resource management in the United States,” Environmental
Management, vol. 48, no. 3, pp. 392–399, 2011.
I. Brännlund and P. Axelsson, “Reindeer management during
the colonization of Sami lands: a long-term perspective of

[126]

[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]
[141]

vulnerability and adaptation strategies,” Global Environmental Change, vol. 21, no. 3, pp. 1095–1105, 2011.
G. Browne and I. McPhail, “Transition principles: experiences from the Victorian State of the Environment reporting
process and relevance to sustainability in complex systems,”
Australasian Journal of Environmental Management,
vol. 18, no. 1, pp. 6–20, 2011.
M. Randles, D. Lamb, E. Odat, and A. Taleb-Bendiab, “Distributed redundancy and robustness in complex systems,”
Journal of Computer and System Sciences, vol. 77, no. 2,
pp. 293–304, 2011.
S. Xu, X. Li, T. P. Parker, and X. Wang, “Exploiting trustbased social networks for distributed protection of sensitive
data,” IEEE Transactions on Information Forensics and Security, vol. 6, no. 1, pp. 39–52, 2011.
M. J. Bunch, “Promoting health and well-being by managing
for social–ecological resilience: the potential of integrating
ecohealth and water resources management approaches,”
Ecology and Society, vol. 16, no. 1, p. 6, 2011.
G. S. Cumming, “The resilience of big river basins,” Water
International, vol. 36, no. 1, pp. 63–95, 2011.
F. D. Richardson, M. T. Hoﬀman, and L. Gillson, “Modelling
the complex dynamics of vegetation, livestock and rainfall in
asemiarid rangeland in South Africa,” African Journal of
Range & Forage Science, vol. 27, no. 3, pp. 125–142, 2010.
E. Estrada, S. Gago, and G. Caporossi, “Design of highly synchronizable and robust networks,” Automatica, vol. 46,
no. 11, pp. 1835–1842, 2010.
T. P. Dawson, M. D. A. Rounsevell, T. Kluvánková-Oravská,
V. Chobotová, and A. Stirling, “Dynamic properties of complex adaptive ecosystems: implications for the sustainability
of service provision,” Biodiversity and Conservation, vol. 19,
no. 10, pp. 2843–2853, 2010.
D. G. Angeler, C. Trigal, S. Drakare, R. K. Johnson, and
W. Goedkoop, “Identifying resilience mechanisms to recurrent ecosystem perturbations,” Oecologia, vol. 164, no. 1,
pp. 231–241, 2010.
W. A. Brock and S. R. Carpenter, “Interacting regime shifts in
ecosystems: implication for early warnings,” Ecological
Monographs, vol. 80, no. 3, pp. 353–367, 2010.
A. J. Higgins, C. J. Miller, A. A. Archer, T. Ton, C. S. Fletcher,
and R. R. J. McAllister, “Challenges of operations research
practice in agricultural value chains,” Journal of the Operational Research Society, vol. 61, no. 6, pp. 964–973, 2010.
R. Pendall, K. A. Foster, and M. Cowell, “Resilience and
regions: building understanding of the metaphor,” Cambridge Journal of Regions, Economy and Society, vol. 3,
no. 1, pp. 71–84, 2010.
K. G. Crowther and Y. Y. Haimes, “Development of the
multiregional inoperability input-output model (MRIIM)
for spatial explicitness in preparedness of interdependent
regions,” Systems Engineering, vol. 13, no. 1, pp. 1–19, 2009.
J. F. Gifun and D. M. Karydas, “Organizational attributes of
highly reliable complex systems,” Quality and Reliability
Engineering International, vol. 26, no. 1, pp. 53–62, 2010.
C. Allen and C. Holling, “Novelty, adaptive capacity, and
resilience,” Ecology and Society, vol. 15, no. 3, p. 24, 2010.
J. A. Dearing, A. K. Braimoh, A. Reenberg, B. L. Turner, and
S. van der Leeuw, “Complex land systems: the need for long
time perspectives to assess their future,” Ecol. Soc., vol. 15,
no. 4, p. 21, 2010.

Complexity
[142] L. Gunderson, “Ecological and human community resilience
in response to natural disasters,” Ecology and Society, vol. 15,
no. 2, p. 18, 2010.
[143] A. Smith and A. Stirling, “The politics of social-ecological
resilience and sustainable socio-technical transitions,” Ecology and Society, vol. 15, no. 1, 2010.
[144] O. Erol, B. J. Sauser, and M. Mansouri, “A framework for
investigation into extended enterprise resilience,” Enterprise
Information Systems, vol. 4, no. 2, pp. 111–136, 2010.
[145] R. Osman, P. Munguia, R. Whitlatch, R. Zajac, and
J. Hamilton, “Thresholds and multiple community states in
marine fouling communities: integrating natural history with
management strategies,” Marine Ecology Progress Series,
vol. 413, pp. 277–289, 2010.
[146] L. Gillson and A. Ekblom, “Resilience and thresholds in
savannas: nitrogen and ﬁre as drivers and responders of vegetation transition,” Ecosystems, vol. 12, no. 7, pp. 1189–1203,
2009.
[147] J. Hunt, “Integrated policies for environmental resilience
and sustainability,” Proceedings of the Institution of Civil
Engineers - Engineering Sustainability, vol. 162, no. 3,
pp. 155–167, 2009.
[148] M. C. R. Vidal, P. V. R. Carvalho, M. S. Santos, and I. J. L.
Santosdos, “Collective work and resilience of complex systems,” Journal of Loss Prevention in the Process Industries,
vol. 22, no. 4, pp. 516–527, 2009.
[149] A. S. Garmestani, C. R. Allen, and L. Gunderson, “Panarchy:
discontinuities reveal similarities in the dynamic system
structure of ecological and social systems,” Ecology and Society, vol. 14, no. 1, p. 15, 2009.
[150] W. S. Ashton, “The structure, function, and evolution of a
regional industrial ecosystem,” Journal of Industrial Ecology,
vol. 13, no. 2, pp. 228–246, 2009.
[151] Y. Zhong and S. Pheng Low, “Managing crisis response
communication in construction projects – from a complexity
perspective,” Disaster Prevention and Management: An International Journal, vol. 18, no. 3, pp. 270–282, 2009.
[152] J. Wilson, B. Ryan, A. Schock, P. Ferreira, S. Smith, and
J. Pitsopoulos, “Understanding safety and production risks
in rail engineering planning and protection,” Ergonomics,
vol. 52, no. 7, pp. 774–790, 2009.
[153] L. Warman and A. T. Moles, “Alternative stable states in Australia’s wet tropics: a theoretical framework for the ﬁeld data
and a ﬁeld-case for the theory,” Landscape Ecology, vol. 24,
no. 1, pp. 1–13, 2009.
[154] L. Crowder and E. Norse, “Essential ecological insights
for marine ecosystem-based management and marine
spatial planning,” Marine Policy, vol. 32, no. 5, pp. 772–778,
2008.
[155] D. A. Wardwell, C. R. Allen, G. D. Peterson, and A. J. Tyre, “A
test of the cross-scale resilience model: functional richness in
Mediterranean-climate ecosystems,” Ecological Complexity,
vol. 5, no. 2, pp. 165–182, 2008.
[156] T. McDaniels, S. Chang, D. Cole, J. Mikawoz, and
H. Longstaﬀ, “Fostering resilience to extreme events within
infrastructure systems: characterizing decision contexts for
mitigation and adaptation,” Global Environmental Change,
vol. 18, no. 2, pp. 310–318, 2008.
[157] G. Morel, R. Amalberti, and C. Chauvin, “Articulating the
diﬀerences between safety and resilience: the decisionmaking process of professional sea-ﬁshing skippers,” Human

43

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]
[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

Factors: The Journal of the Human Factors and Ergonomics
Society, vol. 50, no. 1, pp. 1–16, 2008.
D. B. Kramer, “Adaptive harvesting in a multiple-species
coral-reef food web,” Ecology and Society, vol. 13, no. 1,
p. 17, 2008.
T. E. J. Leuteritz and H. R. Ekbia, “Not all roads lead to
resilience: a complex systems approach to the comparative
analysis of tortoises in arid ecosystems,” Ecology and Society,
vol. 13, no. 1, p. 1, 2008.
R. Mahon, P. McConney, and R. N. Roy, “Governing ﬁsheries
as complex adaptive systems,” Marine Policy, vol. 32, no. 1,
pp. 104–112, 2008.
S. Jentoft, T. C. van Son, and M. Bjørkan, “Marine protected
areas: a governance system analysis,” Human Ecology, vol. 35,
no. 5, pp. 611–622, 2007.
R. H. Castain and J. M. Squyres, “Creating a transparent,
distributed, and resilient computing environment: the OpenRTE project,” The Journal of Supercomputing, vol. 42, no. 1,
pp. 107–123, 2007.
L. McFadden, “Vulnerability analysis in environmental management: widening and deepening its approach,” Environmental Conservation, vol. 34, no. 3, pp. 195–204, 2007.
D. P. C. Peters, B. T. Bestelmeyer, and M. G. Turner, “Cross–
scale interactions and changing pattern–process relationships: consequences for system dynamics,” Ecosystems,
vol. 10, no. 5, pp. 790–796, 2007.
F. S. Brand and K. Jax, “Focusing the meaning(s) of resilience:
resilience as a descriptive concept and a boundary object,”
Ecology and Society, vol. 12, no. 1, 2007.
N. M. Gotts, “Resilience, panarchy, and world-systems
analysis,” Ecology and Society, vol. 12, no. 1, p. 24, 2007.
C. Stow, C. R. Allen, and A. S. Garmestani, “Evaluating
discontinuities in complex systems: toward quantitative
measures of resilience,” Ecology and Society, vol. 12, no. 1,
p. 26, 2007.
E. Bonabeau, “Understanding and managing complexity
risk,” MIT Sloan Management Review, vol. 48, no. 4,
pp. 62–68, 2007.
M. Ruth and D. Coelho, “Understanding and managing the
complexity of urban systems under climate change,” Climate
Policy, vol. 7, no. 4, pp. 317–336, 2007.
R. R. J. McAllister, N. O. J. Abel, C. J. Stokes, and I. J. Gordon,
“Australian pastoralists in time and space: the evolution of a
complex adaptive system,” Ecology and Society, vol. 11,
no. 2, p. 41, 2006.
E. O’Rourke, “Biodiversity and land use change on the Causse
Méjan, France,” in Human Exploitation and Biodiversity
Conservation, D. L. Hawksworth and A. T. Bull, Eds.,
pp. 271–286, Springer, Dordrecht, 2006.
N. Abel, D. H. M. Cumming, and J. M. Anderies, “Collapse
and reorganization in social-ecological systems: questions,
some ideas, and policy implications,” Ecology and Society,
vol. 11, no. 1, p. 17, 2006.
B. Walker, L. Gunderson, A. Kinzig, C. Folke, S. Carpenter,
and L. Schultz, “A handful of heuristics and some propositions for understanding resilience in social-ecological systems,” Ecology and Society, vol. 11, no. 1, p. 13, 2006.
C. Hawes and C. Reed, “Theoretical steps towards modelling
resilience in complex systems,” in Computational Science and
Its Applications - ICCSA 2006. ICCSA 2006, M. Gavrilova,

44

[175]

[176]

[177]

[178]

[179]
[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

Complexity
Ed., vol. 3980 of Lecture Notes in Computer Science, pp. 644–
653, Springer, Berlin, Heidelberg, 2006.
G. Zurlini, N. Zaccarelli, and I. Petrosillo, “Indicating retrospective resilience of multi-scale patterns of real habitats in
a landscape,” Ecological Indicators, vol. 6, no. 1, pp. 184–
204, 2006.
A. Vidal, “Stable periodic orbits associated with bursting
oscillations in population dynamics,” in Lecture Notes in
Control and Information Sciences, pp. 439–446, Springer,
2006.
E. M. Bennett, G. S. Cumming, and G. D. Peterson, “A systems model approach to determining resilience surrogates
for case studies,” Ecosystems, vol. 8, no. 8, pp. 945–957, 2005.
C. R. Allen, L. Gunderson, and A. R. Johnson, “The use of discontinuities and functional groups to assess relative resilience
in complex systems,” Ecosystems, vol. 8, no. 8, pp. 958–966,
2005.
G. S. Cumming and J. Collier, “Change and identity in complex systems,” Ecology and Society, vol. 10, no. 1, p. 29, 2005.
K. K. Beratan, S. J. Kabala, S. M. Loveless, P. J. S. Martin, and
N. P. Spyke, “Sustainability indicators as a communicative
tool: building bridges in Pennsylvania,” Environmental Monitoring and Assessment, vol. 94, no. 1–3, pp. 179–191, 2004.
M. J. Conroy, C. Allen, J. T. Peterson, L. J. Pritchard, and
C. T. Moore, “Landscape change in the southern piedmont:
challenges, solutions, and uncertainty across scales,” Conservation Ecology, vol. 8, no. 2, p. 3, 2003.
J. M. Anderies, M. A. Janssen, and B. H. Walker, “Grazing
management, resilience, and the dynamics of a ﬁre-driven
rangeland system,” Ecosystems, vol. 5, no. 1, pp. 23–44, 2002.
H. R. Maier, B. J. Lence, B. A. Tolson, and R. O. Foschi,
“First-order reliability method for estimating reliability,
vulnerability, and resilience,” Water Resources Research,
vol. 37, no. 3, pp. 779–790, 2001.
J. T. Wootton, “Prediction in complex communities: analysis
of empirically derived Markov models,” Ecology, vol. 82,
no. 2, pp. 580–598, 2014.
E. H. Meesters, R. P. M. Bak, S. Westmacott, M. Ridgley, and
S. Dollar, “A fuzzy logic model to predict coral reef development under nutrient and sediment stress,” Conservation Biology, vol. 12, no. 5, pp. 957–965, 1998.
B. L. Timpane-Padgham, T. Beechie, and T. Klinger, “A systematic review of ecological attributes that confer resilience
to climate change in environmental restoration,” PLoS One,
vol. 12, no. 3, article e0173812, 2017.
P. J. Mumby and A. Hastings, “The impact of ecosystem connectivity on coral reef resilience,” Journal of Applied Ecology,
vol. 45, no. 3, pp. 854–862, 2008.
T. Elmhirst, S. R. Connolly, and T. P. Hughes, “Connectivity,
regime shifts and the resilience of coral reefs,” Coral Reefs,
vol. 28, no. 4, pp. 949–957, 2009.
J. Zhu and M. Ruth, “Exploring the resilience of industrial
ecosystems,” Journal of Environmental Management,
vol. 122, pp. 65–75, 2013.
S. S. Chopra and V. Khanna, “Understanding resilience
in industrial symbiosis networks: insights from network
analysis,” Journal of Environmental Management, vol. 141,
pp. 86–94, 2014.
Y. Zeng, R. Xiao, and X. Li, “A resilience approach to
symbiosis networks of ecoindustrial parks based on

[192]

[193]

[194]

[195]

[196]

cascading failure model,” Mathematical Problems in Engineering, vol. 2013, Article ID 372368, 11 pages, 2013.
P. Crucitti, V. Latora, and M. Marchiori, “Model for cascading failures in complex networks,” Physical Review E,
vol. 69, no. 4, article 045104, 2004.
C. W. Craighead, J. Blackhurst, M. J. Rungtusanatham, and
R. B. Handﬁeld, “The severity of supply chain disruptions:
design characteristics and mitigation capabilities,” Decision
Sciences, vol. 38, no. 1, pp. 131–156, 2007.
E. Zio and R. Piccinelli, “Randomized ﬂow model and centrality measure for electrical power transmission network
analysis,” Reliability Engineering and System Safety, vol. 95,
no. 4, pp. 379–385, 2010.
Y. Kim, Y.-S. Chen, and K. Linderman, “Supply network disruption and resilience: a network structural perspective,”
Journal of Operations Management, vol. 33-34, pp. 43–59,
2015.
D. Pincus and A. Metten, “Nonlinear dynamics in biopsychosocial resilience,” Nonlinear Dynamics, Psychology, and Life
Sciences, vol. 14, no. 4, pp. 353–380, 2010.

Advances in

Operations Research
Hindawi
www.hindawi.com

Volume 2018

Advances in

Decision Sciences
Hindawi
www.hindawi.com

Volume 2018

Journal of

Applied Mathematics
Hindawi
www.hindawi.com

Volume 2018

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Journal of

Probability and Statistics
Hindawi
www.hindawi.com

Volume 2018

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of

Optimization
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Engineering
Mathematics
Hindawi
www.hindawi.com

International Journal of

Analysis

Journal of

Complex Analysis
Hindawi
www.hindawi.com

Volume 2018

International Journal of

Stochastic Analysis
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Advances in

Numerical Analysis
Hindawi
www.hindawi.com

Volume 2018

Journal of

Hindawi
www.hindawi.com

Volume 2018

Journal of

Mathematics
Hindawi
www.hindawi.com

Mathematical Problems
in Engineering

Function Spaces
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Differential Equations
Hindawi
www.hindawi.com

Volume 2018

Abstract and
Applied Analysis
Hindawi
www.hindawi.com

Volume 2018

Discrete Dynamics in
Nature and Society
Hindawi
www.hindawi.com

Volume 2018

Advances in

Mathematical Physics
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

