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I.

Risk and resilience in times of globalization (WP2)1
Work Package leader
Diana Mangalagiu
Smith School of Enterprise and Environment
University of Oxford

1. Introduction

The recent financial crisis highlights the challenges of, and the potential of catastrophic
impacts from the failure to address global, systemic and long term risks. The crisis was
neither prevented, nor effectively anticipated, by the hosts of experts in risks and futures
employed by the industry. Despite the sophisticated strategic planning and risk management
approaches adopted by individual banks and regulators, the lack of reflexivity in anticipatory
knowledge processes, coupled with overconfidence in calculable and manageable risks,
contributed to the denial, dismissal and ignorance of new forms of vulnerability and, in
particular, systemic risk (Wilkinson and Ramirez, 2010; Selsky et al, 2008). It also highlights
that risk management approaches that focus on stress testing the parts (e.g. individual banks,
companies, governments, cities etc.) of a system are no longer enough.
The notion of systemic risk and practices of systemic risk management are being influenced
by multiple traditions in scholarship (e.g. complexity science, resilience concepts), contesting
theories of risk (e.g. social, mathematical, psychological) and the practical experiences
harvested through professional bodies focused on risk management in banking and financial
services, environmental management, urban planning, insurance and reinsurance, etc.
In this WP, we focus on identifying and comparing how risk management, the search for resilience and
their respective approaches to strategic foresight and anticipatory knowledge might be better related
and more effectively practiced in a range of different contexts such as at the organizational, sectoral-,
national- and international-systems levels.
Our aim is to:

-

Unpack what systemic risk means and how it is shaped by different disciplines and
different traditions of risk management; also unpack what resilience means;
Reveal and clarify how systemic risk and resilience are being operationalized in a
range of settings and situations;
Formulate research questions and develop knowledge, methodologies and guidance in
order to reveal, inform and create so-called best and next practices in systemic risk
management and governance and search for resilience.

Our first year deliverable is the state of the art concerning risk, systemic risk and resilience in times of
globalization.
2. Preliminary state of the art on risk and systemic risk
2.a. General conceptions of risk
This chapter corresponds to WP2 deliverable: State of the art concerning risk, systemic risk and resilience in times of
globalization.
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The conventional risk management paradigm assumes that a loss event is relatively limited, specific
and isolated and with proper analysis can be anticipated and thus, avoided or contained and mitigated.
In the conventional risk management paradigm the default is to forecast the future - or a probabilistic
analysis – i.e. the assumption that the future is knowable.
Formal interest in risk and risk management originates from the fields of engineering and
epidemiology in the 20th century (Kates & Kasperson, 1983) and from interdisciplinary studies of
natural hazards (White & Haas, 1975). Since then the social sciences created significant independent
contributions to risk research (Golding, 1992). Krimsky (1992) summarized the roles theory can take
in risk analysis, which are quantitative laws, taxonomic frameworks, models, functionalist
explanations, cognitive explanations, or analogical models and interpretive representations. Beck
(1992, 1994) and Giddens (1991, 1999) pointed to the elaborate role risk plays in the macro
organizational levels of modern society.
According to the Beck’s risk society (1992), late or reflexive modernity is characterized by the way
societies organize to better appreciate and address man-made or ‘manufactured’ rather than ‘natural’
risk:
Traditional Societies (Pre-Modern)
Institutions and Structures have
Risks:
- Natural hazards
- Fates
- Acts of god
Communal structures
- Concrete/particular structures
shaped around relationship of
"we"
- Extended family
- Church
- Village community
- Vertically & horizontally
integrated society
- People embedded and formed
communally within concrete,
local spatiality, time, material
relationships
Shared meanings
Disembedding processes
Motor of social change are structures

Late or Reflexive Modernity
(Agency primacy over structure)
Risks:
- Man-made, manufactured, external
- Boomerang effects of unintended
consequences of social and technological
progress
Agent primacy
- Self as agent reflects on itself primarily an
autonomous, self-monitoring of life
- Structural reflexivity: agent reflects on
social structures ('rules' and 'resources.')
- Networks of flexibility
- Educated classes required for advancing
modernity
- Communications /technology the new
structure
- Knowledge based
- Client-centered-coproduction
Self organized life-narratives
Risk Society
Motor of social change individualization/agency

Societies are self-reflective in the sense that they seek to govern their own behavior to avoid
catastrophic consequences. As such, the concept of risk is also politically relevant (Lupton, 1999).
Providing an overview of the different perspectives on risk research, Renn (1992) distinguishes the
technical perspective on risk (expected or modeled value, probabilistic risk assessment), economic
perspectives (risk-benefit analysis), psychological perspectives (psychometric and cognitive analyses),
sociological perspectives (plurality of approaches), and cultural perspectives (grid-group analysis).
While economic and technical risk assessments are similar with regard to their reductionist and onedimensional view of the world, narrowing down risk analysis to a form of quantifiable expected value,
psychometric, sociological, and cultural views take a multi-dimensional view that is concerned with
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the myriad forms of risk perception. In Renn’s (1992) systemic classification of risk perspectives the
main applications of the latter group are therefore seen in policy making, regulations, mediation, and
risk communication, whereas the former be applicable for decision making (insurance, health,
environmental protection, and safety engineering).
The different research strands can further be summarized regarding their theoretical focus on either
the actual assessment of risk, the perception of risk, or blended approaches. Technical, economic, and
quantitative social benefit approaches to measure risk can be counted towards those perspectives
concerned with practical risk assessment (see e.g. Just, Heuth, & Schmitz, 1982; Lowrance, 1976; Starr,
1969), also apparent in the broad use of the value at risk concept in finance, which basically attempts
to calculate an expected value of losses (see e.g. Jorion, 2007).
The psychological perspectives look into the perception of risk at an individual level (see e.g. Boholm,
1998; Slovic, 1987; Tversky & Kahneman, 1974) while the cultural theories of risk are concerned with
the perception of risk at a collective level, as they see risk as the result of what different groups within
a society – shaped by their social norms, values, and ontological assumptions – perceive as potential
hazards (see Douglas & Wildavsky, 1982; Rayner, 1992; Thompson et al, 1990). In a way, cultural
theories of risk attempt a form of risk assessment in a qualitative and social constructivist manner,
while psychological theory examines the different perceptions of objective risks. Cultural theory has
been criticized for seeing individuals only in aggregate, as being too simplistic, rather descriptive, and
as being difficult to measure empirically (Renn, 1992). Marris et al. (1998) find some support for both
the psychological and the cultural theory paradigms, although the cultural theory explains only very
little variance in risk perception. As the only common denominator of sociological theories of risk is
their awareness that human actors can only perceive the world through subjective social and cultural
influences (Renn, 1992), they may best be seen as blended approaches leaning towards either weak or
strong constructivist positions. Sociological perspectives further take into account what consequences
arise from risk for the society (see e.g. Beck, 1992; Giddens, 1999) and bring fairness and competences
into the picture, which can provide a basis for normative conclusions regarding risk policies (Renn,
1992).
The different theoretical conceptions of risk are non‐exclusive and can nurture each other. One
attempt to integrate different perspectives consists in the Amplification of Risk framework, which
builds on the analogy of signaling theory and sees risks to emerge from signals of initial real risks
amplified in several steps of social interaction processes influenced by cultural setting (see Kasperson,
et al., 1988; Kasperson, 1992; Kasperson, et al, 2003; Renn, et al, 1992).
2.b Systemic risk in the futures literature
In the futures literature2, the term ‘systemic risk’ is not featured frequently and has only been used
recently (Checkley 2009). Other terms akin to systemic risk are in more frequent use. They comprise
complex hazards (de Souza Porto & De Freitas 2003), extreme risks (Nakau 2004), emerging risks
from science and technology (Wiedemann et al. 2005), catastrophic risk (Geiger 2005), natural
disaster-triggered technological (natech) disasters (Cruz et al. 2006), extreme risks and human
extinction (Tonn & MacGregor 2009), and high impact low probability events (Ord et al. 2010). While
the last view of systemic risk (high impact with low probability event) comes closest to a definition, no
coherent understanding of systemic risk yet exists.

We review the work on risk and systemic risk and connatural subjects in the main journals in the
futures literature i.e. Futures, Technological Forecasting and Social Change, Long Range Planning,
Journal of Futures Studies, and Journal of Risk Research.
2
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Arguments for post-normal approaches to science and decision-making have been made in the
literature, especially so for systemic risk (or close terms), but the explicit treatment of systemic risk so
far is limited to case studies and selective areas of threats in the future. It seems that catastrophic or
systemic risks per se have been of greater interest in the futures literature so far than the methods and
tools to deal with them.
One stream of literature focuses on a conceptual approach to systemic risk. In this stream, three
groups can be distinguished. The first follows a positivistic endeavor akin to classic risk management
approaches quantifying systemic risk to make it measurable and in consequence manageable. The
second group applies narrative scenario techniques and describes possible future systemic risks. The
third class of works considers a classification of the severity of threats to mankind, and aims to
identify the most threatening ones.
In an attempt to answer the question how much costs are bearable to protect against a catastrophic
event, Nakau (2004) proposed a risk evaluation model, which classifies extreme events quantitatively.
Based on stochastic probability he introduces tolerable levels of failure probabilities as a sustainability
criterion, i.e. how many victims constitute a certain level of impact. Checkley (2009) employed an
empirical test that explains the creation of systemic risk in a venture capitalist context, seeing
systemic risk as risks affecting all parties. They argue that such risk occurs as mutual funds diversify
their investment among several venture capitalists, but those syndicate for investment projects – so,
diversification effects are unmade and are thus pseudo, which in turn gives rise to systemic risk.
A series of scenario works in 2009 have considered narratives explaining possible paths to the
extinction of the human race (see Coates 2009; Goux-Baudiment 2009; Tonn & MacGregor 2009).
Tonn & MacGregor (2009) describe a chain of events that can lead to the extinction of the human race
over the next 1000 years. Goux-Baudiment (2009) on the other hand imagines a chain of events that
could lead to human extinction in only 150 years. He further investigates the human agency in this
scenario, and whether and how human interaction could break this disastrous chain of events. Tonn
(2009) adds to those perspectives as he derives a theoretically acceptable risk level of human
extinction from qualitative criteria (i.e. fairness, unfinished business, and maintaining options). He
finds that the objectively acceptable level is lower than the currently (subjectively) expected level and
concludes that risk must therefore be reduced.
In a different approach, Coates (2009) discussed extreme risks that humankind faces. He developed a
classification system for those events, which centers on the severity of extreme events. The approach
is similar to Nakau (2004) as it attempts to evaluate severity of risks, but different as it does not rely
on quantitative criteria. Coates concludes that a nuclear winter, the use of nuclear weapons, and the
eruption of a super-volcano are the most severe threats to civilization and humankind, but that other
events such as asteroids also bear some risk.
Another stream of literature focuses on the perception and social construction of systemic risk. First,
studies look into the paradoxical situation of policy makers to stimulate innovation but also to regulate
risks arising from accelerating innovation. This argument is put forward to support post-normal
science and decision-making as the appropriate approach to modern (systemic) risk management
situations. Then, risk perception biases for catastrophic risk have been examined and ultimately, the
classic reductionist treatment of risk management was held responsible for rising occupation with risk
in society.
Public actors play a paradoxical role in the relationship between risk and innovation, between the
interests of the public and private actors (Ravetz, 2003). Ravetz sees accelerating innovation as a
necessary tool for private companies to compete in a ‘globalizing knowledge economy’ and the role of
the public to ensure an environment in which speedy innovation can take place. On the other hand,
public actors need to ensure the safety of new technologies and innovation acting as an agent for their
citizens, remaining the source of public trust and safety provider for citizens. Besides this paradoxical
role, technological innovation threatens the global environmental system; so, how much technological
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innovation is desirable and how much risk in it acceptable? Ravetz argues that finding appropriate
answers to this question can only be found in a policy-making process that involves the public in
dialogues about scientific findings and by disclosing ambiguities in scientific finding, thus embracing
policy principles for a post-normal world of science.
In a similar vein, Glenn & Gordon (2004) consider four scenarios on the ‘balance between risk and
promise’ public actors have to manage as part of the Millennium Project. Building on those scenarios
they identify four policies that are beneficial in all of those (considering some threats explicitly,
establishing a mechanism for the disclosure of threats from scientific discovery, develop mitigation
strategies along with technological development and their risks, and the teaching of science ethics). De
Souza Porto & De Freitas (2003) also provide a perspective on the relationship between risk and
technology, and the difficulties it creates for policy makers. They use the concept of ‘vulnerability’ to
describe how simple hazards can become complex, when they are considered in the context of their
social environment; in industrialized countries it is common that hazards are coupled with ‘social and
institutional vulnerabilities’. They use chemical accidents to illustrate how this vulnerability evolves.
Economically, a residual level of risk may be acceptable, but from a moral perspective this might not
be the case. To account for this, they argue for an empowerment of vulnerable groups and
contextualizing risk assessment in a post-normal fashion.
Ravetz (2004) provides another argument for ‘post-normality’ as the adequate approach for science
and policy-making when decision stakes are high or risks very uncertain. As those features are
unavoidable in many modern risk management situations, post-normal decision-making processes are
an unavoidable consequence. Gregory et al. (2006) further question the role scientific information can
play in decision-making. Taking the example of environmental risk management, they show six pitfalls
where the role of scientific information is falsely overemphasized in environmental risk management
decisions. Accordingly, they also demand post-normal decision-making approaches in which value
judgment implicit in scientific processes are made explicit.
In an application of the so-called ‘non-expected utility theory’, Geiger (2005) mathematically derives a
statistical framework to evaluate the acceptance or acceptability of risks. He considers several
examples of risk acceptance biases, one of them being an over-evaluation bias of catastrophic risks,
which he defines as events with catastrophic consequences but low probability. Two explanations are
considered for this bias. The first concerns a threat to an existing (certain) level of wealth for which
even an improbable loss becomes unacceptable, and the second concerns an over-evaluation bias of
low probabilities in general. The latter argument questions the utility of statistical risk acceptance
models in the case of catastrophic events. Zwick (2005) studying risk perceptions in Southern
Germany identifies a risk-switching effect, which could be an alternative explanation for an overevaluation of catastrophic risks or at least hint at a way to avoid an over-evaluation of catastrophic
events. Zwick finds that everyday risks are usually perceived as risky, but catastrophic or systemic
risks are hardly seen as an immediate danger. This perception of risk changes, however, when
systemic risks are mentioned deliberately (e.g. risks from emerging technologies). In that case the
switching effect occurs and systemic or catastrophic events are perceived as more risky. Zwick
concludes that for that reason quantitative data might be misleading in the evaluation of systemic
risks, and thus should always be considered in connection with qualitative information on risk
acceptance or perception.
So, systemic risks seem to be amplified by social processes and should thus be governed according to
post-normal principles accepting ambiguity and implicit values. Holford (2009) went one step further
making a philosophical argument that risk only arises from the classic way uncertainties and hazards
are treated in our society. He argues that with the reductionist logic apparent in standard risk
management approaches, the ambiguous nature of risk is suppressed, which in turn creates risk. So,
when ambiguity in risk in not embraced, it might be that we will live in a society preoccupied with risk
as manifested by Beck.
7

3. Overview of risk assessment and risk management practices
Today, risk assessment and management practices have extended in nearly every sphere and facet of
life in the industrially developed economies. From early origins in shipping, modern risk management
approaches have continued to enable new forms of enterprise by aiming to strike an appropriate
balance between opportunity and loss, winners and losers. Risk analysis methods and tools have
continued to be shaped by the emergence of probability theory in the 1930s and the more recent
availability of cheaper computation power.
Across the world, decision makers and thought leaders, in business, leading institutions and in
governments, are challenged to ensure continued progress and success in the context of low
predictability and more turbulent and unexpected change.
Professional practices have grappled for decades with the challenges of harnessing hard facts and
intuitive or anticipatory knowledge in preparing for the future and decision-making under
uncertainty. Yet despite ever more sophisticated and extensive approaches to risk assessment and
management, in 2002, the European Environment Agency published a study entitled ‘Late lessons
from Early Warnings’. The study notes the growing innovative powers of science seem to be
outstripping its ability to predict the consequences of its applications, whilst the scale of human
interventions in nature increases the chances that any hazardous impacts may be serious and global.
In 2003, the Riskworld scenarios (Eidinow et al., 2003; Wilkinson et al., 2003) have posed the question
how risk will be governed in future and who will take the lead in risk governance. They consider three
possible futures: expert rules (rational risk management), common sense (shared meaning and
discursive risk management), and kaleidoscope (reflexive and adaptive risk management). While
those scenarios have not been exclusively concerned with systemic risk, after the publication of
Riskworld, several authors have touched on the assessment, management, and communication of
systemic risk in public and private spheres.
Two studies have looked at the general role science will play for systemic risk assessment and how
reliable assessments can be achieved. As part of the Millennium project Glenn & Gordon (2004)
discuss the future challenges of science and technology over the next 25 years in the face of
accelerating technological innovation combined with increasing public awareness of dangers and risk
arising from it. One aspect of their work considers the role it can play in managing catastrophic risks.
Summarizing comments of 237 scientists they find that science might help to avoid certain
catastrophes such as energy crisis, climate change, terrorism, epidemics, and regional warfare over
natural resources. Also, policy makers could prevent societies from taking catastrophic risks, e.g. with
a UN agreement. Ord et al. (2010) question the traditional risk assessment methods of high impact but
low risk events. They argue that to obtain reliable risk estimates it is necessary to deal with errors in
theory, in model, as well as in the calculation of probabilities, as any risk assessment can only be as
good as the underlying model assumptions and arguments. For the same reason they see the threat of
marginalizing high impact events due to their low probability based on solely one standard model.
Systemic risk management of public actors has been studied from varying angles, but particularly case
studies and methodological discussions are featured in the literature. Cooke & Goossens (2004)
discuss structured expert judgment as developed at Delft University of Technology for the risk
management of chemical installations and accident consequence management for nuclear power
stations (critical infrastructure risks). Those techniques are a policy tool for public actors that are
faced with quantitative risk evaluations containing large uncertainties, but are expected to lead to
rational decisions. The final output of structured expert judgment can be quantitative or qualitative
but in any way helps to cope with large uncertainties and enables more rational decision-making. Cruz
et al. (2006) study the risk management of natural disaster-triggered technological (natech) disasters
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and provides an overview of current activities in European countries to deal with this risk. They
provide suggestions how risk management for this particular class of risk can be improved, but find
that generally awareness for the threat from natech risks exists in European countries and that they
are managed to some extent at different levels. However, “there is presently no organized and
systemic manner in which natechs are dealt with in Europe” (p. 498).
Wiedemann et al. (2005) use case studies from Germany to illustrate how policy makers can detect the
unknown with the help of early risk detection methods. They look at early risk indicators for emerging
environmental and health risks and distinguish them according to early risk indicators for unknown
risk, unclear risk, and familiar risk. The authors conclude that early risk detection is feasible for
environmental and health fields and can be achieved by federal agencies and formulate
recommendations on how such tools can be implemented within government agencies.
Leiss & Nicol (2006) study the role of risk communication and risk communication failures in case
studies of BSE and contamination risks of farmed salmon in North America. They sensitize to the need
to inform the public about the process of risk evaluation including all uncertainties present in the risk
evaluation.
In the context of private organizations, Carmeli & Schaubroeck (2008) find a correlation between
crisis-preparedness and high performance for companies. They conclude that, as crisis-preparedness
involves learning from previous failures in crisis management, learning from failures in crisis situation
has important effects for a company’s viability. Mendonca et al. (2009) also look into how firms can
prepare for crisis situation. Using two examples, investment banking and the aviation industry, they
examine the use of wild cards in foresight exercises. Wild cards constitute unexpected and extreme
events that unleash uncontrolled change and thus have a disruptive influence on organizational
management.
Attention to finding better and new ways to anticipate new types of risk and address high impact
events is evident in endeavors to better anticipate global and systemic risks, establish early warning
systems and develop effective risk governance frameworks. The World Economic Forum’s Annual
Global Risk Report, the Skoll’s Global Urgent Threats Initiative and the International Risk Governance
Council’s work on global risk governance deficits are examples of initiatives focusing on advancing the
risk agenda.
4. Preliminary state of the art on resilience
In contrast to the conventional risk management approach and linear risk paradigm, the search for
resilience tends to emphasize that there is no such thing as a ‘zero risk society’ and suggests, instead,
that there is a need for groups and organizations to collaborate in building the adaptive capacity that
enables the whole system to organize and re-organize in the face of inherent uncertainty, emergence
and inevitable surprise.
The resilience approach accepts change as inevitable and endemic and focuses on building the
adaptive capacity of the system and its ability to re-organize and transform after a disturbance.
Resilience is most commonly used to describe the ability of an entity to withstand and respond to
shocks in the external environment. The concept of resilience is becoming a core concept in the social
and physical sciences and in matters of public policy. Definitions of resilience, however, vary. There is
neither scientific nor professional agreement on what constitutes resilience principles and the
operationalization of these principles in practice. However, as a general definition of the resilience of a
particular system – the ability to maintain critical functions in the face of regular disturbance from a
range of shocks (threats) combined with ability to adopt adaptive behavior when facing unknowable
or unexampled disturbances – is the commonly used one.
Intellectual traditions on resilience are a still emerging and chaotic field, fragmented across different
disciplines and professional practices. The concept of 'resilience' has already been constructed in a
9

variety of fields and traditions, including engineering, systems ecology, political sciences, management
and organization theory, cultural theory, complex adaptive systems, cybernetics and psychology.
An initial review of the literatures relating to resilience reveals a fragmented field. In social ecology,
resilience is concerned with the longer-term survival and functioning of ecosystems – species,
populations and services in a changing or fluctuating operating environment.
The social ecology approach introduced by Holling (1973) argues ecological systems are nondeterministic because of inherent complexity. characterizes the ecosystem as complex set of elements
and parts existing in dynamic interrelationship and interdependency. The key contribution of the
ecological view of resilience is to provide a focus on the systemic nature of the problems and on the
longer-term demands on policy and management. It emphasizes the need to keep options open, while
appreciating heterogeneity and keeping a broader than local view organization – this is in contrast to
dominant management approaches which are concerned with compartmentalizing issues, limiting
change to the margins and views of the future rooted in attempt to preserve the present. The critical
distinction is that between resilience and stability. The stability/equilibrium paradigm approaches the
future with the aim of strengthening the status quo by making the present system “resilient to change”
and aiming to achieve stability and constancy.

In the management literature, the focus when using the resilience concept is on the
persistence and survival of individual businesses and institutions in face of change. A bulk of
the management literature on organizations focuses on the strategies for individual
businesses to be ‘resilient’ to change -- on innovation, experimentation and leadership to
ensure survival and growth of a specific institution/business -- however the ecosystem
perspective requires us to think about the health and of the forest and the services its
provides rather than the role of individual species! What are the sources of resilience in the
system and or an organization? The process of increasing resilience is different from
optimization and improving system performance in existing conditions – what organizational
characteristics build resilience. Successful adaptation requires for individual organizations,
agents and businesses to continue to full fill their own goal and function but must also include
measures of promoting adaptive capacity of the system.
Despite the richness in conceptual thinking underpinning the concept of resilience, there is limited
evidence of how groups, organizations are societies are translating the notion of resilience into
practice. The constructivist tradition in social theory argues that social response is non- deterministic
because of plural perception and the negotiations of values, cultures, choices and epistemologies. The
managers are part of the system that is being managed and define the system and its characteristics in
different ways. Understanding the loss, creation and maintenance of resilience through the process of
co-discovery – scientists, policy makers, practitioners, stakeholders and citizens is at the heart of
building the capacity to deal with whatever the future might bring.
Anecdotal evidence suggests that some societies are organizing for resilience. For example, both the
governments of Canada and Singapore have resilience as the goal of their national strategic plans.
There is a nascent literature emerging, as yet unmapped, on operationalizing resilience beyond the
organizational level. For example, in an approach to adapting an urban delta to uncertain climate
change, Wardekkar et al. (2009) identify five options for resilience: (1) homeostasis: incorporation of
feedback loops; (2) omnivory: having several different ways of fulfilling needs; (3) flatness:
preventing a system from becoming too top heavy enables more effective localized responses, selfreliance and self-organization; (4) buffering: the ability to absorb disturbances to a certain extent and
(5) redundancy: having multiple options – routes, supply chains, etc – so that if one fails, others can be
used.
10

The resilience frame opens the opportunity to think in terms of nonlinear and non-deterministic
futures and, in doing so, to displace practices in probable futures with plausible and preferable futures.
The resilience frame also invites attention to realizing transformation, rather than future proofing of
established structures, identities and values. It invites consideration of the uncertainty as irreducible
and inherent, going beyond the lack of knowledge and encompassing ambiguity and ignorance.
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Intellectual Traditions in Resilience Research

Definition

Characterization of
the “system” /
operating
environment

Engineering

Social Ecology

Social Resilience (often
associated with national
resilience)

Management / Organizational
Research

Psychology

Ability to achieve
stability in the face
of regular
disturbance and
threats combined
with ability to
achieve adaptive
behavior when
facing more
irregular or
unexampled events.

Capacity of an ecosystem
to tolerate disturbance
without collapsing into a
qualitatively different
state that is controlled
by a different set of
processes.

Micro level: extent of
commitment and ability of the
individuals within the society
to act on behalf of mutual
social interests, while
protecting the rights of the
individuals within their
society.

A function of the overall
vulnerability, situation
awareness, and adaptive
capability of an organization in
a complex, dynamic, and
interdependent system.

Dynamic process
encompassing
positive adaptation of
an individual within
the context of
significant adversity.

Intrinsic ability of an
organization (system) to
maintain or regain a
dynamically stable state, which
allows it to continue
operations after a major
mishap and/or in the presence
of a continuous stress.

Theoretical concern:

Closed system

Closed system (external
environment, external
technology, external
markets)

Closed but soft system

The system is the
individual or
personal attributes
(self-esteem,
intelligence, gender,
aggressiveness).
Sometimes, family
relations or
neighborhoods

Macro level: society’s general
performance in the public
sphere and ability to cope with
internal schisms and conflicts
while protecting its basic
structure and goals.

Multi-level system (micromacro)

Most studies remain
empirically driven as
opposed to
theoretically based,
with little conceptual
recognition of the
importance of
multiple contexts.
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Key principles and
concepts

Adaptation
Stability
Tolerance

Complex socialecological system
Adaptability
Transformability
Vulnerability
Criticality

Turbulence

Individual resilience

Adaptive capacity

Hardiness

Buffering capacity

Adaptive behavior

Flexibility versus stiffness

Invincibility

Margin

Invulnerability

Tolerance

Maintenance of
positive adjustment
under challenging life
conditions

Latitude, Resistance,
Precariousness,
Panarchy

Models:
compensatory /
challenge /
immunity-versusvulnerability
Main applications

Safety
Failure and accident
avoidance

Natural Resource
Management

Singapore: staying together
and moving ahead

Ecosystem resilience
(marine, fisheries)

US homeland security

Resilient strategies
Resilient leadership

Addiction / post
trauma / stress

Israel

Urban resilience
Measure of
resilience

Skill and expertise
of autonomous
operational actors
Efficient tools and
means of

Ability to adjust in face
of uncertainty and
surprise

Sense of rootedness

Situation Awareness

Evaluation of government
participation

Keystone Vulnerabilities

Social capital via both formal
and informal networks

Adaptive Capacity

Qualitative
(psychometrics
inadequate for
interaction of
variables)

How the organization

Difficult to assess if
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production

Political participation.

responds to failure

Micro: behavioral indicators of
distress, crime and
consumption, social opinions

Upward Appraisal

Macro: institutional indicators
and stability

Collective mindfulness

Preparedness

individuals
experiences
comparable levels of
adversity

Flexibility
Opacity vs. observability
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5. An attempt to bring risk and resilience together
As we’ve seen in the previous sections, the concepts, tools and methods of risk and resilience are each
being informed by a whole range of scholar disciplines and professional practices. Whether a pattern
of parallel development or co-evolution is occurring is not clear yet and as a result there is a lack of
clarity about how and whether notions of risk and resilience differ, overlap or can be better related or
conflated. However, we believe that exploring the similarities and differences in new forms of risk
management approaches and the search for resilience is helpful.
As an alternative to the risk frame, resilience can be interpreted as adaptive capacity enabled through
respect of pluralism, encouraging a shift in approached from ‘predict and provide’ to ‘regroup and
move on’, transforming rather than reforming systems and entities in recognition of the need for
‘better reactive preparedness’, by rehearsing actions with alternative futures.
In the figure below we attempt to capture the intellectual traditions and points of encounter between
risk and resilience approaches.

After our attempt to clarify the concepts and to overview the literature on approaches to risk
and resilience, our objective now is to organize dialogues at the science-policy interface
among scholars and practitioners in the various approaches in order to create a pluralistic
understanding that can enable conversations and inform systemic risk management and
resilience thinking and practices. A few preliminary questions we would like to structure
such conversations around:


Do the principles identified in the previous literature review resonate with the practitioners’
view on risk and resilience?



What criteria are deployed in the evaluation of effectiveness of systemic risk management and
resilience assessment?



How practitioners articulate systemic risks and resilience within and between different scales
of a system?



What action learning opportunities from better relating systemic risk management and
resilience can be encouraged to revisit good and best practices and to scale up more effective
approaches?



How much "knowing" helps mitigating risks and vulnerability? And which knowledge or types
of knowledge is the most critical?



To what extent models and decision support tools contribute to risk mitigation?



To which extent the process of modeling and/or bringing stakeholders into decision processes
contributes to mitigating risks and building resilience?
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II.

Global economic interactions and sustainability (WP3)3
Work Package leader:
Antoine Mandel
Université Paris 1 Panthéon-Sorbonne
Centre d'économie de la Sorbonne

II. 1. Introduction
Although “The whole intellectual edifice collapsed in the summer of last year” (Alan Greenspan,
testimony to House of Representatives Committee on Government Oversight and Reform, October
23rd 2008), there are very good, though critical, reports on the state of the art in economic
theory (see e.g Colander et al. (2010)). This document rather focuses on the insights about
global economic interactions and sustainability which can be brought by interdisciplinary
approaches at the frontier of economics, complex systems theory, computer and
environmental science.
Despite, or because of, Smith’s image of the invisible hand, the objects of politics are usually
apprehended as bodies, units, upon which decision-makers should exercise some form of
control (perhaps in a dynamical programming sense). Within neoclassical economics, this
view is exemplified by the image of a benevolent social planner maximizing the utility of a
representative agent in order to define an equilibrium growth path.
When confronted with challenges such as global environmental change or financial crisis
which transcend the boundaries of traditional units, this mind-frame suggests to move the
decision level upwards in search of international agreements (the benevolent social planner
internalize externalities). This practice has had successes and failures but, by considering the
global system simply as a larger body, fails to conceive the complete set of alternatives.
Extending the field of perceived possibilities requires to install and to operationalize a
perspective built upon the notion of a system, which the actors can influence but not
necessarily control. This implies integrating the know-how in complexity and computer
sciences in order to catalyze the development of models of socio-environmental systems
suitable to inform policies on the transition towards sustainability.
During the first year of the GSDP coordination action, the work-package on “global economic
interactions and sustainability” has tried to foster this process by confronting its community
with two major global challenges: the recovery from the financial crisis, and the build-up of
Green Growth strategies.
The outcome of the debates on these issues are presented in this report, looking first at the
policy-science interface and second at the research domain itself. A precise research program
has not yet emerged from the chaos described by Alan Greenspan. However, it is clear that
3
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these global challenges require a level of understanding of phenomena such as coordination,
emergence and phase-transitions occurring in complex systems which goes beyond what is
provided by available analytical tools. Economic modelers change their usage of computers
from an auxiliary of mathematics to an exploratory device. In this process new habits and
communication tools are sought for to align and integrate models, to document and check
modelling assumptions.
II. 2. The Science-Policy Interface
II. 2.a. The impact of the financial and economic crisis

“When the crisis came, the serious limitations of existing economic and financial models
immediately became apparent. Arbitrage broke down in many market segments, as
markets froze and market participants were gripped by panic. Macro models failed to
predict the crisis and seemed incapable of explaining what was happening to the
economy in a convincing manner. As a policy-maker during the crisis, I found the
available models of limited help. In fact, I would go further: in the face of the crisis, we felt
abandoned by conventional tools. In the absence of clear guidance from existing
analytical frameworks, policy-makers had to place particular reliance on our experience.
Judgment and experience inevitably played a key role.” (J-C Trichet.)

The opening address of European Central Bank (ECB) President Jean-Claude Trichet at the
ECB’s flagship annual Central Banking Conference in 2010 conveys a strong sense of disarray.
It also suggests that since the beginning of the global economic and financial crisis, economic
decision-making has been operating without having recourse to any precise body of theory.
Two (relative) consensuses have faded away. The one on the use of DSGE (dynamic stochastic
general equilibrium) models as a guide for macro-economic policy and the other about the
essential virtues of financial innovations. The statement of Adair Turner, head of the UK
Financial Services Authority), at the inaugural conference of the Institute for New Economic
Thinking makes these two points extremely clear: “But there is also a strong belief, which I
share, that bad or rather over-simplistic and overconfident economics helped create the crisis.
There was a dominant conventional wisdom that markets were always rational and selfequilibrating, that market completion by itself could ensure economic efficiency and stability,
and that financial innovation and increased trading activity were therefore axiomatically
beneficial.”
These questions were at the core of the GSDP workshops “Model Development for Global
Market Governance” organized in June in Brussels by Ulf Dahlsten (European Commission)
and Carlo Jaeger (European Climate Forum) and “GSDP agent based modelling workshop”
organized in September in Paris by Herbert Dawid (Bielefeld University), Herbert Gintis
(Central European University), Armin Haas (Potsdam Institute for Climate Impact Research),
Imre Kondor (Eötvös Loránd University) and Antoine Mandel (University Paris 1 PanthéonSorbonne).
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The scientific roots of the problem were summarized by Herbert Gintis in its opening lecture
at the Paris Workshop: “The standard macroeconomic model used by economic policy planners
and central bank planners cannot handle questions of fragility and stability because the issue
involves dynamical systems theory, while the standard macro models (DSGE) are comparative
static, and stability depends on within-sector firm interdependencies, while the DSGE models
assume one firm per sector (and usually one sector only).” This implies on the one hand that a
radical disaggregation of macroeconomic models is required and on the other hand that truly
dynamical models are necessary to describe the dynamic adjustment of prices or strategies
leading to the non-linear behavior of the financial system, the pro-cyclical build-up of leverage
or the persistence of high unemployment. Also, understanding the current economic crisis
requires models that encompass the institutional and financial structures the crisis involved,
including liquidity, bankruptcies, domino effects, systemic risk, speculative bubbles, and
credit crunches. In this setting, emerging properties have to be taken into account. Empirical
evidence, as well as experimental tests, shows that aggregation generates regularities, i.e.
simple individual rules, when aggregated, produce statistical regularities or well-shaped
aggregate functions: regularities emerge from individual “chaos” (Lavoie, 1989).
Modelling economies from the bottom-up as systems of heterogeneous and interacting agents
seems to be the method of choice to account for this complexity. As a matter of fact, the
number of agent based models dealing with policy issues is increasing fast over time (see
Fagiolo and Roventini (2010)). They cover in particular the areas of monetary policy (see e.g
Raberto and al. (2008)), fiscal policy (see e.g Mannaro and al. (2008)), technology and growth
policies (see e.g Dosi and al. (2010)), industrial policies (see Malerba and al. (2008)) and
market policies (see Sun and Tesfastion (2007)).
A further-reaching impact of the financial crisis, which is highly relevant for the sciencepolicy interface, is the search for new institutional and political designs for financial
regulation and macroeconomic policy. The “de Larosière report” for instance (de Larosière
and al. 2009) put forward the need to develop a new regulatory agenda, stronger coordinated
supervision and effective crisis management procedures. As far as macroeconomic policy is
concerned, ensuring financial stability and fostering economic activity are equally pressing
issues; a framework that allows addressing both in a coordinated manner seems to be lacking.
However, the view of the economy as a system that can be controlled (exemplified by the
benevolent social planner) shall be contrasted with a perspective built upon the notion of a
system, which the actors can influence but not necessarily control. This implies turning
heterogeneous insights on complexity into a small set of organizing principles suitable to
describe the structure of global systems, to analyze their stability but also to identify leverage
points from which evolutions propagate. The contribution of Alan Kirman to the ABM
workshop in Paris accordingly draws the joint limits of modelling and regulation in
economics: “The view that we can set up a new more sophisticated set of rules and then
everything will be under control is illusory. It is based on the idea that there is a « correct »
model and that, if only we can find it, we can establish the right rules and leave markets to sort
things out. But, in reality there is no reason to believe that self organization is a stable process
and furthermore the economy is constantly evolving and therefore so must the rules.”
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II. 2.b. Green Growth and environmental sustainability
In the run-up to the Rio+20 conference, the relationship between economic growth and
environmental sustainability is the other major hotspot on the political agenda. Climate policy
has imposed itself as the cornerstone of the debate both in the political and the scientific
sphere.
Here, the political debate seems to run ahead of the scientific one.
In the political sphere, mitigation of climate change and the development of more sustainable
modes of consumption and production are seen more and more as opportunities to develop
new engines for economic growth. This perspective is extensively developed in the recent
reports of OECD and UNEP on green growth (see OECD 2011 and UNEP 2011 respectively)
and condensed in the “Declaration on Green Growth” adopted at the meeting of the OECD
council at the ministerial level in June 2009 which states in particular that “A number of well
targeted policy instruments can be used to encourage green investment in order to
simultaneously contribute to economic recovery in the short-term, and help to build the
environmentally friendly infrastructure required for a green economy in the long-term, noting
that public investment should be consistent with a long-term framework for generating
sustainable growth. Green growth will be relevant going beyond the current crisis, addressing
urgent challenges including the fight against climate change and environmental degradation,
enhancement of energy security, and the creation of new engines for economic growth.”
Meanwhile, most of the inputs from the scientific sphere have consisted in policy assessment
studies (see e.g. Tol 2010) based on computable general equilibrium models whose
construction is such that environmental policy is measured in terms of the welfare loss it
induces with regards to a business as usual scenario. The “optimal” policy is then determined
by balancing this cost with the long-term benefits of reducing climate impacts. Contrasting
this approach with the spillover of OECD’s motto “Green and Growth can go hand in hand”, it
appears that most of economic analysis has been devoted to a debate that had already came to
a close and had been decided in favor of much more ambitious environmental targets than the
ones suggested by most cost-benefit analysis.
The policy sphere seems here to require support for implementation, rather than guidance on
decision.
First, monitoring the transition requires the development of new indicators. The report of the
“Stiglitz commission” (Stiglitz, Sen and Fitoussi (2009)) puts forward the need to develop a
better measure of performance in a complex economy and strongly emphasizes the fact that
well-being is multidimensional. These requirements strongly resonate with the pioneer
applications of network analysis to complex economic data, in a variety of fields ranging from
international trade (see e.g Barigozzi and al. (2011) and Caldarelli and al. (2011)) to social
well-being (see Burke and al. (2010)). Also, the set of 25 indicators on “environmental and
resource productivity,” “economic and environmental assets”, “environmental quality of life,”
and “economic opportunity and policy responses” the OECD puts forward in its Green Growth
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report conveys a strong impression of complexity and calls for the development of conceptual
models for monitoring programs (see Gross 2003).
At the macroeconomic level, the requirement is to develop models that can account for
multiple equilibria and regime changes. There exist both theoretical work (see e.g Benhabib
and Gali (1994), Evans and al. (1998)) and statistical evidences on this issue (see e.g Ormerod
and al. (2009)) but to become policy relevant these insights need to be integrated in models
which represent out-of-equilibrium dynamics and are more strongly tied to data. The study “A
New Growth Path for Europe, Generating Prosperity and Jobs in the Low-Carbon Economy”
(see Jaeger and al. (2011)) in which the GSDP community was heavily involved is a first step
in that direction. It has modified one of the CGE models used by the European Commission for
climate policy assessment so as to emulate multiple equilibrium growth paths. This effort can
be fruitfully extended by agent-based models (see Mandel (2011)).
II. 3 Social interactions
At the source of the dynamics in the financial and socio-environmental spheres are social
interactions. These have been the focus of the workshop “Social energy: a useful concept for
analyzing complex social systems” held as a satellite of the European Conference on Complex
Systems 2011. The financial crisis as well as the development of a green economy can be
regarded as transitions between different equilibria. Borrowing from the theory of randomly
perturbed stochastic dynamical system, several meta-stable states may represent the
different equilibria, and the variation between agents' actions may be the “perturbation" that
enables transitions from one of these states to another one. Such considerations are at the
basis of the game-theoretic work on the evolution of conventions (see Peyton-Young 1993) as
well as the use of Langevin or Fokker-Planck equations to model opinion dynamics (see
respectively Wyart and Bouchaud (2007), Lux (2009)).
The direct policy relevance of social networks and social interactions has been made
extremely clear in the unfolding of the Arab Spring. Conversely, the evolution of security
policies (e.g. the “U.S.A patriot act”) has led to an increased monitoring of social interactions.
There is also a paradoxical challenge for science here. On the one hand, the analysis of
complex social networks and the collection of micro data required for the calibration of highly
disaggregated models imply further observations of social interactions. In particular, there is
a need to better account for the diversity of social interactions (see Watts (2011)). On the
other hand, science, and in particular ICT science, has a responsibility to safeguard and
strengthen key elements of privacy.
II. 4. The research domain
II.4.a. Computational and analytical modelling.
The pre-crisis research agenda of macroeconomics was to improve the consensus among
macroeconomist, to further refine the DSGE model and to assess and possibly remove the
residual elements of “art” present in the conduct of economic policy. The crisis has however
drastically modified this agenda. As Jean-Claude Trichet puts it “The atomistic, optimizing
agents underlying existing models do not capture behavior during a crisis period. We need to
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deal better with heterogeneity across agents and the interaction among those heterogeneous
agents. Agent-based modelling dispenses with the optimization assumption and allows for more
complex interactions between agents.”
A successful alternative to DSGE must handle the traditional macroeconomic phenomena
(unemployment, inflation, debt, terms of trade). It must also address the dynamical issues of
stability and fragility on which general equilibrium theory never reached a conclusion.
Indeed, the efficiency properties and the welfare theorems are useless without some
assurance about stability. The importance of the issue was made absolutely clear by Franklin
Fisher at the GSDP ABM workshop in Paris “Indeed, we are dealing with the entire foundation
of Western capitalism and the reliance on free markets.”
Following the crisis, there have been many conjectures for the possible origin of instability.
Most suggestions focus on concepts like collective behavior, contagion, network domino
effect, coherent portfolios, lack of trust, liquidity crisis, leverage effect and, in general
psychological components in agents behavior. These different perspectives are characterized
by the explicit consideration of interactions between agents (direct or indirect) and by the
idea that the system may become globally unstable, e.g in the sense of self-organized
criticality (see e.g Bianconi and Marsili (2004)).
Simple statistical models of economic (sub)systems can be developed using insights from
complex networks. Economies can be represented as networks at different scales and with
several interconnections. Such structures are particularly interesting because they allow to
easily spot the fragilities of the systems considered. This approach can be used in particular to
analyze the interbank network (see Caldarelli (2007)) and the World Trade Web (see e.g
Barigozzi and al. (2011)).
However, taking the Lucas critique (see Lucas (1976)) seriously, one can not dispense of
microfoundations. Agent-based models (ABMs) are a promising way to develop alternative
microfounded models both for descriptive and normative (policy) purposes. On top of taking
heterogeneity seriously, ABMs have the advantages of flexibility and modularity in model
building, they dispense with the theoretical consistency requirements, and they use micro and
macro parameters which can mimic real-world policy variables: policy makers are more
willing to trust insights obtained in models with “realistic” economic structures rather than in
abstract mathematical models (see Dawid and Fagiolo, 2008).
Moreover, there exists a strong dichotomy in the neoclassical literature between the short and
the long run, growth and business cycles theories. ABMs begin to bridge the gap between
short and long-run dynamics and allow to assess both the short- and long-run implications of
public polices and the related cross-frequency interactions (see Dosi and al. (2010)).
ABMs also allow to reproduce an increasing number of micro and macro stylized facts (see
Dosi and al (2010), Dawid and al. (2011)): self-sustained, endogenous growth with
endogenous business cycles ; investment more volatile than GDP, consumption less volatile
than GDP, consumption, net investment and change in inventories procyclical and coincident
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variables; countercyclical unemployment ; procyclical productivity ; procyclical inflation ;
countercyclical mark-ups.
Still, to be legitimate for economic policy, ABMs must be better accepted by professional
economists, as measured by their success in appearing in the leading economic journals.
ABMs have up to now been used to study the evolution of decentralized market economies
under controlled experimental conditions (see Tesfastion (2003)). It seems that sufficient
insights about the interdependencies in dynamic systems of markets have been gained
through these experiments to now undertake a return to theory at the macroeconomic level
(see e.g Di Guilmi and al. (2011)). Such a step is required to strengthen our understanding of
the dynamics emerging in simulations but also to articulate the core of an alternative
macroeconomic theory in a format that permits a debate among economists. Indeed, within
the economics profession, agent-based models are partly considered as black boxes providing
little explanation of the phenomena they model. Also, their high level of detail renders difficult
the identification of fundamental assumptions and that of the direction of causality. To make
their way in the global economic debate, insights gained from the simulations of systems of
heterogeneous and interacting agents shall ideally be aggregated into systems of
macroeconomic equations amenable to econometric estimation.
Methods to aggregate heterogeneous and evolving agents are emerging (see Aoki and
Yoshiwara (2006), Di Guilmi and al. (2011)). For example, in his presentation at the Paris
ABM workshop, Mauro Gallegati proposed to use a stochastic dynamic aggregation method. It
consists in classifying agents into different micro-states, according to their characteristics and
identifying a representative agent for each cluster ; a macro configuration is then
characterized by the number of agents that occupy each micro-state at a given time (the
macro-state) and governed by a stochastic law (jump Markov process) ; this stochastic law is
functionally modeled as a master equation (ME).
II. 4.b. Relationships to data
Although available ABMs are successful in explaining empirical regularities, they have not
been really implemented empirically. Estimates are often regarded with suspicion: the
distinction between estimation and calibration, i.e. pure data tracking with no or little
concerns for the properties of the estimators, being often weak. Proper estimation techniques
exist. However, the distinctive features of ABMs make estimation difficult. Agent-based
specifications often entail many parameters: this increases the computational burden of
numerical minimization algorithms and might induce equifinality (under-identification).
However, resorting to external information to pin down some of the parameters, as is
common in calibration, does not help much (and might indeed even make things worse, as
these parameters are estimated using different structural models). Interactions between the
agents are likely to affect the properties of the estimators, especially when it has selfperpetuating, long-lasting effects (ergodicity of the process is questioned). Finally, the
common assumption in ABMs that real systems operate out of equilibrium further
complicates estimation, as complete processes cannot be observed. Even when “everything
can be observed”, nonlinearities and asymmetries might induce permanent bias in the
estimates (see Grazzini (2011) for an in-depth discussion of these issues).
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Nevertheless, some progress is being made towards the development of a general approach to
parameter estimation of agent-based models (see Lux (2009)), yielding as a by-product a
theoretical and empirical methodology for “psychological effects” in macroeconomics. Again,
this method relies on the use of Master or Fokker-Planck equations.
However, over-parameterization might remain an issue for the most complex ABMs.
Interactions with the machine learning community (which were initiated at the ABM
workshop in Paris) might prove useful to address this issue. In particular, the use of
structures sparse methods such as structured matrix factorization could be used to improve
ABM predictive performance.
Another requirement to increase the empirical relevance of ABM is the access to micro-data.
In some sub-fields such as inter-bank transactions or world trade, large data sets have already
become available to the research community (e.g. in the framework of the FOC project, see
http://www.focproject.net/). However, data on households’ consumption or firms’
investment might be even more sensitive due to privacy issues. There is certainly a need for
further collaboration with economists and statisticians specialized in data collection (e.g. the
consortium in charge of the KLEMS project, see http://www.euklems.net/).
II. 4.c. The interface between economy and ecology.
Agent Based Models can also yield useful insights in the implementation of more sustainable
modes of consumption and production (see Kraines and Wallace (2006)). The use of common
methods might be a way to bring insights from industrial ecology to the complex systems
community, and conversely: “The science involved is that which Spiegelman described—the
whole arena of complex system theory. Although some may consider it risky to look to this still
evolving and somewhat controversial ﬁeld as the underpinning for industrial ecology, it offers
possibilities to transcend the obvious limitations of classical systems ecology, neoclassical
economics, and all other positivist disciplines. If one chooses to follow the standard concept of
sustainable development as the normative goal, then the classical forms of systems ecology,
within limits, can continue to underpin research and practice related to material and energy
ﬂows. But if one chooses a different normative vision of sustainability as evoking ﬂourishing,
resilience, integrity, adaptive capacity, or other similar concepts—all of which happen to be
emergent properties of living complex systems—then it seems more likely that complex system
theory will, when we learn more about it, support our claims that industrial ecology is indeed the
science of sustainability.” (Ehrenfeld 2004).
Strengthening the links between the complex systems and industrial ecology will definitively
be one of the objectives of the workpackage in the coming years.
II. 4.d The role of ICT
The contribution computer science can provide to a better understanding of global economic
interactions and sustainability were extensively discussed during the DSL4EE workshop
organized by Chalmers university and during the presentations by Francis Bach, Nicola Botta,
Ilan Chabay and Jeremy Gibbons at the Paris ABM workshop. Three different topics for
cooperation can preliminary be distinguished: the construction of models, their analysis and
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their communication/ dissemination. Given that this cooperation is still in its infancy, the
description of the state-of-the-art comes here in the form of a series of questions.
As far as the construction of models is concerned, the first series of questions is related to the
design of agent-based models:







How can the comparability and the modularity between ABMs be increased?
How can computer science help build more explicit models? In particular, can it help
overcoming the difficulties in the description of ABM using the standard language of
economic theory?
How to better ensure correctness of ABM, in particular ensure emerging phenomena
are not emerging from programming errors?
Can one construct a domain specific language (DSL) for economic modelling, for
environmental modelling and for the socio-environmental interface?
How should dependent type theory be introduced in the development of ABM? For
example can one define the type of an economic agent?
How can methods from artificial intelligence (such as reinforcement learning) help
construct more autonomous agents?

As far as the analysis of models is concerned, there is first a need for computational methods
to better assess the sensitivity of results:



How are simulations affected by the number of agents, the activation regime or the
timing of simulations?
Are some of these influences generic? (For example, LeBaron (2001) reports that "In
the SFI stock market it was found that the speed at which agents were updating
behavioral rules had an enormous impact on the outcome.'')

A second set of requirements is related to statistical and mathematical analysis:



How can numerical methods for the solution of Fokker-Planck and Master equations be
improved?
Can optimization algorithms used in statistical software be tailored for the estimation
of agent-based models?

Finally, to make full use of the “realistic modelling” approach of ABM, innovative ways to
communicate models to policy-makers, stakeholders and, perhaps more importantly, for
educational purposes are sought for:





How can models be turned into decision-support tool? What can be the role of domainspecific languages?
How to control the feedback loop? For example, how to account for algorithmic trading
in modelling and in regulation?
What is the role of modelling in learning? In particular learning about sustainability?
How to stimulate the development of ABM for education?
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II. 4. Conclusion
The financial crisis and the sustainability challenge have definitively placed complex systems
approach and agent-based models at the forefront of the science-policy interface. Progress in
research has been fast in terms of understanding and modelling micro and macro stylized
facts, regime changes or (e.g. bankruptcy) cascades on networks. However, there remain
major challenges ahead if agent-based approaches aspire to become truly relevant for
economic policy. First, they must be made more accessible both to policy-makers and to
economists with a neoclassical training. This implies on the one hand developing means to
communicate models independently of the details of their implementation (e.g by using
domain-specific languages) and on the other hand strengthening the analytical framework for
the investigation of agent-based dynamics in order to link emerging insights with the preexisting theory. Second, ABMs must be further confronted with empirical data. This might
require new developments in econometrics.
However, it is not a foregone conclusion that this structuring of the field will be based on the
linear and fixed-point analysis that permitted the development of general equilibrium theory.
The computational nature of the models under consideration suggest that advances in their
development might coincide with advances in theoretical computer science, in particular the
progress of computer languages based on constructive type theory with, among other
features, justified (or at least justifiable) real arithmetic.
Another source of inter-disciplinarity carried by the development of agent-based models is
that they allow embedding more explicitly the ecological and environmental backbone of the
economic system, and hence going beyond the abstract concept of external effects standardly
used in economic theory. This makes room for fruitful interactions with other approaches to
sustainability, in particular that of industrial ecology. These shall be pursued extensively in
the coming years of the GSDP coordination action.
The coming years of GSDP will also be years of intense political activity. Major elections will
be held, among others, in France (2012), Germany (2013), Greece (2013), Italy (2013), Spain
(2012), USA (2012). The policy-science interface is currently shaped by a confrontation with
global challenges, political dynamics in the coming years will determine how these challenges
will actually be addressed. A crucial test for economics and sustainability science is the
flexibility it will be able to show in supporting decision-making outside a normative paradigm
that is taking as given the outcome of the political process. Next year, GSDP will focus on such
scientific and policy challenges.
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III. System dynamics for operational and policy decisions
(WP4)4
Work Package Leader: StevenR. Bishop, University College London
with contributionsof P. Baudains, University College London and
J.C.R. Hunt, UK House of Lords and Jeff Johnson, Open University
Abstract
This report argues for the use of systems modelling in operational and policy decisions
and identifies research challenges, which, if addressed, can enhance the use of data,
systems models and computer simulations, and also an understanding of systems
concepts, for decision-making within various types of organisations including large
businesses and government. Examples of successful applications of systems methods
are referenced. Further examples and discussion are outlined in Hunt et al. (2010).

III. 1. Introduction
We live in a connected world. For instance, it is not sufficient to consider a model for our
transport systems separated from discussions on energy, climate change and financial
investments. Indeed, if this model also lacks consideration of the people and economies using
these systems, including the possibility of changing practices, for example due to high fuel
costs, it may be that the model is incorrect, or worse, misleading.
Decision-makers face extraordinary challenges in making decisions that influence, and are
influenced by, complex systems. For example, agreeing on designs for components of critical
infrastructure, such as a transport system, without fully understanding how the system may
respond or react to interaction with society, and vice-versa.
Additionally, the general public demands transparent decisions, which are based on evidence.
There is on-going debate (e.g. Jaeger et al., 2009) on how to publish scenarios and their
consequences that are under consideration by decision-makers to either the general public or
investors. The advantage of transparency in this way is that the public or investors can more
easily understand and accept when decision-makers need to change policy, and when new
scenarios have to be considered following unforeseen events. Decision-makers are well aware
that in complex systems, from weather to politics, the likely future states of the system are
usually better forecast than the exact timing and amplitude with which a given state will occur
(although the latter information is what speculative investors really want).

4

This chapter corresponds to WP4 deliverable. State of the art concerning System Dynamics for Operational and Policy
Decisions
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This report intends to explore the extent to which scientists can frame their ideas and
research so that politicians, business-leaders and the general public can begin to understand
the complex systems with which they interact and subsequently make transparent and
scientifically based decisions about these systems.
III. 2. The Science Policy Interface
Increasingly, the modelling of dynamical systems is being applied to qualitative and
quantitative decision-making and policy planning in the political and corporate arenas. These
systems models should be scientifically based with assumptions explicitly stated, in order to
replicate the models and results, and to relate them systematically to other models and data
analyses of the same system. The scientifically based methodology for the construction and
analysis of system models, even when applied to non-quantitative entities, provides people
with a tool to understand, explain and address key challenges and problems of our society
(e.g. global climate change) and to have a more common method of communication than by
the usual language and concepts of history and international diplomacy.
Dynamical models can predict how the system develops, and also how it is affected by
changes to the model corresponding to changes in external conditions, such as in models of
the global climate (Parry & Carter, 1998). Richardson’s dynamic models of conflict between
nations (Sutherland, 1993), not dissimilar to models of predator and prey animal species
(Bondi, 1991), showed how changes in the explicit but imprecisely defined assumptions about
aggressiveness and submissiveness of nations significantly affected the predictions. Other
world system models, especially where there are significant changes in social systems, may
need to be altered in real time, as economists and geo-political commentators are suggesting
at the present time (Bienhocker, 2006).
Decision-makers can use systems modelling (and systems concepts more generally) as a
framework for describing and analysing the behaviour of a system in changing conditions. The
methods developed for physical and engineering systems (such as ship construction) and
analysis of statistical data have been applied to managing or changing organisational systems
and these methods have been used to make decisions, i.e. to determine the consequences (or
output) of the system being influenced by certain inputs (which may or may not be known
with much certainty).
In input-output systems, the output interacts with some other system or objects or persons.
This output then often influences, or feeds back into, the original system. Controlled feedback
is often used in the operations of systems, in order to produce desired outputs. But if the
object of the modelling is to help make a decision, say about planning the economy, based on
predictions of the model, people react to the published predictions and then may behave
differently to the assumptions about their behaviour. This societal feedback makes such
predictions more difficult but has to be considered in the decision-making procedure
(Vespignani, 2009). Politicians did not envisage such complications when they first realized
that system methods might contribute to public policy.
There have been notable successes in the use of system dynamics in decision-making for
operational purposes. An example is in the use of network planning of both business
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operations and physical networks (spanning from tightly planned rail and electrical supply
networks to the loosely planned Internet). But there have been occasional widespread failures
of large parts of all these networks, caused by human error, natural phenomena or deliberate
attacks. Large failures can often be due to coupling of networks in unexpected ways, where
small disruptions in one network can lead to cascades of failures in other networks (Buldyrev
et al., 2010 and Vespignani, 2010). There have also been failures in the construction of some
very large, but highly connected organisational and ICT systems, which led governments to a
policy decision not to construct such systems incrementally in future. We are beginning to
understand how such complex systems might be managed or controlled (e.g. Liu et al., 2011).
Recent developments in system dynamics applied to biological and organizational systems
enabled governments and international agencies to monitor and predict the spread of
infectious diseases and decide how this could be controlled (Ferguson et al., 2001 and Epstein,
2009). ICT tools such as GLEaMvis (Van den Broeck et al., 2011) allow public health
authorities to explore system dynamics models of the spreading of an epidemic at the global
scale, and then to develop public health policies, based on these model outcomes. At the most
ambitious level, system dynamics involving most branches of natural and social science and
technology is being applied to predict the global and regional climate and environment, and
develop policies to mitigate its worst effects, which inevitably involve the social challenge of
adapting communities to changing conditions (Parry & Carter, 1998).
In these examples, the use of system dynamics is, in itself, not controversial and is generally
agreed to be an essential part of making high-level decisions both about operations, and about
policies, where the key entities in the systems are defined, or where the social interactions are
highly predictable (e.g. in project management or the military). But where the behaviour of
the entities in the systems - whether people or ideas - are much less certain, and can vary
depending on the conditions, the assumptions and predictions of models are also uncertain
and may be controversial. Although certain models provide insights of these systems in
certain circumstances, such as economies close to equilibrium (Bienhocker, 2006) or concepts
of happiness in psychology (Holmes, 2009), they are not generally trusted as a basis for policy
making, or even for discussion about policies, as with economics. But the language and
concepts of system dynamics provides a way of comparing models, concepts and policies of
decision-makers that could lead to clearer public discussion and ultimately to better policies.
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Figure 1. A schematic diagram showing action flow (solid) and information flow
(dashed) in actual systems; and also information flow in model systems (which also
lead to consequences for users and decision-makers).
Advances in ICT may provide the stimulus for system dynamics methods to be used more
extensively in policy-making. ‘Big Data’ is the term for gathering, storing and analysing
massive amounts of data on our social systems generated from a variety of sources including
people’s behaviour on the Internet, interconnected mobile devices and a wide range of
automated sensors. Big Data, together with state of the art visualisations, can play a crucial
role in revealing the processes underlying the emergence and maintenance of our social
systems (e.g. Preis et al., 2011), a focus of a new European initiative, FuturICT (see
www.futurict.eu or Helbing, 2011). Indeed, many socio-economic problems cannot be fully
understood and subsequently addressed without massive amounts of socio-economic data
(Helbing and Balietti, 2011). However, a massive increase in the availability of social data
brings about new problems that also need addressing (King, 2011).
As well as the GLEaMviz tool for exploring models of epidemic spreading, other ICT tools have
been designed specifically to aid policy-makers by allowing them to investigate different
scenarios and policy options. For example, the Observatorium (www.theobservatorium.eu) is
a visualisation tool for real-time monitoring of multi-level network structures focusing
primarily on user behaviour on the Internet. The FuturICT project intends to construct
globally interconnected ‘Crisis Observatories’ to detect early warning signs of systemic failure
in our social systems, such as the economy, by using global real-time data and models.
III. 3. System Dynamics for Operational and Policy Decisions in Research
In working with policy makers, it is important for scientists and modellers to recognise the
requirements of the policy-maker and also their limitations. Recognising that policy-makers
act within boundaries, and that the optimal decision may not be achievable, or even desirable
to the decision-maker, is crucial to effective implementation of system dynamics models. The
viability of complex systems should play a key role: it is not the optimal state of the system
that matters, but one with which extreme undesirable behaviour does not occur and which
can be managed. These states occur within the ‘viability space’ of the system (Deffaunt &
Gilbert, 2011). The question is then whether there exists a viability space, taking into account
the decision-makers range of possible actions, as well as the system they are attempting to
influence. Methods and techniques from system dynamics can play a role in identification of
such a space.
Decisions about a system involve first considering, for certain relevant external conditions, a
number of possible future scenarios, which should be based on an understanding of the broad
structure of the system and how it operates. Then decisions have to be made in the light of
these possible scenarios. The scenarios can be represented schematically as graphs of the
changes in the operation, or output, over time, depending on inputs or external influences
(see Figure 2). In most realistic complex systems - natural, artificial or social - rapid changes
occur at critical times, when the system might change to new kinds of persistent and robust
36

scenarios (or ‘stable states’), or to other possible scenarios, which are not robust. A wellknown example is how water heated in a saucepan is static until, at a certain level of heating,
upward and downward eddy motions are generated (which have various stable forms). At
this point the static scenario can no longer be stable. This kind of general analysis can lead to
surprising predictions in new situations (such as Benjamin’s analysis of types of swirling flow
(Hunt, 2006)). Gladwell (2000) describes examples of such ‘tipping points’. Some political
scientists and historians have used these concepts to conclude that certain of types of rapid
change of governmental structure are more stable than others, depending on the distribution
of power and information between the top, middle and bottom of the organisation - not unlike
the heated water pan. With new methods of simulating complex organisations, for example by
multi-agent models, and ever more comprehensive models of the scientific and technological
aspects of the system, both the stable and unstable scenarios can be explored by decisionmakers
.
Output/decision
measure

Figure 2. Diagram of stable (solid) and unstable (dashed) scenarios of a system
showing how outputs or measure of decisions (e.g. carbon emissions associated with
energy policy) vary with time. Decisions follow a pathway of possible strategies
following stable scenarios as they change with external interactions.
System dynamics methods can contribute to the ‘mapping’ of the system of interest and its
interdependencies with both the decision being made and the subsequent impact of the
possible outcomes of that decision. As an example, consider how some governments have
been making decisions about energy and sustainability policies: the characteristic ‘states’ of
the system map represent decisions about different energy sources (e.g. fossil/non fossil, etc.).
These sources are all feasible over the short term, say at time t1, but at time t2, the
consequences of these decisions become apparent for the long term (e.g. climate change and
storage of nuclear wastes). Based partly on feedback from society, decisions in different
countries can suddenly change (e.g. to more non-fossil, and relating energy decisions to those
about sustainability). The sharp changes seen in the UK and German government policy since
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2003 including anti- and pro-nuclear policies were not driven by technical factors, but more
by external political and social considerations.
For many decisions, whether a particular strategy is taken up or not will depend upon final
discussions between experts and decision-makers. These discussions are often short and
decisions are often made as a result of a simple narrative. If decisions are to be based on data,
models and simulation, how can a simple narrative description convey this often-inconclusive
and conflicting evidence? The task is to construct narratives that are based on underlying
scientific and data-intensive frameworks which convey all of the available data and do not
‘cherry-pick’ evidence. This is a big task since complex solutions require global models to be
employed that are comprehensive, taking into account all the influencing factors. Yet, to
transmit these complicated ideas, the outcomes from these models must be comprehensible to
the user. Finding a way to achieve both of these is a scientific challenge.
The fundamental idea about dynamical systems (both in reality and models), which has great
practical value in this context, is that there are wide classes of quite different systems that
behave and evolve in similar ways, either because of their intrinsic properties or because of
similar types of influence acting on the systems. This generality of scientific descriptions of
systems extends to descriptions by narrative and graphical representations (e.g. Foden,
2009). One task might be to bring communities of writers of narrative together with computer
scientists, who will ultimately provide a programmed framework, and scientific modellers in
an attempt to formalise a process of developing narrative descriptions from massive data sets
and scientifically based models, which are centered on a particular policy problem. The
intention is thus to see how interaction with modern tools of ICT and dynamical systems can
be used to classify and order the language that we use in a policy setting. An example of such
tools – in the case of conflicting narratives on complex problems, where a wide range of views
may need to be considered before deciding on a strategy – are ICT-enabled argument
visualization for sense making to aid decision-makers (Kirschner et al, 2003).
III. 4. Research questions in system dynamics for operational and policy decisions








How can existing modelling tools be implemented within the policy-making domain, both
to improve understanding of different scenarios and the respective decisions which lead to
these scenarios, and also to enhance the use of data in making transparent decisions which
are based on evidence?
Are our existing modelling tools sufficient to convey both the complexities of the model
and data being used for a given scenario, as well as making any such model of a policy
decision understandable to the decision-maker? Is there a trade-off between
comprehension and comprehensiveness?
How can we demonstrate the usefulness, as well as previous successes, of using models in
order to explore policy scenarios to decision-makers?
How can we best engage stakeholders (i.e. the public, civil servants and decision-makers)
in a data intensive and scientific modelling approach to an evidence-based policy-making
process?
Can we establish an underlying framework for constructing narratives around
scientifically based models and data?
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IV.

Domain specific languages for modelling global systems
(WP5)5
Work package leader and authors:
Patrik Jansson & Cesar Ionescu

Abstract

This report, representing deliverable D5.1 of Work Package 5 of the GSDP coordinated
action, describes the current situation in DSLs for global systems modelling, with
particular attention to the challenges ahead on the road to a global systems science.

IV. 1. Introduction

The present report is the result of the interactions that have taken place between the various
work packages of the GSDP project, and between members of Work Package 5 on "Domain
Specific Languages for Modelling Global Systems" and the larger scientific community. During
the course of the past year we have made a sustained effort to assess, systematise and
summarise the state of the art in domain specific languages for modelling global systems and
our results are presented here.
But first, we would like to clarify the terminology and introduce some of the examples we
shall refer to in the sequel.
IV. 1.a. Domain Specific Languages
A domain specific language (DSL) is an abstraction of a particular domain, supporting a
domain specialist in building a model. An expression in a DSL can be seen as a model, a
program, or a specification. Such expressions can often be executed, but also analysed as
structured data. For any moderately complex system, we can't all agree on a single model; we
shouldn't try to. There is no one privileged view. This work package is about DSLs for
modelling global systems - which are clearly very complex. So we need to allow for multiple
DSLs and multiple models, and figure out how to make them interoperable.

This chapter corresponds to WP5 deliverable State of the art concerning DSLs for global
systems modelling
5
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Domain specific languages are not a new idea, in mathematics we have the classic example of
Euclidean geometry - a DSL about points, lines, circles, etc. In a certain sense, one can say that
all science is DSL building, and that the differences are in content and rigour. With state-ofthe-art software technology, we can easily define (textual or graphical) notation for DSLs and
use computers to help manipulate, analyse, combine and execute DSL expressions.
A DSL implementation can be classified as embedded or stand-alone. We say that a DSL is
embedded if its expressions are valid terms in a larger host language. A natural-language
example is the DSL of dates (October 10, last Wednesday of March, etc.) which is embedded in
English, and a computer example is the DSL of arithmetic operations, which is embedded in
the full Excel language. An embedded language inherits a tool-chain (parser, static checker,
interpreter, compiler) from its host language, which means that it is a quick way to get
started. A stand-alone language, on the other hand, requires a new tool-chain, but then we
have full freedom to define custom syntax and semantics.
Stand-alone DSL examples include Excel for the domain of spreadsheet calculations, tax forms
for the domain of income declaration and the General Algebraic Modelling System (GAMS) for
the domain of optimisation problems. Embedded DSLs include QuickCheck for automated
random testing, and a DSL for financial contracts (Peyton Jones, Eber, Seward, ICFP 2000).
It is often difficult (and not necessary) to draw an exact line between domain specific and
general purpose languages. Matlab is a DSL which has grown to work much like a general
purpose language, and on the other hand the programming language C can be seen as a rather
low-level DSL for programming an abstract von Neumann computer.
There is no agreed upon definition of what constitutes a global systems model. For our
purposes, a global systems model is one which can be used to answer a policy questions with
(potentially) global implications, such as “how will climate change affect oil prices”, or “which
fiscal regulations can prevent future financial crises”.
Sometimes, a seemingly local question, such as “how will sea-level rise impact Stralsund” has
global implications because our current understanding of sea-level rise is that it is an
essentially non-local phenomenon. Similarly, apparently local policy decisions, such as
phasing out nuclear power in Germany, have obvious global effects.
There are many kinds of such models, and the following categories should be taken as
illustrative, not as exhaustive.




models which are global in scope and detailed in representation: the paradigmatic
examples in this category are the examples run on the Japanese Earth Simulator
supercomputer, such as the HadCM3 (Hadley Center Coupled Model version 3) general
circulation model, but we also include in this category intermediate scale models such
as Climber2 (developed at PIK). Such models aim at forecasting at least some aspects
of the earth system.
models which are global in scope, but coarse in the representation: GEM-E3 (a
comprehensive model of European economy, extended to include other world regions),
Remind (a regionalized coupled energy-economy model developed at PIK), MAgPIE (a
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global land and water use model, also developed at PIK). These models only attempt to
capture the first-order consequences of different policies, aiming more to explore the
space of possible results than to forecast the actual evolution of the earth system.
models which are global in the questions they answer, such as MADIAMS (The MultiActor Dynamic Integrated Assessment Model System, developed by Klaus Hasselmann)
and C-Roads (a decision-maker-oriented simulator developed by Climate Interactive,
Ventana Systems, and MIT) but which aim to improve the understanding of decision
makers, rather than to forecast or approximate future evolutions.

We now turn to the major sections of the report. The first is dedicated to the state of the art in
the science-policy interface, while the second presents the state of the art in DSL research. The
report concludes with a summary of the main points, with special attention to the major
challenges to global systems science.

IV. 2. The state of the art in the science-policy interface
There is no royal road to geometry, Euclid famously told an impatient Ptolemy, a general of
Alexander the Great and later founder of the Ptolemaic Dynasty. This somewhat pessimistic
observation can be applied to science in general and to global systems modelling in particular.
Building a global systems model involves teams of scientists of various disciplines
(economists, physicists, social scientists, etc.) who set up and combine complex components,
collect data for calibration and validation, run the models, and interpret the results. At the
science-policy interface of our field we are not going to find in the foreseeable future anything
approaching a push-button solution for decision makers that would replace this highly
qualified interdisciplinary effort.
Instead, we will find here domain-specific languages and other tools, some currently in an
incipient stage of development, which facilitate the communication between scientists and
policy makers (and between scientists of different disciplines).
In our introduction, we have given some examples of models that can be considered part of
the state of the art in global systems models. Let us analyse the current status in the
communication at the science-policy interface by turning to some of these examples.
The GEM-E3 model stores the results of its runs in Excel spreadsheets, which can be viewed
with the appropriate program (for example, the CALC application of the OpenOffice suite). As
explained in the introduction, spreadsheet applications provide simple DSLs for certain
typical computations, such as averaging out the values in a group of cells and the creation of
various plots and charts. Thus, even a comparatively unsophisticated user can make sense of
the results, and has the possibility to make simple kinds of post-processing.
A typical kind of post-processing is the comparison between values obtained using different
kinds of parameters. If these values have already been produced, then a comparative analysis
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of the resulting spreadsheets is easy. But how easy is it to actually run the model using
different parameter values?
Unfortunately, in general it is not easy. The input part of GEM-E3 is not as simple and
transparent as the output. In common to most such models, GEM-E3 uses a large amount of
data for calibration and validation of its structure, and it requires detailed knowledge of the
model in order to know which parameters can be changed without losing the validity of the
results.
A user of the model can find it similarly difficult to answer questions about the model
components. For example, a decision-maker might inquire about which inputs influence the
labour market component of the model, or whether such a labour market component exists at
all. (It is clear from the model documentation and from the results that there are
computations related to the labour market, but whether there is a dedicated component for
these calculations, or whether they occur as a side-effect of another component, is not).
The situation is not specific to GEME3 (REMIND for example has quite similar problems in the
presentation of its structure). One reason for this kind of difficulties lies in the
implementation vehicle used, namely the modelling language GAMS. Developed in the late 70s
and the early 80s, GAMS is one of the most successful domain-specific languages, being in
extensive used by economists worldwide, offering a simple interface to high quality
optimisation routines. Unfortunately, it was not designed for the huge models it is being used
for today, and lacks the facilities needed for modular software development. For models
having few components, GAMS provides an almost ideal development environment. The highlevel nature of its application-tailored language makes models virtually self-documenting. But
beyond this level, the non-modular nature of the system asserts itself, leading to the infamous
“spaghetti-code” and to abusing language structures for other purposes than those for which
they were intended, thus making understanding the models even more difficult.
At the moment, there is no simple solution to the problem of describing the structure of such
models. A high-level description can be misleading, since the high-level elements are usually
going to be resolved either in a myriad low-level variables and equations spread throughout
the program code, or even dissolve into thin air, since they appear only in the interpretation
of the results, and not in their production. Solving this problem is one of the most difficult
challenges for a science of global systems.
Inspiration for solving this problem might come from considering another class of global
systems models mentioned in the introduction, whose aim is not estimating the evolution of a
system, but rather understanding certain aspects of its structure and its relations to other
systems. For example, the models developed within the MADIAMS project have an explicit
goal of being “easily explainable”, and the achievement of this goal is due, in no small measure,
to the development environment used. We have here again a domain-specific language, but
this time it is a graphical one, designed to build simulations of dynamical systems described
by ordinary differential equations. Certain building blocks are provided by the Vensim
environment, together with means of combining them and adapting them by selecting
parameter values. The relations between the various components are then immediately
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visible, being representing by arrows of different types, and so the structure of a model is
easily understood.
The price for this kind of structural clarity is paid in terms of flexibility. When the need arises
for other kinds of components (for example, a component which sorts a list of inputs) or of
connections (for example, relational or fuzzy, rather than causal, functional) then those
provided, the environment is no longer helpful, and certain tasks require a lot more
programming expertise than in non-graphical systems.
It is particularly difficult to do the sort of data-processing required for validation and
calibration in a graphical way. Moreover, the structure of a global model is fixed from the
start, and there are very few mechanisms to adapt it during the evolution of the model. Thus,
such models cannot be used for analysing the kind of abrupt structural changes associated
with the complex interactions between social, technological, and environmental systems.
Discounting graphical DSLs entirely because of such difficulties would be throwing the baby
out with the bathwater. However, it does at present appear that a purely graphical
environment is going to have at best limited usability. Therefore, an important challenge is the
following: develop a DSL for global systems modelling, a subset of whose constructs admit a
graphical representation. Such a DSL should be capable of serving as an implementation
vehicle for GEM-E3 type models, and it should be possible to generate a Vensim-like visual
representation of the relationship between the components of these models.
Even if the structure of the model can be made visible and plausible to the users of the model,
this is still no guarantee of the correctness of the model. Sometimes, components coupled in
natural ways lead to incorrect results. For example, it seems natural to couple an atmosphere
model with an ocean model: after all, the systems they represent are coupled in reality.
However, in order to function on a stand-alone basis, the models have built-in assumptions
about the evolution of the other model at the common interface. If these assumptions are
violated, then the combined model, although intuitively a better representation of reality, is
actually going to give poorer results than the separated models.
Another example of problematic combination is frequently encountered in global systems
modelling. In answering questions such as “how is a given energy policy going to impact the
environment”, one typically combines an economic model with a climate model (see, for
example, Hinkel 2009). Many mainstream economic models are based on the optimisation of
an intertemporal utility function, that is, economic agents are expected to behave as if they
were trying to maximise their utilities over a given time horizon. The time horizon is an
essential part of the problem: the agents will behave very differently if they optimise over one
year or over fifty. Their actions today depend on how much they can estimate of the future,
including the evolution of the climate. But the evolution of the climate, in turn, depends on the
actions of the agents. Hence, the climate model needs to be, in a sense, internalised in the
economic model. This is a non-trivial enterprise, and Hinkel 2009 provides some insights into
the problem.
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Here it suffices to say that the simple approach of co-evolving the economic and the climate
system, exchanging data at short intervals, is inadequate, but this is not something that can be
seen from looking at a model structure diagram.
The problem of preventing meaningless combinations of components is one of the most
fundamental in computing science, and the canonical solution today comes usually in the form
of a sophisticated type system. The components of a language are described by types and the
type of meaningful combinations of components can be deduced from the types of the
component. The type system will rule out meaningless combinations, since these cannot have
a type assigned to them.
If the type system is not expressive enough, it will either allow some meaningless
combinations, or disallow some meaningful ones. The history of computer science is also the
history of swings between these two choices, and the search for a type system which can
express precisely all the required distinctions.
At present, it seems that we are close to such systems, exemplified for instance by the
programming languages Agda, Idris, or proof assistants such as Coq with facilities for program
development. The underlying theory implemented by these systems is the constructive type
theory of Per Martin-Löf, or some variation thereof (such as the calculus of constructions of
Thierry Coquand). This theory, developed initially to serve as a formalisation for constructive
mathematics, provides at the same time a dependently-typed functional programming
language. Any mathematical property that can be formulated precisely can be translated in
the language as the type of all programs satisfying that property (a correspondence known as
the Curry-Howard isomorphism).
The task of providing precise specifications in these languages for the components of global
systems models in order to ensure the validity of the combined results is equivalent to giving
a mathematical formalisation of such models: a daunting enterprise. The good news is that
this does not have to be achieved all at once. Incomplete specifications are better than none,
and by starting with the most frequently used components we can improve the correctness of
many models. The challenge of writing precise specifications for these components can be met
incrementally: our efforts in formalising economic equilibria are a first step on this way.
We have so far addressed the problem of presenting the model structure and ensuring that
this structure has been obtained by valid combinations of the model components, but what
about the components themselves? Here we encounter the following difficulty: components of
global systems models are based on numerical methods, but there is very little available in
terms of verified implementations of numerical methods. We usually deal with
implementations whose limits are not clearly specified. To take as an example, there are very
few guarantees about the solutions found by the optimisers used in the GAMS system, and the
documentation encourages a trial-and-error approach. In most cases, a solution is simply
assumed by the modellers to be optimal, but this assumption is not explicitly documented in
the code.
There are good reasons for the scarcity of validated numerical methods. They are usually
developed in the context of real analysis and operate on classical real numbers. When we turn
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to computer implementations, we deal with much more prosaic objects, such as rational
numbers or, more commonly, floating point numbers. It requires a lot of expertise to show
that the implemented program will give results that approximate in some sense the ideal
solution of the problem, and, in fact, for many numerical methods we do not have
mathematical proofs of their correctness, but only heuristic arguments.
There are several efforts underway aiming to improve this unsatisfactory state of affairs. The
first, embodied in the EU FP7 STREP FET-open project ForMath, aims to use constructive type
theory in order to formalise extensive parts of real analysis, and to implement numerical
methods whose correctness is guaranteed by the type system in the same way we indicated
for model structure above. The programs implemented in this project will operate on
constructive real numbers, the “programmable” counterpart of classical real numbers, and
will thus not be subject to the vagaries of floating-point arithmetic. Initial results are
promising, and we are in close contact with members of the project in order to incorporate
and disseminate results as they become available.
Another, lighter-weight approach was recently proposed by Anton Setzer of Swansea
University and presented in April 2011 at the Agda Implementors Meeting in Göteborg. Setzer
and his colleagues have implemented a small framework which also does exact real numbers
computations, but the proofs of correctness for these computations can involve classical real
analysis introduced by postulating the well known properties of classical real numbers. This
greatly simplifies the system, since one does not have to develop a fully formalised
constructive real analysis, which is a large undertaking in itself. There are, in mathematics,
many similar situations, where using a larger theory to solve problems in a “smaller” one is
useful, for example, integrating real functions is sometimes simpler if we allow ourselves the
freedom to operate in a complex plane.
One of the richest sources of validated numerical methods in recent times is interval analysis.
Numerical methods in interval analysis operate on intervals instead of on real numbers, the
intuition being that the interval obtained as the result of an algorithm will contain the real
number obtained as the solution of the corresponding classical algorithm. Of course, the
smaller the interval, the more useful it is, but also the more precision is required of the initial
and intermediary results. In the limit, if we consider intervals consisting of just one point, the
results of interval and real analysis coincide. The characterisation of interval-based numerical
methods and their proofs of correctness are simpler than those for real numbers, and we are
currently implementing some of them using the dependently-typed programming languages
Agda and Idris.
The three approaches to implementing verified numerical methods will probably join up at
some future point. For example, although usually presented in a classical framework, one can
consider only intervals with rational end-points and obtain a representation of constructive
real numbers, which can be used for exact real arithmetic computations. And classical analysis
postulates can gradually be replaced with constructive ones, which can then be proved on the
basis of the chosen representations. We will continue to ensure that there is close contact
with the members of the various groups, in order to meet the challenge of building validated
components for global systems modelling.
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IV. 3. The state of the art in research
In this section, we first consider the state of the art in DSL research in general, and then
proceed to considerations on DSLs proposed for global systems modelling.
IV.3.a. DSLs in general
As mentioned in the introduction, one can have DSLs which are stand-alone or embedded in a
host language. Historically, the first kind is more frequent in the Unix environment, which
provided from early releases tools for parsing and compiling custom-generated syntax (such
as Lex and Yacc). The second kind was common in the Lisp world, especially on Lisp
machines, where embedded DSLs could easily interface with the rest of the environment
without loss of efficiency, since the hardware had been designed with the specific purpose of
running Lisp applications. Efficiency considerations were probably a major reason for the
relatively greater popularity of stand-alone DSLs in earlier times.
Today, the situation is somewhat different. Efficiency problems have become less important
due to much better stock hardware. Moreover, the programming languages that can serve as
hosts for DSLs have nowadays much more efficient implementations.
As can be seen from the programme of recent conferences on the topic (such as the IFIP
Working Conference on Domain-Specific Languages held in September this year), many eDSLs
are currently based on statically typed languages rather than on dynamically typed ones.
Earlier eDSLs (for example Henderson's picture language presented in Henderson 1982)
typically used Lisp (or a dialect such as Scheme). The change is parallel to that in modern
GPLs, with their emphasis on sophisticated static typing. There is a growing consensus in the
computer science community that functional programming languages with powerful type
systems allow writing programs which are mathematically more tractable and easier to prove
correct. Using such a language as a vehicle for a DSL will not only allow writing a correct
interpreter for the DSL, but will also transmit the advantage of mathematical correctness to
the DSL.
Lisp was famous and at the same time infamous for the ease with which programmers could
change the language via macros (not to be confused with the simple syntactic replacement
mechanism of the same name in C). Paul Graham offers many fascinating examples in his book
``On Lisp'', whose title is a pun relating a book about Lisp to programming languages written
on top of Lisp. While of great appeal, Lisp macros tended to lead, especially in the hands of
inexperienced programmers, to unreadable code, because the meaning of the individual
constructs could no longer be understood in isolation. This has lead to a certain loss of
interest in eDSLs (and in Lisp).
The problem of confusing code is alleviated today in languages such as Haskell due to the
information available via the type system. The same type system, however, prevents the kind
of flexibility that existed in Lisp.
A very recent result suggests however that the solution to regaining the flexibility of Lisp lies
not in giving up the type system, but in making it more expressive (and, in a sense, stronger).
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This is illustrated by the dependently-typed language Idris developed by Edwin Brady, which
allows changing the surface syntax in ways that go even beyond Lisp (for example, by
overloading "let"-constructs), but without giving up understandability, readability, and
mathematical tractability.
IV. 3.b. DSLs for global systems modelling
We start by reconsidering some of the examples of DSLs for global systems modelling given in
the introduction. We start with the older, more established DSLs, before moving to the more
speculative efforts of today.
Traditional DSLs (stand-alone):
1. The General Algebraic Modelling System (http://www.gams.com) used for models such as
GEM-E3 or REMIND.
Advantages: excellent optimisation methods, readable high-level model specifications (for
simple models)
Disadvantages: does not scale well, limited interoperability with external programs, no type
system, no module system (which can lead to unstructured programs -- so-called ``spaghetti
code'')
2. Matlab (http://www.mathworks.com/products/matlab/)
Advantages: high-quality numerical routines, many libraries (``toolboxes'') for tasks such as
optimisation, interpolation, or control.
Disadvantages: does not scale well, purely interpreted (even simple errors are only detected
at run-time), limited interoperability with external programs, comparatively low-level (in
comparison with GAMS, for instance).
3. Vensim (http://www.vensim.com) used in MADIAMS and C-Roads.
Advantages: graphical, models are easy to understand
Disadvantages: does not scale well, difficulties processing data, does not interoperate with
other languages / systems
Recent DSLs (embedded):
4. Adaptation-Based Programming (http://groups.engr.oregonstate.edu/abp/)
Advantages: implemented in Haskell, therefore having a powerful type system, easy access
to Haskell libraries, interoperability via the Haskell foreign function interface
Disadvantages: low level, usability has not been demonstrated on a large scale
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5. Computational Vulnerability Assessment (described in Lincke 2009)
Advantages: two implementations in Haskell and C++, shares advantages of ABP above,
demonstrates how implementation in a functional programming language can lead to new
results in the domain of application
Disadvantage: proof-of-concept rather than full-blown DSL
6. Economic Modelling in Type Theory (presented at DTP 2011 and Types 2011, see
http://www.cs.ru.nl/dtp11/)
Advantages: dependent types (two implementations, in Agda and Idris), probably correct
implementation
Disadvantage: numerical component via foreign function interface, not verified.
These examples demonstrate two major challenges to global systems DSLs:
1. A DSL which can be used for high-level specifications. GAMS and similar DSLs can be used
to specify simple models, but they do not scale up well. The progress made in computer
science towards controlling complexity by abstraction is not present in these DSLs.
Mechanisms such as modules, types, dependent records, available in dependently-typed
programming language, have to be applied in order to design and implement a specification
language that can be used for more complex global systems models.
2. The problem of verified numerical methods. We have already encountered this challenge in
the previous section, when discussing the question of correctness of components. We add
here that current DSLs for numerical methods, such as Matlab or R, do not address explicitly
the issue of correctness and are of rather low level, more GPL than DSL, which makes them
awkward to use in order to specify complex models.
There is a tension between these challenges, in the sense that until now, tackling the issue of
high-level specifications has been done at the expense of implementability of numerical
methods, and vice-versa. It is very difficult to implement a new optimisation method in GAMS,
as opposed to using the GAMS language to access one of the methods provided by the system.
On the other hand, Matlab for example makes it very difficult to describe relationships
between, say, Pareto optima and Walrasian equilibria. At the moment, the best way to resolve
this high-low tension appears to be via a DSL embedded in a host language with dependent
types, based on constructive type theory. An important consideration in designing such a
language (and choosing a host for it) will be that of interoperability with available software.
Until we can do better with verified numerical methods, for example, we would do well to use
the routines provided by GAMS or numerical libraries such as GSL (the GNU Scientific
Library).
IV. 4.Conclusions
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In our survey of the state of the art at the science-policy interface and in research, we have
identified several challenges among which the most important are:
1. Find a way to describe the structure of global systems models.
2. Develop a DSL for global systems modelling, a subset of which admits a graphical
representation.
3. Write precise specifications for components of global systems models, in order to rule out
non-sensical combinations of components (and in order to ensure the structural correctness
of complex models).
4. Ensure the correctness of implementations of components of global systems models.
5. Find a way to resolve the high-low tension between a DSL for high-level specifications and
one for verified numerical methods.
The discussions on the possible ways to meet these challenges reveal an interesting common
foundation: constructive type theory (CTT). We have seen that recent advances indicate that
languages based on CTT can be the best hosts for eDSLs, allowing to combine the flexibility of
Lisp with the organizational power of a sophisticated type system. At the same time, CTT has
been identified as the most promising vehicle for formalizing the characteristics of
components of global systems models, such that these can be communicated to decision
makers and, at the same time, can be used to distinguish the class of meaningful combinations
of these components. Moreover, CTT is at the focus of current projects to provide validated
numerical methods, a vital part of the enterprise of advanced programming for global systems
models.
Perhaps the most important task for the coming years will be the coordination of the various
efforts which use CTT in ways that could be valuable to the activity of global systems
modelling. Due to the contacts we have established in the fields of computer science,
economic modelling, financial modelling, and in the world of potential users of global systems
models, we believe that GSDP can play a major role in this coordination.
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V.

Emergent behavior of multi-scale networks of networks
(WP6)6
Work package leader:
Jürgen Kurths
Potsdam Institute for Climate Impact Research

This deliverable is given in the form of six annotated papers produced by the research group
of Prof. Jürgen Kurths. These papers are provided in separate files and in particular deal with
the following topics:





Consensus problems in multiagent systems
Evolving complex networks
Interacting complex networks
Science-policy interface of modelling global social-ecological systems

V.I. Consensus problems in multiagent systems
A second-order consensus problem for multiagent systems with nonlinear dynamics and
directed topologies has been studied where each agent is governed by both position and
velocity consensus terms with a time-varying asymptotic velocity. To describe the system’s
ability for reaching consensus, a new concept about the generalized algebraic connectivity is
defined for strongly connected networks and then extended to the strongly connected
components of the directed network containing a spanning tree. Some sufficient conditions
are derived for reaching second-order consensus in multiagent systems with nonlinear
dynamics based on algebraic graph theory, matrix theory, and Lyapunov control approach.
Finally, simulation examples are given to verify the theoretical analysis.
In the next step general higher order distributed consensus protocols in multiagent dynamical
systems have been analyzed. First, network synchronization is investigated, with some
necessary and sufficient conditions derived for higher order consensus. It is found that
consensus can be reached if and only if all subsystems are asymptotically stable. Based on this
result, consensus regions are characterized. It is proved that for the mth-order consensus,
there are at most (m+1)/2 disconnected stable and unstable consensus regions. It is shown
that consensus can be achieved if and only if all the nonzero eigenvalues of the Laplacian
matrix lie in the stable consensus regions. Moreover, the ratio of the largest to the smallest
nonzero eigenvalues of the Laplacian matrix plays a key role in reaching consensus and a
scheme for choosing the coupling strength is derived. Furthermore, a leader-follower control
problem in multiagent dynamical systems is considered, which reveals that to reach
6

This chapter corresponds to WP6 State of the art concerning potentials and limits of modelling GSESs by evolving network
of networks
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consensus the agents with very small degrees must be informed. Finally, simulation examples
are given to illustrate the theoretical analysis.
References:
1. Wenwu Yu, Guanrong Chen, Wei Ren, Jürgen Kurths, and Wei Xing Zheng, Distributed

Higher Order Consensus Protocols in Multiagent Dynamical Systems, IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 58, NO. 8,
AUGUST 2011
2. Jianquan Lu, Daniel W. C. Ho, Jinde Cao, and Jürgen Kurths, Exponential
Synchronization of Linearly Coupled Neural Networks with Impulsive Disturbances,
IEEE TRANSACTIONS ON NEURAL NETWORKS, VOL. 22, NO. 2, FEBRUARY 2011
V.2. Evolving complex networks
A model of synchronization in networks of autonomous agents is investigated where the
topology changes due to agents motion. We introduce two timescales, one for the topological
change and another one for local synchronization. If the former scale is much shorter, an
approximation that averages out the effect of motion is available. Here we show, however,
that the time required for synchronization achievement is larger than the prediction of the
approximation in the opposite case, especially close to the continuum percolation
transitionpoint. The simulation results are confirmed by means of spectral analysis of the
time-dependent Laplacian matrix. Our results show that the tradeoff between these two
timescales, which have opposite effects on synchronization, should be taken into account for
the design of mobile device networks.
Reference:
N. Fujiwara, A. Diaz-Guilera, J. Kurths Synchronization in networks of mobile
oscillators, PHYSICAL REVIEW E 83, 025101(R) (2011)

V.3. Interacting complex networks
Network theory provides various tools for investigating the structural or functional topology
of many complex systems found in nature, technology and society. Nevertheless, it has
recently been realized that a considerable number of systems of interest should be treated,
more appropriately, as interacting networks or networks of networks. Here we introduce a
novel graph-theoretical framework for studying the interaction structure between
subnetworks embedded within a complex network of networks. This framework allows us to
quantify the structural role of single vertices or whole subnetworks with respect to the
interaction of a pair of subnetworks on local, mesoscopic and global topological scales.
Climate networks have recently been shown to be a powerful tool for the analysis of
climatological data. Applying
the general framework for studying interacting networks, we introduce coupled climate
subnetworks to represent and investigate the topology of statistical relationships between the
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fields of distinct climatological variables. The promising results obtained by following the
coupled climate subnetwork approach present a first step towards an improved
understanding of the Earth system and its complex interacting components from a network
perspective
Reference
J.F. Donges, H.C.H. Schultz, N. Marwan, Y. Zou, and J. Kurths, Investigating the topology
of interacting networks, Eur. Phys. J. B (2011) DOI: 10.1140/epjb/e2011-10795-8
V.3. Science-policy interface of modelling global social-ecological systems
Research focussed on the vitally important global social-ecological system of global
greenhouse gas emissions management. Because that system's evolution is mainly
determined by the strategic policy interaction of the network of sovereign countries, it was
modelled as a serious dynamic game with countries as players. Using continuous control
variables and linking the macro-scale network of countries with a micro-scale network of
interacting participants in an emissions market, a more realistic model was constructed than
those used in the existing game-theoretic literature on this system. The model, which can also
easily deal with changing external conditions, such as updates in cost and benefit estimates,
implied that the emergence of international cooperation on greenhouse gas emissions
reductions might be much more likely than previously thought. In order to facilitate
communication via the science-policy interface, this first result was published in a top-impact
interdisciplinary journal [1] instead of a specialised economics journal, using a deliberately
easily accessible language. Another paper targets the economics community and introduces
the concept of hierarchical networks of coalitions and agreements and other concepts from
dynamical systems into the study of coalition formation and negotiation in conflicts involving
high externalities [2].
References:
1. Heitzig J, Lessman K, Zou Y (2011) Self-enforcing strategies to deter free-riding in the
climate change mitigation game and other repeated public good games. Proc Natl Acad
Sci USA 108:15739–15744.
2. Heitzig J (2011) Efficiency in face of externalities when binding hierarchical
agreements are possible. Institutions & Transition Economics – Environmental Issues
eJournal 3(16). Available at http://ssrn.com/abstract=1815328
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VI. 1. Introduction
Many human societies on Earth have at times experienced what we would call a ‘crisis’. In the
case of simple societies, in a wide range of environments throughout history, such crises have
manifested themselves as famines. In complex societies, they may have taken the form of
economic depressions such we are currently experiencing, social conflicts or wars of some
kind between groups, or even the collapse of complete empires such as the Roman and the
Chinese Empires (cf. Tainter, 1988).
The recurrence of this phenomenon, at a wide range of scales from small bands to complete
empires, and in virtually any environment or domain of human endeavor raises the question
whether such crises are inherent in the socio-environmental dynamics of all human societies?
And if that is the case, would comparative studies of a number of instances reveal to us what
drives societies into such ‘crises’?
The study of crises has led to many descriptive publications, case studies and doomsday
hypotheses, from Gibbon (1776-1788) and Spengler (1918) to Diamond (2005), but it is only
in recent years that elements of a more general scientific theory of socio-environmental
dynamics, including ‘societal crises’ or even ‘societal collapse’ are emerging, combining
insights from four research domains. The natural sciences have contributed to the set of ideas
that is sometimes called ‘the science (or theory) of complex systems’ (e.g. Prigogine 1978,
Kauffmann 1993, Bak 1996, Levin 1999, Mitchell 2009). Social anthropology has contributed
in the area of ‘Cultural Theory’ (Thompson et al. 1989), and the sciences of organization and
information have contributed to our understanding of the organization dynamics of social
structures (e.g. Pattee 1974, Simon 1969, Huberman et al. 1988, White, 2001). Some of these
ideas on the nature of organizations have been taken up and adapted by ecologists (e.g. Allen
& Starr 1982, O’Neill, De Angelis, Waide and Allen, 1986, Allen & Hoekstra, 1992). Finally, the
first attempt at a synthesis of these different ideas comes from a collaborative effort of
ecologists and social scientists (Gunderson & Holling, 2001, Holling 2001; Walker & Salt
2006).
Without overloading this paper with jargon and scientific debate, I will try to first present the
reader with an outline of a theory that in my opinion is able to explain many of the
characteristics of such crises; I will then illustrate these ideas with a couple of case studies;
finally, I will describe some of the characteristics of such crises. At that point, I will shift the
perspective from scientific description, analysis and synthesis to the domain of policy and try
to make some recommendations relevant to the current situation in which the global system
finds itself.
This chapter corresponds to WP7 deliverable: State of the art concerning Long-term trajectories of socio-environmental
dynamics
7
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VI. 2. A framework for the study of socio-environmental dynamics
Humans differ from most other species in that they can learn and learn how to learn 8, that
they can categorize, make abstractions and hierarchically organize them, and that they
communicate between themselves by various kinds of symbolic means. Human learning
involves the recognition of patterns of all kinds, whether temporal, spatial, semantic, syntactic
or yet other. By identifying such patterns, we organize the world around us, infuse it with
structure and meaning, make it possible for us to understand it and/or know things about it,
intervene in it, etc. As part of that process, human beings have the capacity to transform their
natural and material environment in many different ways, and at many spatial and temporal
scales. Our relations with our environment are part of the uninterrupted process of human
learning, which may be seen as a positive feedback loop creates order out of our experiences
of the world, by isolating patterns, defining them in terms of a limited number of dimensions,
and storing the latter in the form of knowledge. The more cognitive dimensions exist, the
more problems can be tackled, and the more quickly knowledge is accumulated, roughly
speaking according to the following feedback loop (van der Leeuw 2005):
Problem-solving structures knowledge —> more knowledge increases the information
processing capacity ––> that in turn allows the cognition of new problems ––> creates new
knowledge —> knowledge creation involves more and more people in processing information
––> increases the size of the group involved and its degree of aggregation –> creates more
problems ––> increases need for problem-solving ––> problem-solving structures more
knowledge … etc.
The result of this process is the continued accumulation of information-processing capacity,
which enables a concomitant increase in matter, energy and information flows through the
society, and thus enables the society to grow. That information-processing capacity includes
the sum total of the understanding, know-how and skills of the people involved, including
their technical and organizational means of solving problems, their means to maintain group
cohesion, etc.
In this light, human societies can be seen as ‘flow structures’ (Prigogine 1980) 9. Their
existence is dependent upon flows of matter, energy and information that allow the needs of
the individual participants to be met by distributing resources throughout the society 10.
Material and energetic resources are identified in the natural environment, transformed by
human knowledge in such a way that they are suitable for use in the society, and again
8

I.e. their capacity to process information is genetically encoded, but the information they process, and the ways in
which they do so, is not. It is socio-culturally and self-referentially developed and maintained.
9
Prigogine, a chemist, proposed (1978) to change our usual perspective on a flow in a liquid from one where the flow
is seen as a disturbance of stability to one in which the flow is a dynamic structure in an entropic environment. He also
called these „flow structures‟ „dissipative structures‟, dynamic structures that dissipate entropy.
10
In certain domains of study, one thus analyses the „metabolism‟ of social organizations such as the city as the
interaction of the flows that run through the urban system, for example (Newman 1999).
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transformed during use into forms with higher entropy. These can then be recycled, or they
are excreted by the society. The first kind of transformation increases the information content
of the resources, whereas the second one reduces their information content.
The flows of matter, energy and information do not follow the same pattern. Matter and
energy are subject to the laws of conservation, and cannot be shared. They could therefore
never have created durable human social institutions, let alone societies. Information, on the
other hand, can be shared. Human societies are held together by shared information, shared
expectations, shared institutions, shared world-views, in short by a shared culture!
The channels through which information is processed emerge through a recursive
communication process that ‘aligns’ people’s ideas, language and culture. It draws more and
more individuals into a network in which they can communicate and obtain resources more
easily and with less effort and/or less risk of error than they would experience outside the
network. On the other hand, when the recursive communication remains below a certain
threshold, it keeps people out of a network because they cannot sufficiently maintain their
alignment.
The shared information also creates the channels through which energy and matter flow,
whether these channels are material (e.g. roads, cables etc.) or remain virtual (e.g. exchange
networks such as the kula (Malinowski 1922) or similar trade patterns (Sahlins, 19XX).
Sometimes the channels for information, matter and/or energy are the same, but that is not
necessarily so: electricity, petroleum and coal are transported, processed and delivered in
different ways, as are virtually all goods in everyday life that we do not collect or process
ourselves. The ‘fabric of society’ consists of flows through multiple networks, held together by
different kinds of (information) relations (kin, business, friendship, exchange, client-patron,
power, etc.), and transmitting different combinations of matter, energy and information.
Ultimately, as Luhmann (1992) reminds us, the information processing occurring in society is
also determinant for the society’s definition of its environment, its environmental challenges
and the solutions it might propose for them, as the society does not communicate with the
environment, but communicates within itself, auto-referentially, about its environment.
Maintaining a society’s growth requires a continuous increase in the quantity of energy and
matter flowing through the society, implying the identification, appropriation and exploitation
of more and more resources. The dynamic is driven by the information-processing feedback
loop. If not enough information is processed the members of the society will not be able to
acquire sufficient matter and energy to satisfy all of them; people will then act in their own
immediate interests and the society loses coherence. Avoiding this requires a continual
stream of innovations spreading from the center to the periphery.
Continued innovation is facilitated by the fact that the closer one is to the center, the higher
the density of aligned individuals and thus the more rapid the information–processing. Hence
the innovation density of a social system is always higher nearer the center. Innovations
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create value for those for whom they represent something desirable, but difficult to attain.
The farther from the center of the society, the more unattainable the innovations are because
of the distance from the know-how that created them. The value gradient is therefore
inversely proportional to the information–processing gradient. The perceived value of
innovations prompts export of raw materials and resources available in the periphery to the
center. These raw materials and resources, in turn, are transformed into (objects of) value
wherever the (innovative) know-how to do so has spread. The objects are then exchanged
with whomever considers them of value, i.e. whomever cannot make them (or not make them
as well, or as efficiently), thus closing the loop between the two flows.
VI. 3. The Roman Republic and Empire
To illustrate how this long-term perspective works at its most global, we could look at the
history of the Roman Empire (van der Leeuw & De Vries, 2002). The expansion of the Roman
republic was enabled by the fact that, for centuries, Greco-Roman culture had spread
northward from the Mediterranean. It had, in effect, structured the societies in (modern) Italy,
France, Spain and elsewhere in a major way, leading to inventions (such as money, the use of
new crops, the plough), the building of infrastructure (towns, roads, aqueducts), the creation
of administrative institutions, and the collection of wealth. Profiting from this situation, the
Romans instituted a flow structure that aligned the organization of the periphery of their
sphere of influence with their own culture, creating the channels for an inward flow of matter
and energy into the core of the Empire. To achieve this, they used an ingenious policy of
stepwise assimilation and organization of indigenous political entities based in cities, making
them subservient to their needs, i.e. to the uninterrupted growth of flows of wealth, raw
materials, foodstuffs and slaves from the conquered territories to Rome. This flow structure
functioned, linking cities across the Empire, for as long as there were more pre-organized
societies to be conquered and wealth to be gathered (Tainter 1988). But once the armies came
to the Rhine, the Danube and the Sahara, that was no longer the case and conquests stopped.
Then began a phase of major internal investment in the conquered territories, expanding the
infrastructure (highways, villae, industries) within the Empire in order to harness more
resources for the Empire. As large territories were thus “Romanized”, they became less and
less dependent on Rome’s innovations for their wealth, and thus expected less and less from
the Empire.
Circa AD 250 the innovation/value-creation system at the core stalled. The “information
gradient” between the center and the periphery leveled out, and so did the value gradient
between the periphery and the center. This made it more and more difficult to ensure that the
necessary flows of matter and energy reached the core of the Empire. As the relative cost of
maintaining these flows grew (in terms of maintaining a military and an administrative
establishment, for example: see Tainter 2000, Crumley & Tainter, 2007), the Roman emperors
first devalued their money in order to deal with the immediate needs, and then split the
Empire into four parts to drastically reduce the administrative overhead. In the end the
coherence of the western part of the Empire decreased to such an extent that it ceased, for all
intents and purposes, to exist. People began to focus on their own and local environment
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rather than on maintaining the central system. Other, smaller, structures emerged at its edges
and there, the same process of extension from a core began anew, at a much smaller scale, and
based on different kinds of information processing. In other words, the alignment between
different parts of the overall system broke down, and new alignments emerged that were only
relevant locally.
VI. 4. The emergence of the European World System
In order to understand this process in much more detail, we will next apply the
energy/information flow structure approach to the last thousand or so years of Western
European history. During that millennium, we see a gradual strengthening of the urban
(aggregated) mode of life, but this millennial tendency has its ups and downs, and manifests
itself in different ways. A second long-term dynamic is that of European expansion and
retraction. Both reflect different ways in which the European socio-economic system
strengthened itself vis-a-vis the external dynamics that it confronted. To quantify these
attributes, we will emphasize changes in the following proxies where available:
 The demography of the area concerned: relative population increases and decreases.
 The spatial extent of European territorial units, as a measure of the area that a system can
coherently organize;
 The spatial extent and nature of trade flows as a measure of the information-processing
potential between the center and the periphery, and thus of area from which raw resources
are brought to the system – its ‘footprint’;
 The density and extent of transport (road, rail, water) and communication (telephone etc.)
systems as a proxy for the density of information flows;
 The degree and gradient of wealth accumulation in the system, as an indicator of the
innovation and value gradients;
 The innovativeness of particular towns, regions and periods.
Most of these cannot comparably be measured for each and every historical period and
region. Moreover, they operate at different temporal rates of change. But these proxies are for
the moment all we have.
The Dark Ages
After the end of the Roman Empire we observe across Europe a weakening of society’s
structure and coherence (e.g. Lopez 1967). Between AD 600 and 1000, the fabric of society
reached a high level of entropy in Western Europe, whereas in South-Eastern Europe the
traditions of Greco-Roman urban culture were only conserved to a very limited extent. In this
period, there is an enormous loss of knowledge, in crafts and trades, for example, as well as an
abandonment of infrastructure. The flow structures exchanging organization for energy and
matter were limited to the immediate environment. Trade and long-distance contact virtually
disappeared, towns saw their population dwindle (the city of Arles was for some time reduced
to the perimeter of its Roman arena), and most villages were abandoned. Society thus fell back
on local survival strategies and much of Roman culture was lost. Only the Church maintained
some of the information-processing skills it inherited, especially writing and bookkeeping,
and a semblance of long-distance interaction.
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1000-1200: The first stirrings
This was a period of oscillation between different small systems, in which cohesion alternated
with entropy even at the lowest levels. In Northern Europe, trade connections forged in the
(Viking) period before AD 1000 led to the transformation of certain towns into commercial
centers, later loosely federated into the Hanseatic League. But these towns remained
essentially isolated islands in the rural countryside, linked by coastal maritime traffic.
Duby’s classic study (1953) shows how, from about 1000 AD, society in Southern France
began to rebuild itself from the bottom up. Although the urban backbone of the Roman
Empire survived the darkest period, a completely new rural spatial structure emerged, even
relatively close to the Mediterranean. In a couple of centuries of local competition over access
to resources, various minor lords climbed the social ladder by conquering neighboring
positions of potential power, leading to the emergence of a new (feudal) social/hierarchical
structure. The local leaders with the best information-processing skills were able to attract
followers by providing protection for peasants who bought into the feudal system. They in
turn provided surplus matter and energy used to support a small army and court. In the
process, more wealth accrued to the favored, and we see the resurgence of a (very small and
localized) upper class with a courtly culture in the so-called ‘Renaissance of the 12th century’
that included tournaments, troubadours, and other (mostly religious) artistic expressions. A
similar process occurred in the Rhineland, where a separate cultural sphere developed on
both banks of the river. Further East, in Germany, this period saw the decay of whatever
central authority the Holy Roman Empire had, and the rural colonization of Eastern Europe.
At this time also, parts of Europe began to look outward: it was the time of the crusades
against Islam.
1200-1400: The Renaissance
Three major phenomena characterized the next period, (1) the establishment of a durable link
between the southern and the northern cultural and economic spheres, (2) the major
demographic setback of the Black Death in the 14 th century, and (3) the beginnings of the
Italian Renaissance. The link between South and North was established in the 11th and 12th
centuries, overland from Italy to the Low Countries via Champagne, and then connecting with
the maritime British and Hanseatic trade systems. In the 13 th century this connection became
the main axis of a continent-wide trading and wealth creation network, enabling urban and
rural population growth and eventually driving rural exploitation in many areas to the limits
of its carrying capacity, pushing farming out towards more distant and less fertile or less
convenient areas (Spufford 2002).
The impact of the three waves of bubonic plague was very uneven. Where it hit badly, it
profoundly affected both cities and the surrounding countryside, bringing people from the
periphery into the traditionally more populous urban areas (where the plague had hit
hardest), thus increasing both the degree of aggregation of the population and its average per
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capita wealth (cf. Abel 1986). Other profound changes occurred in the cultural domain,
including a re-evaluation of the role of religion, life and death, society and the individual,
shaking society out of its traditional ideas and patterns of behavior (Evernden 1992).
These phenomena contributed to a localized ‘era of opportunity’ in Northern Italian cities,
where cultural, institutional, technical and economic inventions led to a uniquely rapid
increase in the information-processing gradient between these centers and the rest of the
continent11. Many of the ideas developed here were relatively quickly adopted in the trading
centers in the Low Counties, which next became rich and powerful. The emergence of a
bourgeoisie set the scene for systemic change: from this time onward, reaching the ‘top of the
heap’ was limited to geographic areas where urbanization led to concentrations of more – and
more diverse – resources, as well as more effective information processing because towns
were linked in Europe-wide information flows.
1400-1600: The birth of the modern World System
This period marks the central phase in the continent-wide transition from a rural, often
autarchic barter economy to monetized economy driven by towns, in which craft
specialization and trade set the trend (Wallerstein 1976). This transition introduces
fundamentally different system dynamics. These cities are market-based, heterarchical
structures, as opposed to the hierarchical ones that dominate the rural landscape. Simon
(1981) defines such structures as those that emerge, in the absence of hierarchy and overall
control, from the interaction of individual and generally independent elements, each involved
in the pursuit of separate goals, and with equal access to information; competition for
resources characterizes such organizations. Contrary to hierarchical systems, heterarchical
ones do not strive to optimize behavior; they can link much larger number of people,
especially if they are organized as networks with nodes, and they are more flexible (cf. van der
Leeuw & McGlade 1997 for an explanation).
In this first phase of urban dominance, the world of commerce and banking expanded across
different political entities, cultures and continents. Much of Southern and Northern Europe,
including Britain, Scandinavia and the Baltic were now integrated the European world system.
Rural areas saw their interaction with towns increase. Cities began to look attractive to
farmers in an overpopulated countryside continually disturbed by armies fighting out others’
political conflicts, and this led to a wave of rural emigration to towns, relieving the population
pressure in the countryside and keeping the urban labor force cheap, which in turn enabled
an industrial expansion.
This period is the heyday of city power. Cities were not controlled by political overlords;
rather, they controlled these overlords’ purse–strings. Urban elites put to work the enormous
gains in information processing capacity made during the Renaissance. Through relatively
unregulated commerce and industry, commercial houses (e.g. Fugger) amassed enormous
11

Padgett (1997) for example, describes brilliantly how financial and social innovations go hand in hand to transform
the Florentine banking system, drawing in more and more resources and investing them in an ever–widening range of
commercial and industrial undertakings that, in turn, transform the practices in these domains.
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wealth, used it to bankroll the political conflicts and wars that disrupted the continent, and
thus extended their control over much of the continent. To this effect, they created extensive
information-gathering networks linking every important commercial, financial and political
center12.
This is also the period of the first voyages to other continents. By investing in these distant
parts, European traders added new areas downstream along the information-processing
gradient, in which the commonest European product (such as glass beads) had immense
value. The huge, immediate, profits made up for the risks, and this long-distance trade
initiated for the trading houses centuries of control over an increasingly important and
resource-rich part of the world. As a result, this period has the steepest information gradient
from the center of the European World System to its periphery, and the steepest value
gradient in the reverse direction. But towards the end, that gradient began to level off in the
European core, as cities in the hinterland, and eventually territorial overlords, began to
seriously play the same game
.
1600-1800: The territorial states and the trading empires
The rulers of Europe had inherited legitimacy, or something approaching it, from the Roman
Empire, but that did not pay the bills. Their need to keep up a certain status was a financial
handicap until they could leverage their legitimacy against financial support by exchanging
loans for taxes as their principal source of income. But that required them to guarantee peace
and security within their territories. A degree of territorial integration and unity was achieved
in many areas by AD 160013, transforming the heterarchical urban systems into hybrid
heterarchical-hierarchical ones including both towns and their hinterlands. The regions that
first achieved this (Holland, England and Spain) had the most extensive long-distance trade
networks providing the steady income necessary to maintain rulers’ armies and
bureaucracies. As a result, the city-based economic system was transformed into one that
involved the whole of the emerging states’ territory.
Inevitably, the value gradient leveled out as the Europeans in the colonies assimilated
indigenous knowledge and shared their own knowledge with the local populations, but this
was for some time counterbalanced by the discovery of new territories, the introduction of
new products in Europe, and the improvement of trade and transport, extending the reach of
the trade empires. But ultimately the leveling of the information gradient led towards
independence, as in the case of the US, or, as in the East Indies or Africa, to the transformation
of the trading networks into colonies under military control. These saw the local production
of a wide range of necessities for the colony as well as western-controlled production systems
for products needed in Europe, and a degree of immigration from Europe. As a result, the
European core and the colonies became economically more dependent upon one another.

12

Many houses now had their own spy and courier systems, the first and foremost among them run by the Vatican.
In Germany, Russia and Italy, the process took much longer, and did not come to completion by the end of the period
we are discussing.
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The same leveling off occurred in Europe as more people began to share in the production of
wealth and its benefits. The profits from long-distance trade enabled an increase in the
industrial base of the main European nations, achieved by involving more and more people in
production and transformation of goods. The tentacles of commerce and industry spread into
the rural hinterlands, aided by the improvement of the road systems. As a result of both these
systemic changes, the ‘flow structure’ that has driven European expansion became vulnerable
to oscillations.
1800-2000: The industrial revolution
But as the overall structure of the European system had begun to fray at the edges, the
massive introduction of fossil energy as a resource and the concomitant ‘industrial revolution’
re-established the information gradient across the European empires, and the value gradient
between the colonies and the heartland. The resulting shift was profound. It gave European
dominance a new lease of life, but at the expense of major changes. From a zone in which
internal consumption of high-value goods imported from elsewhere did generate most of the
wealth, Europe became the mass-producer of a wide range of goods for export to the rest of
the world. To maintain that system, it had to create wealth in the periphery that would allow
the local populations to acquire European goods. It did so by creating large-scale production
systems in the colonies for raw materials that were transformed in Europe into products sold
to the same colonies. Thus, the status of these colonies changed – from producers of goods
that had relatively little value locally, but high value in Europe, to areas mass-producing low
value goods for export to Europe and markets for the low-value European products.
Maintaining this system required improved political control over the colonies concerned, as it
brought large numbers of local people into the system as low-paid labor.
In Europe itself, the invention of new technologies in both the core and the periphery created
much wealth, but ultimately undermined the flow structure by disenfranchising large groups
of people. Now, industrialization tied a large working class into (mechanized) production in
low-paid, often dangerous, jobs that gave little satisfaction 14. Social movements were quick to
emerge in the core (from 1848), and up to the Second World War. Countries that had not been
part of the flow structure aspired to create similar dynamics. The French thus occupied areas
of Africa and Southeast Asia. Italy and Germany – unified in the late 19th century – had to
satisfy themselves with the leftovers of the colonial banquet. That contributed to the causes of
the two World Wars – both countries sought expansion in Europe because it was denied them
elsewhere.
And finally, the control over large parts of the world that Europe had thus far enjoyed spread
to North America, Australia, Japan, South Africa, and more recently to Southeast Asia, China
and India. Europe and the United States are no longer in sole control of the information
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It created major opportunities for those who mastered one of the newly emerging technologies. For many, education
became the way out of misery, reflecting the need for improved information processing to maintain innovation and
social cohesion. This led to the education revolution occurring in many countries around the turn of the 20 th century.
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gradient responsible for the continued wealth creation, innovation and aggregation of the
World System, but have to compete with these other regions.
Summary
We argue that the European system has undergone two major transformations to date,
dividing its history in three phases. In the first phase, after a predominantly ‘flat’, entropic,
period (AD 800-AD 1000), in which whatever flow structures there were, occurred essentially
at the scale of individuals’, families’ or villages’ subsistence strategies, we see (roughly
between AD 1000 and AD 1200) structures which involve information processing by larger
(though still small) local units; most of these are small rural principalities, but in Northern
Europe a few urban ones emerge (the Hanseatic towns). Later in the period, several such rural
flow structures are often subsumed under a larger one, leading to feudal hierarchies. But the
hierarchical structure of the information networks structurally limited their opportunities of
expansion (cf. van der Leeuw & McGlade 1997).
The second phase (AD 1200 – 1800) was driven by the aggregation of the population in both
old and new towns as a result of the Black Death, which caused innovation to take off. It drove
a rapid expansion of the urban interactive sphere through long-distance trade and
communication. The resulting urban networks that emerged from c. AD 1400 were
independent of the rural lords, and had a novel, heterarchical information-processing
structure (cf. van der Leeuw & McGlade 1997), facilitating the growth of interactive groups
and the systems’ adaptability. In the next two centuries, these cities drove the establishment
of colonial trading networks. But between AD 1600 and AD 1800, urban and rural systems
were forced to merge by rural rulers who needed to acquire in the towns the funds to increase
control over their territories. This led to the formation of (systemically hybrid) nation-states
and the transformation of the urban trading networks into colonial exploitation systems.
Towards the end of this period (c. AD 1800), these flow structures seem to reach their limits:
innovation stalled in the cities and the energy and matter flows from the colonies were limited
by the structure of their exploitation systems. Europe had reached a second tipping point.
At that point (1800-2000) a new technology kicked in – the use of fossil fuel to drive steam
engines, lifting the energy constraint that had limited the potential of all western societies
thus far. The innumerable innovations that followed enabled transformation of the European
production system at all levels, rapidly increasing the information-processing and value
gradients across the European Empires again. Girard (1990) outlines how in that process, the
term ‘innovation’ changed its value, from something to be ignored or even despised, to the
ultimate goal of our societies. As part of this process, notably in the second half of the 20 th
century, innovation became supply-driven rather than demand-driven as it had been up to
then, and ultimately our society became so dependent on innovation that one may currently
speak of an addiction that resembles a Ponzi scheme in that innovation has to happen faster
and faster to keep the flow structure intact.
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VI. 5. The current crises are manifestations of a single crisis
In the last decade we have seen that maintaining the flow structure may no longer be possible,
and much of the current deliberation is about a perceived ‘crisis’ in many different domains.
According to most, what we are experiencing are a number of quasi-simultaneous crises, in
domains as different as natural resources, ecosystem services, our economy, our financial
system and the security of our societies. That is, of course, true if one looks at each of these
through disciplinary or sectorial eyes. But from the holistic perspective that we are
developing here, we could see all these, together, as manifestations of one underlying crisis,
notably a temporary incapacity of our society to process all the information needed to deal with
the dynamics in which it finds itself. After all, the fact that we do not have the answers to deal
with all these issues, whether individually or all together, is in effect a lack of knowledge and
understanding that we would subsume under ‘information processing’, as well as a lack of
sufficient communication and alignment within our societies to actually take comprehensive
action together. One has just to look at the current political squabbles in Europe and the US to
understand that.
How did we come to that point? The history of Rome and that of Western Europe, as well as
innumerable examples at other times and places seem to indicate that such ‘crises’ occur in
any society at one time or another. There should thus be a systemic explanation for such
crises, beyond the proximate ones that are proffered by historians.
I would argue that such an explanation is to be found in the fact that human cognition, at best,
grasps only a very small number of the many dimensions of the real world (Read & van der
Leeuw 2009, van der Leeuw 2010). Hence, any human intervention is based on a very limited
understanding of the processes in which one intervenes, while that intervention itself actually
affects all the dimensions of the processes concerned. Moreover, while the intervention
responds to relatively frequently observed phenomena, it affects also the very long-term
temporalities of the system. Over time, one thus sees a shift in the risk pattern, in which
known short-term risks (frequent ones) are removed only to engender unknown longer-term
risks. In the domain of sustainability studies one calls these the ‘unanticipated’ or ‘unintended’
consequences of human action. Because of the enormous difference in dimensionality
between the very limited number of cognized dimensions and the very large (infinite?)
number of un-cognized ones, even if we assume that our knowledge and understanding grow
geometrically (an unrealistic assumption I think), the domain of unintended consequences at
the same time grows at least exponentially. Hence, in the evolution of any system of socialenvironmental dynamics, there comes a point where the society is overwhelmed by
unintended and un-understood consequences of its own actions – a phase in which
knowledge is overwhelmed by the unknown, and which is experienced by the society
concerned as a crisis.
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VI. 6. The Resilience Perspective
Whereas there is very little literature aiming to explain the kinds of very long-term trends we
have observed holistically and in systemic terms, there is considerable literature doing that
for different case studies in the recent period (Anderies et al, 2006). In my opinion the most
promising direction that discussion has taken is that of the ‘resilience studies’ community. In
their book ‘Panarchy’ (2002) Gunderson and Holling, two of the founders of this community,
view any social-environmental system as a nested set of dynamic institutions that resemble
the ‘flow structures’ concept we have used here. They see the dynamics that each of these
institutions undergoes as constrained by ‘potential’ and ‘connectedness’. In this discussion,
‘potential’ is the extent to which a system can expand further while maintaining its structure,
by increasing the scope of its organization and its energy flow. ‘Connectedness’ represents, in
the framework proposed here, the degree of alignment of the people, external processes and
resources that constitute the information flow15.
Much of the focus of this community has been on studying the transitions that dynamic
systems go through in their relationship with their environment. While not in the least
arguing that history repeats itself, at the most abstract level they do conceive of four major
stages that the interaction between energy and information can drive any such ‘flow
structure’ through. By way of metaphor, they represent these phases as a horizontal figure 8
combining the 4 phases through which systems cycle according to them. Because this
metaphor is in my mind indeed a handy ‘tool for thought’, I’d like to discuss it briefly here
even though I am fully aware such metaphors are oversimplifications.

15

To explain briefly the occurrence of the environment and resources in this context, think of the latter – materials in
the environment are not really resources until they have been identified as such and the society has been structured so as
to use them as such. It follows that any society aligns part of its environment with its social structure and its needs for
energy/matter.
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The first of these phases, exploitation, is the one in which the society and its environment
grow based on a particular form of organization that permits an increase in energy flow in
exchange for an increasingly coherent institutional organization that increases its impact on
the environment over time. As resources are overabundant, every individual has a chance to
make something of his or her situation, and according to Thompson et al. (1990), the culture
is one of individualism. The phase of growth of the Roman Empire (until c. AD 200) and that of
Europe between AD 1400 – and AD 1800 are – to an extent – examples of this dynamic. A
crucial aspect of this phase is that the system suppresses structural innovation and
institutional change because the dominant structure is (and later appears to be) so effective
that there seems no reason to innovate. Because any institution is based on the exploitation of
a limited set of resources, ultimately the growth curve involved levels off and the system’s
effectiveness and growth decrease.
The next phase is that of conservation, in which the limits of expansion are appearing on the
horizon and the society ‘defends itself’ by becoming more reglemented and hierarchical as a
consequence of the need to deal with increasing levels of conflict over resources (Thompson
et al. 1990). ‘Bottom-up’ power to achieve things is slowly but surely replaced by ‘top down’
power over people (cf. Foucault 1973). We see this in Rome after c. AD 200, and beginning in
the political history of modern Europe after AD 160016 and coming to a head around AD 1800.
As the limits of the particular mode of organization become clearer, elements in the system
may contemplate change. But generally, fundamental change is not implemented because the
system as a whole is still aligned on the pre-existing dynamics.
In the next phase, ‘release’, innovation is suddenly freed up once the system reaches a tipping
point in which the potential for further growth of the existing structure collapses. The
16

With this difference, that in the modern European case a new mode of resource exploitation (the use of fossil energy) delayed the
most immediate institutional consequences of resource stress until after the turn of the 21st century.
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immediate result of that is a complete lack of institutional structure, a true ‘chaos’ in which
the system can transform in many different ways, but none of these profiles itself clearly
enough to give a sense of direction. It is this phase that we have characterized above as a
‘crisis’: the collapse of the existing structure results in the disaffection of people with that
structure, and their inability to understand. This in turn leads, in Thompson et al.’s “Cultural
theory of risk” perspective (1990), to a ‘fatalist’ attitude. In effect this is collapse that we see
in Europe at the end of the Roman Empire, between AD 600 and AD 1000, and which we may
encounter in our own future if we are not careful.
The fourth phase distinguished by the resilience community is that of reorganization – a phase
of experiments with different forms of organization on a very local scale (Thompson et al.,
1990). Once some of these succeed, one sees the slow but unstoppable growth of new forms of
institutional organization ‘bottom up’, aligning more and more people. As the contours of the
organization that will ultimately dominate profile themselves, the institution itself will
increase its potential, strengthen and stabilize. Particularly in the initial part of this trajectory,
people will seek support locally, forming small egalitarian groups. With time, these will align
others, so that the structure can grow and form the basis for a new phase of exploitation –
rooted in a different worldview, and extracting a different set of resources from the
environment.
The Epirus Crisis
Next, I will try to show how one might generalise from a description of a crisis to a systemic
interpretation of the dynamics leading up to an (environmental) crisis. For that purpose, I will
present in some detail the recent history of Epirus (Greece), and attempt to describe that
history in terms of the resilience perspective presented above 17. For reasons of limitations of
space, however, reader will have to accept that this evolution is presented in the form of a
simplified historical account18.
Until WW II, the inhabitants of any Epirote village formed an isolated and closed, small group,
in a very isolated rural area where people lived off the land and the herds it sustained. The
technical, social and economic differences between the inhabitants were relatively small, and
the information pool was very homogeneous (everyone knew everything about everyone
else); most decisions were made on a consensus basis. That socio–environmental system had
been functioning for a long time, so that the people knew the area intimately, and their way of
dealing with the environment was closely matched with local circumstance. In effect, over the
centuries, a long-term sustainable strategy had evolved.

17

The in-depth study on which this section is based was carried out under the direction of S.F. Green (University of
Manchester, UK) by herself, V. Papapetrou and V. Nitsiakos (University of Ioannina, Greece) with the help of G.P.C.
King (Institut du Physique du Globe, Paris, France)
18
For a more encompassing description of these events, see van der Leeuw 1998, 2003. This part of the present paper
presents a general perspective that is complementary to the one offered in van der Leeuw (2000). The latter paper
describes the Epirus events in terms of self-organising information flows.
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After the world war, the area was the focus of a civil war that in many ways was more
destructive of society than WWII itself. It triggered widespread emigration among a
population that had always been very mobile, often spending many years away from home
only to come back to retire among relatives and friends. At about the same time, the
imposition of a boundary between Greece and Albania by the superpowers led to the
construction of paved roads in the area. These two processes triggered a series of complex
transformations in the society, its relationship to the landscape, the spatial structuring of the
latter and the means of existence of the population. The paving of the roads triggered
increasing contact between many of the isolated villages. As people started moving along the
roads, information from the outside began to influence village life: stories and observations on
how things could also be done. Because not everyone shared the urge to visit, the information
pool began to differentiate. At the same time, the roads brought increased contact between
the countryside and the provincial capital, Ioannina. That linked the villages to a whole range
of different administrative hierarchies, and facilitated the meddling of regional and supraregional institutions into village affairs. The appointment of village headmen, for example,
gave the authorities in Ioannina some influence over village activities, and simultaneously
gave the headman a status of his own and a communication channel to the outside. Ultimately,
that process transformed the spatial macro-structure from one based on tribal territories to
one based on the road and promoted, along the roads, the ‘seeding’ of nodes linked to the
urban system, further and further into the countryside.
The emigration contributed to the reduction and aging of the rural population, and to
fundamental changes in lifestyle and in perspective on society and its future. Notably, it
accelerated the social and economic differentiation of the population, so that not everybody
knew everything any longer about everybody else, leading to occasional conflicts of interest
between people and/or groups.
Changes in perspective on the landscape also occurred. Seasonally trans–humant people who
used to consider their hilltop village as their ‘real’ home and the valley as a temporary
(winter) abode, now generally considered themselves as living in the valley and their hilltop
houses as temporary (summer) places of residence. As a result, residence in the valley became
longer, and grazing more localized. The prohibition to regularly burn the hillsides to provide
grass for the animals would in itself not have had any particular spatial effects if the herds
would have continued to graze the same grounds every year, as they would have kept all nongrass vegetation short or out. But under the changed circumstances, thorny bushes in the
uplands saw their chance, and an important part of the uplands became inaccessible almost
overnight, even to goats. This forced the herdsmen to bring the animals ever closer together
in other areas, which were thus overgrazed – leading to erosion on the very vulnerable
(because tectonically highly active) slopes. Thus, outside authority and local changes in
perception colluded to allow ‘garrigue’ growth and increased gulley erosion (because
brushwood barriers were no longer maintained). Ultimately, the abandoned uplands were
colonized by various species of trees19.
19

One of the interesting consequences is that the upland villages in Epirus nowadays frequently have a shortage of
drinking water, as the increase in vegetation cover reduced the amount of water that ends up in the karstic aquifers.
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The increased dependency of the population on valley cultivation has also wrought changes in
the economy. Cash became more and more important as ‘urban’ ways, norms and ideals
penetrate the countryside and stimulate people to acquire other material goods. The (trans–
humant) herding economy of the hills and mountains was thus transformed into a (sedentary)
agricultural economy based on fodder production and –consumption in the valleys. This in
turn created increased dependency on the commercial aspects of the regional (national,
supranational) economic system, and the vulnerability that such dependency entails. The local
traditions were rapidly transformed. Young people deserted the rural lifestyle. The increasing
symbiosis between the region and the outside world multiplied the risks for the farmers. It
became easier to protect oneself against natural calamities, but more difficult to escape the
consequences of imported economic crises, or of the European Union’s system of agricultural
subsidies. The emigration had important consequences for the local economy and lifestyle, as
the lack of competent laborers led the Epirotes to reduce their dependence on goats and
sheep, and increase the number of pigs, which did not require close supervision. To increase
their income, certain villages tried to promote tourism by building the necessary
infrastructure with European money. With or without European subsidies, the region pursued
the development it was now locked into. A tertiary sector developed itself in Ioannina and
along the paved roads. And the region became increasingly dependent on money coming from
the outside, notably the contributions of the émigrés who amassed a degree of wealth
elsewhere. And that, in turn, changed the equilibrium between the different powers in the
villages, and in the region as a whole. Altogether, the Epirotes lost most of their autonomy.
VI. 7. Generalizing the Epirus crisis in terms of Resilience Theory
In the case of Epirus, our post-war observations begin at the end of an “exploitation” phase
that lasted several centuries, first under the Ottomans and after 1917 as part of Greece. That
phase allowed a local agro–pastoral economy to develop, centered on the individual villages
and, at a higher level, on the tribes that occupied the territory of present–day Epirus. That
economy had two characteristics that connected it to other regions: long-distance
transhumance and temporary emigration of the male population. Both originated during the
Ottoman occupation. During the last centuries of that occupation, the socio-environmental
system of the Epirotes had exchanged much of its initial resilience for a high level of
interconnectedness between all aspects of daily life. It had thus become more efficient and
profitable, but it had lost much of its diversity and flexibility. In one word, it had become
“hyper–coherent”. Thus, the Epirus socio–environmental system had for some time survived
by virtue of its robustness. It had become an example of “an accident waiting to happen”.
The double shock of WW II and the civil war affected the dynamic structure of the socio–
environmental system at all levels simultaneously. Too many processes were interrupted at
the same time. The societal dynamics were no longer able to adequately respond to the
environmental ones, and the socio-environmental system found itself in a “window of
vulnerability”. In other words, the perturbation was so important that the society could not
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absorb it and keep its fundamental, historical structure intact. It was not resilient enough to
absorb a perturbation of this size.
Emigration at the end of the civil war temporarily increased the total quantity of resources
(the “capital”) at the disposal of the each of the Epirotes. But it also reduced the control of the
traditional structure over these resources still further. These two tendencies, together, forced
the society to innovate, while at the same time reducing the social and economic cost of such
innovations. The ensuing reconstruction occurred under the external pressure of the very
rapid urbanization of the last fifty years, and was facilitated by the creation of the transport
infrastructure that broke the tribal geography of the region. By introducing new lines of
communication, the new road network changed the traditional flows of information that
maintained the coherence of Epirote society. We observe this, for example, in the information
exchange patterns in each and every one of the villages. Traditionally, the villagers did not
give much credibility to news brought to them by strangers, believing only what they heard
from the inhabitants of their own village. But from the 1960’s, and beginning in the villages
closest to Ioannina or along the roads, the rural Epirotes forged privileged links with certain
“townsfolk”. They learned to believe what such contacts told them and, relatively quickly,
preferred such information over the “gossip” they were told by their fellow-villagers.
As a result, new networks became the foundation on which the society reconstructed itself.
But these new networks were not woven sufficiently quickly to avoid that, during a whole
generation, the Epirotes experienced this transformation as a “crisis”. The demographic
downturn may in part explain this, because it reduced the potential connectivity in the region.
But the feeling of “crisis” experienced by the population was also due to the need to negotiate
new connections around new concepts and ways of life, even a radically different world–view.
This phase of “creative destruction” lasted around forty years. In that period a wide range of
solutions were pursued in order to try and end the crisis. The natural environment was
profoundly transformed, calling into question the perspective of the villagers on their own
place in the landscape and in society. The herdsmen of the heights transformed themselves
into farmers in the valleys. Their means of subsistence, as well as the nature of their crops and
their herds, changed; “garrigue” and forest replaced the deserted meadows, leading to
shortages of drinking water for some villages. But new connections developed everywhere,
albeit initially very slowly, and in the end the socio-environmental system reconstructed itself
on a different basis, consisting of subsidies, eco–tourism, the export of milk products and craft
objects, and a certain degree of industrialization (mainly in Ioannina). In the 1980’s and
1990’s the socio-environmental system thus entered into a phase of “reorganization”.
VI. 8. Crisis dynamics
Let us now turn to the present. From the long-term perspective that is mine, I would argue
that we are in the last stages of the run-up to the ‘tipping point’ that the transition from
‘conservation’ to ‘release’ represents. Of course this is a very contentious statement that
would require at least a monograph to justify it for the skeptics among us. In a nutshell,
however, from the environmental perspective, I stand by the argument made in Rockstrôm et
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al. (2009) that we are nearing a point where we exceed more than one of the boundaries
within which we can with some degree of confidence predict that the Earth System will not tip
into chaotic behavior. As far as the exploitation of ecosystem services and resources are
concerned, the looming shortages of water and oil, or at least the huge increase in the cost of
providing them, are signs on the horizon, but so is the state of our fisheries, the loss of
biodiversity, etc. A very different kind of signal is the use nuclear energy. There again, our
society has exchanged known short-term risks for unknown (and unpredictable) long-term
ones. From a security point of view, the global decentralization of conflict that occurred after
the cold war seems in itself a sign of the breakdown of structure, as is the increase in
terrorism and insecurity within our western societies. In the financial sector, the huge debt
load that our societies have to live with is testimony to our tendency to ‘eat the future’ (cf. the
title of Flannery 1994) – to accumulate short-term interventions that put a burden on the
future to solve. These interventions are none other than the shifts in risk spectrum that we
have discussed earlier, removing immediate short-term risks while creating long-term future
risks. In the political domain, short-term political considerations seem to have overwhelmed
concern with the longer-term future of our nations, at least in Japan, the US and Europe. And
in the economic domain, business leaders speak of the ‘tyranny of Wall Street’, which, again,
favors short-term profit over longer-term investment.
Without in any way intending to assert that we approach a ‘tipping point’ with certainty, I do
believe that these are enough signs to warrant spending some time of a simple archaeologist
looking at what is happening from the long-term perspective that is mine, to better
understand what may have caused our present conundrum and to suggest ways in which we
might meet at least some of the challenges involved or mitigate their consequences.
First, let us therefore look at some proximate causes (rather than the ultimate one – that our
information-processing tools are overpowered by ‘unintended consequences’) that highlight
‘changes of change’ that have happened in the last couple of centuries without being very
much remarked.
Path-dependency.
Our ideas (theories, etc.) are under-determined by our observations. This is most easily
understood by referring to the example Atlan gives (1992): Take five traffic lights, each with
three states (red, orange, green). The ‘system’ of these traffic lights can assume 3 5 (= 243)
states. But the number of possible configurations of the connections between these states that
could explain them is much higher, 3 25, which amounts to about a thousand billion. That is
also the number of random observations we would need to have in order to decide between
these configurations, but evidently we never have anywhere near that number of
observations.20 Hence, we must assume that our theories and ideas are indeed underdetermined by our observations, and (an important corollary) over-determined by preexisting ideas, patterns of thinking that we apply to each new data-set and that shape our
20

The number of sequential observations would be considerably smaller, as one could extrapolate from them towards
„trends‟, but it would still have to be much larger than is in effect practicable with traditional scientific means.
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interpretation of it. That over-determination is the principal factor that causes intellectual
traditions to be difficult to change, especially after they have existed sufficiently long to have
been applied in many different domains, so that changing them would demand a very large
restructuring effort, and therefore a long period of uncertainty.
The fragmentation of our world-view21
The fragmentation of our world-view, which we see as one of the main handicaps in our
attempts to understand the full complexity of the processes going on around us, has been
institutionalized in the way academia is structured in disciplines that have co-evolved with
separate communities that use their own concepts and language to express themselves on the
phenomena they study. But that scientific/academic fragmentation is part of a more general
process, driven by the need for communication to become more precise in order to avoid
misunderstandings and errors. If we take as point of departure the feedback loop between
population aggregation and information-processing capacity we have presented at the
beginning of this paper, it will be evident that as the number of people involved and the
complexity of the information processed grow, the chances for errors in communication
increase substantively because more needs to be communicated among more people (and
therefore in shorter time). This process has driven the development of more and more precise
ways of expressing oneself in an ever-shorter lapse of time. On the one hand, that led to a
proliferation of ever ‘narrower’, concepts (categories, terms) at any particular level of
abstraction – making finer and finer and more context-linked distinctions, reducing the
number of dimensions in which these concepts could be interpreted and increasing the
number of unknown dimensions that they related to. Simultaneously, an increase in the
number of levels of abstraction itself compensated for this fragmentation, so that one could
still find ways to ‘lump’ over these increasingly narrow concepts along crosscutting
dimensions. And in parallel, the syntax evolved in order to accommodate the transmission of
more complex meanings.
The scientific method
In western society, science has played a particularly important role in this process. Ever since
the fourteenth century, science has emphasized the need to solidify as much as possible the
relationship between observations and interpretations. Thus, these interpretations linked the
phenomena investigated to what was already in existence at the time these phenomena were
observed, rather than to what was still to come (and could not be observed). We will call this
here the ‘ex-post’ approach, with reference to the fact that phenomena are studied from the
perspective of what came after. This kind of (Natural) History seems to have been the
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The term „Fragmentation of our world view‟ was first introduced to me by the Dutch historian Jan Romein in an
essay that was to my knowledge never translated: Romein, J., “Het vergruisde beeld: Over het Onderzoek naar de
Oorzaken van onze Opstand” in: J. Romein, In Opdracht van de Tijd. Tien voordrachten over historische thema’s, pp.
74-95, Amsterdam, 1946
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predominant explanatory paradigm, at least until the 18th century (cf. Girard 1990), and is still
very important in many disciplines.
Whereas we see and conceive the past by reducing the number of dimensions we observe in
the present into a more or less coherent narrative in terms of causalities and certainties, we
conceive of the future by amplification of the number of dimensions experienced in the
present, describing it in terms of alternatives, possibilities and probabilities. The longstanding emphasis in science on linking present to past has therefore resulted in a kind of
science that is essentially reductionist, achieving a sense of ‘reality’ or ‘truth’ by
simplification. It necessarily emphasizes the explanation of extant phenomena in terms of
chains of cause-and-effect. In particular, it has emphasized thinking about “origins” rather
than “emergence”, about “feedback” rather than “feed-forward”, about “learning from the
past” rather than “anticipating the future”.
Proliferation of material culture
In our material world, as well as in the organization of our society, this fragmentation has a
corollary: the explosion of material artifacts, services, organizations and institutions. Behind
this explosion is, of course the invention/innovation dynamic that we have referred to before,
which is responsible for the exaptation of more and more specialized artifacts and functions
out of the ones existing at any point in time. It is an inherent function of the innovationprocessing–population feedback loop we have mentioned earlier, and has led to the millions
of products and services now available worldwide. But it is one that has undergone a
particular acceleration since the constraint of energy was temporarily removed by the use of
fossil fuels, leading to the kind of supply-driven innovation that we see nowadays (rather than
the demand-driven innovation of earlier days). The need is no longer for innovation to meet
existing challenges, but simply to create ‘value’ to maintain the growth of the world economy.
Once inventions have been recognized, they are mass-produced and marketed, rather than
relying, as they did in earlier centuries, on word of mouth and need to find a market. This in
itself has created a new feedback loop, in which the economy is now dependent on innovation,
rather than innovation on the economy (cf. Arthur 2009).
Dis-embedding
If we concede for the moment the hypothesis that in nature, most processes and phenomena
are part of very highly multidimensional networks, what strikes one is that the modern
human system has dis-embedded large parts of society and its immediate environment from
that wider ecology. The narrowing of categories and the multiplication of exapted artifacts
and functions has created a world that seems controllable to us because we effectively ignore
the dimensions of it that we do not control. It is an artificial, constructed world, rather than a
real one. Science has contributed to this process in a major way.
This development shows very clearly when one compares the way science deals with
everyday challenges, with the way people in everyday life (and politics) do. Scientists
investigate challenges and unknown phenomena by raising questions, trying to find ‘rational’
answers by simplifying the objects of study until they can be handled ‘objectively’, building
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cause-and-effect arguments to explain them, and calculating the uncertainties involved
without dealing with them. In many ways, people in everyday life do the reverse: they do not
pretend to ‘objectivity’, mediating non-rational but emotionally satisfying operational
solutions to the challenges encountered. In doing so, they look forward, bring out hidden
dimensions rather than hiding perceived ones, and accept that they have to deal with
uncertainty.
As science has become more and more dominant in society during the 20 th century, the
rational, constructivist approach has permeated larger and larger parts of our lives, and
removed us more and more from the ‘natural’ multi-dimensional approach.
New feedback loops
The essence of the growing complexity of our societies is the emergence, throughout history,
of new feedback loops in the dynamics of the system. These are of course infinite in number
and range in scale from the here-and-now to the very long-term affecting huge domains.
Probably the most salient one during our lifetime is that between medicine and population
growth, affecting birth and infant mortality rates as well as life expectancy, etc. Because of the
increase in population numbers, this also had a major impact on communication and
information processing resource use and so many other aspects of our lives, including climate
change. Other feedback loops that have emerged have transformed the traditional link
between economy and finance, in which finance serves the economy, into the reverse: the
economy serves the financial industry. From a consumer perspective, the traditional approach
in which the client is king, has been transformed in such a way that the client now serves the
company instead of vice versa. Another important reversal is that between innovation and
economic growth – from a situation in which innovation stimulated growth, to one in which
the need for economic growth forces more and more rapid innovation.
Many more such new feedback loops and reversals of feedback loops have of course occurred
in the last century or so, and many more are currently occurring as a result of the aging of
western populations. I am mentioning them here merely to signal that our current system is
no longer adequately represented by the knowledge we have of it – which in itself adds to the
mass of unanticipated consequences of our actions. This is insufficiency is particularly
important in the domain of the social sciences, which still have difficulty to think in dynamic
complex systems terms.
Education has not kept pace
The western world system’s main means of rational communication is the language of the
sciences, or in US parlance, STEM (science, technology, engineering and mathematics). It has
enabled the information processing on which our current flow structure depends, both by
opening wide new domains to innovation and by facilitating communication among the
world’s elites. But we notice over the last couple of decennia an increasing disenchantment of
society with science. I interpret this as a result of the creation of unrealistic expectations for
science as a result of its success as well as the aspirations of scientists, and due to the increase
in unintended consequences of scientific actions. But for parts of society, especially in the US,
this is amplified by insufficient education in science at an early age, so that other ways to
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explain the world around them have taken root among these individuals, and scientific
explanation takes a backseat. Other contributing factors are a deficiency in science
communication and the inability of most scientists and scholars to express their ideas in
readily understandable ways. Last but not least, both the scientific community and civil
society have become defensive vis-à-vis each other: scientists are perceived as ‘arrogant’ and
‘self-centered’ by society, whereas scientists consider many in society as ‘scientifically
illiterate’. As a result of these tendencies, the core means of communication and alignment of
western societies is losing its efficacy, as does our information-processing system.
Globalization
This tendency is accelerated by globalization – the alignment of elites in fundamentally
different cultures into our (STEM-based) information-processing approach. The speed with
which that has happened has tilted the signal-noise ratio in our communications channels
towards noise (non-STEM communication), and it has also increased the error-rate in STEM
communication itself because of the greater diversity of cultural backgrounds involved.
Finally, it has drastically reduced the bandwidth of communication among many participants
in globalization – limiting them to basic communication on material aspects of life, without an
in-depth understanding of the fundamentals of the different cultures.
VI. 9. Challenges and potential solutions
Overcoming the limitations of human STWM
Although I am not an expert in the field at all, it seems to me that the ICT revolution has
indeed created the conditions for us to overcome the fundamental limitations to our brain’s
calculating capacities that are imposed by our short-term working memory. Present-day
computers do have the capacity to deal with an almost unlimited number of dimensions and
information sources in real time, and thus to overcome what appeared at first sight to be the
most fundamental of the barriers mentioned above.
But that capacity has not fully been exploited because of our long-standing and ubiquitous
scientific and intellectual tradition, which has emphasized the use of such equipment as part
of the process of dimension-reduction that provides acceptable explanations, rather than as a
tool to increase the number of dimensions taken into account in our understanding of
complex phenomena. Under the impact of complex systems science this is clearly changing (as
seen, for example, in the increased use of high-dimensional Agent Based Models), but much
more needs to be done, mainly in developing conceptual and mathematical tools as well as
appropriate software.
Overcoming the under-determination of our theories by observations
Similarly, and with the same caveat that I am not a professional in this field, I am under the
impression that the very recent revolution in IT capacity to continuously monitor processes
on-line, and to treat and store the exponentially increased data streams that are generated by
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such monitoring, points to the fact that we may indeed be on the brink of (at least partly)
overcoming the under-determination of our theories by our observations. The reduction in
the size and cost of the monitoring equipment is quickly bringing such massive data collection
within reach. Simultaneously, the development of novel data-mining techniques is helping us
to make sense of the data thus collected, or at least in selecting the appropriate data to be
scrutinized in order to better inform our theories.
Generalizing ICT
In order to be optimally effective, and thus to massively increase not only the data at our
disposal, but also our information-processing capacity itself, we need to integrate ICT better
with information-processing in society at large. Currently, societal and electronic informationprocessing are still far too often considered as two different domains, whereas societies have
always been information-processing networks, and the only thing that has changed is that we
now have electronic means to enhance that function. Not only will such integration require
substantive adaptations in our way of thinking as well as in the interfaces between ICT and
people, but it will also fundamentally change the structure of many social and political
dynamics, such as is becoming evident among the FaceBook generation.
Transforming our scientific and intellectual tradition
One way to think about solving some of our current problems is to improve the way we think
about the future and in doing so make an effort to enhance the number of dimensions we take
into account scientifically rather than reduce them. Although I am not among those who fall
easily for panaceas, I do believe that the complex (adaptive) systems approach is a useful first
step on the way to fundamentally transform our scientific and intellectual tradition from
studying stasis, choosing simple over complex explanations, and focusing on origins, to
studying dynamics, with an emphasis on emergence and inversion of Occam’s razor
(increasing the number of dimensions taken into account). As a result, I would hope that we
would in future accord in our scientific work as much importance to an ‘ex ante’ perspective
as we currently do to the ‘ex-post’ approach. Clearly, we have a long way to go in this domain,
but the rapid and substantive advances in certain fields, including physics, biology and
economics, coupled with the rapid recent spread of this approach in Universities in many
parts of the world and the growing awareness of the need for more holistic approaches in
such domains as sustainability and health, cause me to be moderately optimistic about our
chances of transforming our scientific and intellectual tradition.
Improving our understanding of innovation and unintended consequences
It is commonplace in the current literature to argue that innovation will ultimately allow us to
develop a sustainable society, but much less so to remind the readers that unbridled
innovation in every domain is actually what got us into the current unsustainable situation.
Innovation has generally been considered ‘out of the bounds’ of scientific study, as innovation
can of course not be studied from a reductionist perspective. Hence, while our society’s
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coherence pushes us towards more and more rapid innovation, we still cannot in any way
plan that process or even understand it completely. To use innovation more efficiently,
gaining such understanding (and eventually control) would be an important step forward. As
part of that, we would need to better align innovation with the needs of society – which can be
achieved by crowd-sourcing of needs and potential solutions, creating a feedback loop that
one could call “emergence by design”.
We have seen that all innovation has unintended consequences. To effectively and efficiently
use innovation to change our trajectory, it is thus of essential importance to begin thinking
systematically about the unintended consequences of our innovations and actions, and to
evaluate choices we make against options that are open to us, but which we do not choose.
Developing systematic use of dynamic models and scenario-building exercises seems an
important opportunity. Other tools to be developed are systematic post-innovation
monitoring of the unintended (as well as intended) consequences of the implementation of
such innovations.
Transforming education
All these domains above do, of course, need major investment and development, and this will
not come easy or be rapid. But by far the greatest challenge from the perspective of human
and financial capital and effort appears to me to be in the domain of education, from the
earliest childhood throughout university and into adult life. Yet that is essential if we want to
maintain the basis of our information-processing as a society: STEM. Our current education
system is, overall, no longer adapted to the challenges of the 21 st century. We have to move
away from knowledge acquisition aimed at question-driven research towards challengefocused education that aims to help deal with substantive challenges, from ‘linear explanation’
in terms of cause-and-effect to ‘multi-dimensional projection’ in terms of alternatives, from
one-to-many teaching (in which an instructor tells students what to do, what is right and what
is wrong), to many-to-many teaching in which instructors and students all interact, learn and
teach. At the same time, we must develop education systems that stimulate the acquisition of
creativity, risk-taking and diversity rather than conformity and risk-adverseness. In doing so
we must harness the tools referred to above, but more than anything we must ‘bend’ minds
around to thinking in new, uncharted, ways 22. The underlying challenge is how to
communicate other than linearly and in writing or speech with an increasingly large number
of partners at very variable distances, in order to overcome the reliance on narrower and
narrower concepts, and the consequent fragmentation of our perspective on the world.
Contrary to some, I do not think language is subject to deliberate change – it adapts itself to
human needs and ideas in a ‘bottom-up’ process. But even if it were possible to transform the
ways in which we speak and write, we would still have an essentially linear communication
tool. We need to develop completely new tools.
22

I am currently involved in one effort to move in this direction, at the university level, in an institution (Arizona State
University) that has experimentally embraced a different academic philosophy and is trying to implement that
organizationally.
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A note of cautious optimism
For those among the readers of this paper to whom these changes seem so complex, and
requiring such huge investment that they seem unachievable, I would like to repeat that my
archaeological perspective teaches me that humanity, in the nick of time, has thus far always
found creative solutions to its central challenges. But I should add a cautionary note: in many
instances there has been very considerable ‘collateral damage’ – and one could argue that the
longer we wait, the greater that damage will be.
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VII. Integrating global systems science for sustainability
(WP8)23
Work Package leader: Carlo Jaeger
Global Climate Forum
J. David Tàbara,
GCF-UAB
The present document consists of two parts. Part 1 documents the kick-off questions for the
first project year. This is the deliverable of WP 8 for the first year in terms of the project
proposal. Part II sketches a synthetic assessment of the state of the art in global systems
science, based on the deliverables of the other WPs. It is a sketch because it is written before
the first annual GSDP conference, and according to the GSDP workplan, this conference shall
provide the platform for integrating the contribution of the more discipline oriented work
packages 2-7.
VII.1. Procedural aspects and kick-off questions for the first project year
The first task of WP8 was to stimulate the activities of WPs 2-7 by asking them initial
questions. This happened in the kick-off workshop at the beginning of the project and was
then pursued further in the monthly teleconferences of the steering committee (involving all
WP leaders) and in bilateral conversations. The GSDP kick-off meeting took place in Berlin,
October 27, 2010. It is documented in the following MINUTES:
INTRODUCTION:




The meeting started with stating the goals of the day, mainly to come out with a list of
preliminary kick-off questions for the project and of activities for each WP.
It was decided that at least each WP will have to run one workshop.
It was also underlined what is the decision mechanism within the GSDP, or steering
committee, which is composed by the 7 work package leaders of the project.

TWO MAIN PRODUCTS are expected at the end of the project:



A 50-100 page document specifying a Research Programme on Global Systems (GS).
This is something we will be doing from the very beginning and will be done in an
interactive mode.
A consolidated international community of researchers and practitioners interested
in GS who identifies with this Research Programme. This community should be formed
by a diverse gathering of people, young and senior, and from different backgrounds
and interests.

This deliverable corresponds to WP8 deliverable: Specification of key questions on the state of the art concerning the
topics of WP2-7
23
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At this stage we don’t want to define what a global systems is. But we can think of some
examples of research programmes that can inspire us on what we aim here (Euclidean
geometry, Darwinian evolutionary science, social research on small groups or on conflict,
etc). It is therefore important to bear in mind the idea of ‘Pasteur research’, a research
which focuses on practical problems.
From these preliminary remarks, a discussion followed that led to the first list of ‘GSDP kickoff questions’ listed below and a discussion of the different workshops and activities that
would be carried out by the different WPs. At that time it was also agreed that all work
packages and activities should be documented in a systematic way. At that meeting the GSDP
website was launched (www.gsdp.eu) and since then the workshops have been documented a
large number of PPT presentations by workshop participants are now available online.
The key note speech by Carlo Jaeger at he Resilience Conference held at the Arizona State
University provided an opportunity to disseminate the state of the art under the GDSP
Coordination Action:

The presentation can be downloaded at
http://csid.asu.edu/resilience-2011/invited-speakers/pdf/Jaeger.pdf
The corresponding book chapter is also provided in the additional information
accompanying these deliverables:
Jaeger, C. C. 2011. ‘Scarcity and coordination in the global commons’. In: Jaeger,
C. C., Hasselmann, K., Leipold, G., Mangalagiu, D. , and Tàbara, J. D. 2011.
Reframing the Problem of Climate Change: From Zero Sum Game to Win-Win
Solutions. Oxon, UK, New York, USA & Canada: Earthscan.


The GSDP website was presented by Elke Henning and commented. We encourage ALL
GSDP members to register and make use of it. It will be operational in mid November.
It is important to remember though that the main contact for the web is Ms Cris
Magera: chris.magiera@european-climate-forum.net
85

FIRST GSDP KICK-OFF PROJECT QUESTIONS:
I. During the first kick-off meeting the following questions were raised:
1. What type of policy makers we want to interact with?
2. What specific individuals we want to interact with?
3. What kind of interactions we want to carry out with them and how can we make it to
make these interactions work?
4. What policy makers (PM) know about global systems (how they organise their minds).
5. What are the underused technologies, theories and results? That is, both of scientific
and technological kind.
6. Can there be a theory of global systems?. Is there a risk of overparametizing models in
a way that make it impossible to validate them (make the space too big).
7. Can all this complexity be communicated to policy makers and the public?
8. What are the different ways and most effective mechanisms for conveying these ideas?
And to deploy narratives, including different ways of representation of knowledge,
such as visual images, art, media, etc, taking into account diversity vs global culture?.
9. How scientists understand societies and their needs?.
10. What type of education strategies can be provided/formulated together on these issues
for and with policy makers?.
11. What models are best suited to address global systems? (e.g. polarised vs ABM).
12. On China: 1. How the fact that micro-grids and local power / energy supply systems
can be and actual driver for democracy /democratisation (e.g., through decentralisation of power)? 2. On financial issues, how this the issue of the currency
appreciation can affect economic global systems 3. On the future of the world: can it be
thought as a multi-polar one or as dual one between China-US?
13. How to address the issue of scale in Global Systems (GSs). What is the appropriate level
of regionalisation? How to match the appropriate level of scale with the appropriate
issues to be addressed as to be relevant for GS science research?.
14. Are we scientists more naïve than practitioners?
15. How can we scientists get educated by practitioners?
16. Which skills do we need to include and/or exclude in the models to move from the
micro to the global?
17. How many hubs and of what type do you need in order to have in a living system?
(sure more than one), and to have a stable evolving system/s?.
18. What are the specificities of the political actors who are relevant for GS research?
19. What type of governance and policies are required for GS?
20. How to describe models so as to foster to exchange and communication between
scientists /modellers?
21. What are the implications for ICT development of it all (of the above questions)?
22. What is a nation? And how constructions/configurations such as these relate to GS?
23. What is truth in neoclassical economics?
24. What empirical data do we need and what type of sources can we develop, e.g. to feed
our models on GS?
25. What are the framings we use to talk about GS?
26. How do we deal with the depletion of resources which are key in terms of ensuring the
sustainability of GS?
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27. And in particular, how do we deal with the depletion and/or competition for certain
commodities such as rare metals /rare earths depletion so we may anticipate the
potential for conflicts?
28. How can we understand markets and systems of markets as networks?
29. What are the visible and invisible hands of the market/s and how these two parts of
the system relate to the issues of fairness and competition? And how does this is seen
by multi-perspectives and angles?
30. What kinds of management can be formalised for GS?
31. What can we learn of relevance for understanding the situation of globalisation today
from the previous waves of globalisation? How this relates to the issues of fairness
within nations?
32. What are the values that are now bestowed in education programmes (e.g. MBAs) such
as that promoting the current addition to mobility? How to deal with the correlation
between the correlation between happiness and money, as specially when basic needs
are already covered?
33. How to provoke the sense of engagement of people in these broader issues that relate
to GS?
34. In 2013 there will be the 100th anniversary of the 1913 crisis. So what kind of events
we would like to organise as GSDP project?. And the same for the next year 2012
fiftieth anniversary of the OCDE.
II. Some further points taken from the kick-off meeting discussion:
1. How to balance models of economic and finance with the modelling of anything else?
2. How to relate different types of crisis (financial, food crisis), and how the financial
world relates with the non-financial world (e.g. commodities or retailers such as
Carrefour which make more money from their financial assets than their own
economic activities they are supposed to carry).
3. What types of innovations are possible in the financial markets. Such innovation can be
twofold, one on financial products or in financial regulation. E.g. see the Tobin tax and
how the perception of this transaction tax has changed over the years. E.g., Carlo on
complexity and emergence. This later concept is very intransparent. Martin Leuft (links
maths with philosophy, and to understand the idea of proof).
4. We need to develop a process in which we can share ‘deep knowledge doubts’, e.g.
about concepts and fundamental questions that relate philosophy and maths. We need
to be able to create a setting in which such spaces for profound thinking is possible.
5. This is precisely how and why the activities oriented to the construction of models
should be understood, as to support this common spaces for shared thinking and
questioning.
6. How inconvenient answers coming from science can be accepted by key actors,
including industry, and how this could affect funding of research in these matters. We
need ‘to release the ‘unease’’.
7. On ethics, diversity and culture: how to address ethical issues and scientific social
responsibility (SSR). Look at the ASOMAR principles. Look at how different cultures
understand and hold different basic and profound visions of harmony, e.g. in the
Chinese or Islam traditions, these may be also helpful to organise the financial world
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without interest rate. Think about how the different perspectives derived from cultural
diversity may be able to address different ways of organising global systems.
8. Reflect on how to structure the making of models and ICT tools relevant for GSs on
open source modes, and how these in turn may create new forms / patterns of
emergency in the making of these open source tools production and use..
9. Think about these different forms of governance structures can be affected by the
collection of data by the public, e.g. hierarchy versus horizontal governance.
10. Look also at the different forms of global knowledge systems should best be configured
as to better address the key challenges of GSs, such as GEC and sustainability (e.g. see
at the documents produced by the ESF RESCUE project on science- policy interface).
11. When the rules governing the behaviour of a system need to be broken for the system
to work? and how and how much? So as to ensure resilience.
III. Points taken from the telephone conversation with Sander van der Leeuw







We should not try to address and engage with the top-end politicians but better with
people working more lower down. That is, people who can actually understand what
we do with regard to GSDP and can communicate with. We should be able to translate
and identify what are the technical competences which required to translate these
broad questions of GS research in a way that make a relevant narratives for policy
making.
We need to address the issue of what are the complex dynamics that drive systems’
stability.
During the first year, we need to create a common understanding between ourselves
about what kind of conceptual model (that is, in a broad sense of the word model, not
only mathematical) that we are going to use to deal with GS. This needs to consider the
different perspectives that we all use to deal with GS. For that, we must not come up
with a too constraining definition of what we mean as a GS, but to identify and clarify a
set of representations which are useful to communicate what we mean for global
systems.
This should also help to identify what are the patterns and dynamics that drive societal
innovation under a long-term perspective, (so as to deal with unexpected and
unintended complex situations of unsustainability).

IV. Final discussion. research guiding questions that could be used to orient GSDP work.
-

What technologies, techniques and theories are underused? This requires first a
review of those which are already being used to deal with GSDP.
What type of main ideas we use to think about GS dynamics?
What type of general outcomes you expect /can you expect to obtain from GS
modelling?
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VII.2. Integration and reformulation
These kick-off questions were not meant to be addressed and answered one-by-one, but
rather to be used as stimulus for the creative activity of each WP. On the basis of these
material, WP8 has then reformulated these questions and structure them under seven general
headings in the following manner (to be further elaborated as a result of the first Annual
meeting):
INTEGRATIVE THEORIES, CONCEPTS AND METHODS
1. What is the nature of a Science of Global Systems? Can there be a theory of global
systems? What are the most robust concepts and ideas to think about global systems?
2. What are the underused theories, ICTs and results which are relevant for GSDP?
3. What empirical data is required for global systems science and methods? What type of
sources are available or can be developed for that purpose? (e.g. to feed models on
global systems)
MODELLING
4. What models are best suited to address global systems? (e.g. ODE vs ABM) How to best
describe models on global systems to foster exchange and communication between
scientists /modellers?
5. Which skills do we need to include and/or exclude in the models to move from the
micro to the global?
6. Is there a risk of over-parametizing models in a way that make it impossible to validate
them?
7. What types of general outcomes are expected from global systems modelling?
ICT DEVELOPMENT
8. What are the implications of Global Systems science, policy and communication for ICT
development?
9. How to structure the making of models and ICT tools relevant for global systems on
open source modes? How these new open modes may in turn create new forms /
patterns of emergency in the production and use of new open ICT tools?
FRAMING , NARRATIVE BUILDING AND COMMUNICATION
10. What are the dominant framings used to talk about global systems?
11. How can best global systems complexity be communicated to policy makers and the
wider public in a relevant manner? What are the different ways and most effective
mechanisms for conveying these ideas? And to deploy narratives, including different
ways of representation of knowledge, such as visual images, art, media, etc, taking into
account diversity vs global culture?.
12. How scientists understand societies and their current needs?
13. What type of education strategies can be provided/formulated together on these issues
for and with policy makers?
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GLOBAL SYSTEMS GOVERNANCE AND STRUCTURATION
14. What type of governance and policies are required for Global Systems? What kinds of
management can be formalised for global systems?
15. What are the specificities of the political actors who are relevant for global systems
research?
16. What can we learn of relevance for understanding the situation of globalisation today
from the previous historical waves of globalisation? How this relates to the issues of
fairness within nations?
17. How structures in resource systems like micro-grids and local power / energy supply
systems can be drivers for democratisation of existing governance systems (e.g.,
through de-centralisation of power)?
18. On the future of the world: can it be thought as a multi-polar one or as dual one
between China-US?
19. How to relate different types of crisis (financial, food), and how the financial
world/systems relate to the non-financial world/system?
20. What types of innovations are possible in the financial markets? (such innovation can
be twofold, one on financial products or in financial regulation; e.g. see the Tobin tax
and how the perception of this transaction tax has changed over the years)
21. What are the complex global dynamics that drive systems’ stability /instability?.
CROSS-SCALE INTERACTIONS AND EMERGENCE
22. How to address the issue of scale in global systems science and policy? What is the
appropriate level of regionalisation? How to match the appropriate level of scale with
the appropriate issues to be addressed as to be relevant for GS science research?
23. What emergence means in terms of global systems? How emergence is related to other
issues such as systems dissipation, coherence of structures, asymmetry in system
dynamics, system convergence and in/stability?
SUSTAINABILITY ISSUES:
24. How many hubs and of what type are needed in order to have in a living system? (e.g.,
more than one), and to have a stable evolving system/s?
25. How do we deal with the depletion of key natural resources essential to ensuring the
sustainability of the functioning of global systems? And in particular, how do we deal
with the depletion and/or increasing competition for certain commodities such as rare
metals /rare earths? Can we anticipate the potential for global conflicts?
26. What is the role of ethics (norm-making), diversity and culture in global systems
governance? How the different cultural traditions address differently the ways of
organising global systems and sustainability?
27. At what point do the rules governing the behaviour of a system need to be broken
/transformed for the system to work and ensure resilience? how and how much?
28. How can we identify the patterns and dynamics that drive societal innovation under a
long-term perspective? So as to deal with unexpected and unintended complex
situations of unsustainability.
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29. How should different forms of global knowledge systems best be configured and
integrated as to better address key global systems challenges and sustainability?
In the course of the first project year, WPs 2-7 have then looked into the challenges of global
systems dynamics and policies from their different specialized perspectives, and documented
their findings in reports to be submitted at the first GSDP annual meeting. The meeting shall
provide a platform for exchange among the WPs, based on their respective reports. On that
basis, WP8 will produce a first synthesis document on the state of the art. This in turn will
provide the basis for WP8 to formulate initial questions for the second year.
VII.3. Assessing the state of the art in global systems science
The financial crisis, the challenge of climate change and other global problems confront policy
makers as well as civil society with the complex reality of global systems. Computer models
are not sufficient, but certainly necessary in order to orient oneself in the face of such systems.
As the financial crisis has shown, however, existing models can become seriously misleading
in the face of global problems. The need to overcome these weaknesses leads to a research
task that is much harder and much more urgent than many people realize. Against this
backdrop, the GSDP project develops a research program for global systems science, and a
research community capable of doing research in this perspective.
In the first project year, GSDP has assessed the state of the art in a range of relevant fields,
identifying key problems from the point of view of practicioners as well as key insights and
challenges from the point of view of research. From a practicioners perspective, three things
stand out:
-

-

-

They often could use, and rarely get, specific information about things directly relevant
to their actions. E.g. the size of the American subprime market compared to the size of
global financial markets, together with a description of mechanisms by which a shock
of the former could be amplified to the scale of the latter.
They find it very useful to have brief, informal discussions that help them to get an
overview over what are main disagreements among serious experts in a field. E.g.
disagreements about the speed at which CO2 could be taken out of the atmosphere by
changes in agriculture and forestry.
They sometimes need, but not always like, respectful criticism of basic assumptions
from which they operate, assumptions that are reinforced by misleading models used
by their staff. E.g. that the behavior of complex socio-ecological systems can be
understood by considering the behavior of a single representative agent while
neglecting the patterns of interaction among different agents.

Looking at the state of the art from a research perspective, the following points can be made:
-

Global systems are networks of networks involving different scales – at least a global
and a regional one. The relevant regions often are nations, and each scale comes with
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-

-

-

-

-

typical spatial, temporal and other parameters.
The dynamics of global systems is characterised by indeterministic causality: what
future is possible or impossible depends on the given situation, but often the same
situation allows for different futures.
Both individual and social agents in global systems operate with partial knowledge:
each agent can only observe a strict subset of all conceivable observations, and
different agents observe different subsets.
Modellers, too, operate with partial knowledge: the best they can do is to provide a
suite of models each of which is useful in certain cases, misleading in others.
These models could greatly benefit from domain specific computer languages based on
constructive type theory – the technology to develop such languages is in the making,
but seriously underutilized.
Which model to use in a given situation requires judgement. Key sources for good
judgement in this regard are historical (i.e. narrative) knowledge, personal experience
and the common sense embedded in broad cultural traditions.
Today’s global challenges can be seen as different aspects of a comprehensive crisis: a
temporary incapacity of our global society to process the information needed to deal
with the dynamics in which it finds itself.

Overcoming this incapacity – definitely with the help of ICT – is the task of Global Systems
Science.
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