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Executive summary:  

 
 
Global Systems Science develops know-how about global systems. Examples include the internet and 
the worldwide system of cities.. Global systems combine algorithmic machines with concepts taken 
from game theory and a sensitivity to narratives. Global Systems Science aims at developing systems, 
theories, languages and tools for computer-aided policy making. Natural targets include problems 
ǿƛǘƘ ǇƻǘŜƴǘƛŀƭ Ǝƭƻōŀƭ ƛƳǇƭƛŎŀǘƛƻƴǎ ǊŜƭŀǘƛƴƎ ǘƻ ƘǳƳŀƴƛǘȅΩǎ ƳŀƧƻǊ ŎǳǊǊŜƴǘ ŎƘŀƭƭŜƴƎŜǎΦ Lǘ ŀƭǎƻ ǎŜŜƪǎ ǘƻ 
design open processes for data collection, dialogue and civic engagement so as to assist complex 
policymaking and to provide greater accountability. In this way Global Systems Science will contribute 
to enhanced social reflectivity and improved anticipatory capabilities. It will achieve this by 
supporting design and effective implementation of integrated systemic tools and measures able to 
represent reality better while coping with accelerated global change.  ΨDƭƻōŀƭΩ ƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘ ƳŜŀƴǎ 
ƳǳŎƘ ƳƻǊŜ ǘƘŀƴ Ƨǳǎǘ ΨǿƻǊƭŘǿƛŘŜΩΣ ŀǎ ƛǘ ǊŜŦŜǊǎ ŀƭǎƻ ǘƻ ŀ ŎƻƘŜǊŜƴǘ ǘǊŀƴǎŦƻǊƳŀǘƛǾŜ Ǿƛǎƛƻƴ ŀƴŘ ŀ 
perspective which explicitly aims to address the complex nature and coordination of interconnected, 
multi-scalar, multi-domain, multi-ƻōƧŜŎǘƛǾŜ  ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ ΨǎȅǎǘŜƳǎ ƻŦ ǎȅǎǘŜƳǎΩΦ Global Systems 
Science research should be open-boundary; its goals cannot be fully anticipated at the present. Being 
at the moment a mostly goal-searching endeavour, rather than a goal performing one, the Global 
Systems Science approach requires a community which, while visionary, also shows a great capacity 
for flexibility, openness and independence. 
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1 Global Challenges, Global Webs, and IC T  
 

1.1 Introduction  

 
ΨThe ATM changed banking practice but did not change how people saw themselves as human 
beings. The computer is said to be radical because, through its instant worldwide communications, it 
is changing us from locally aware beings to globally aware beingsΩΦ This remark by Peter Denning ς 
lead auǘƘƻǊ ƻŦ ǘƘŜ ǎŜƳƛƴŀƭ !/a ǊŜǇƻǊǘ ΨComputing as a DisciplineΩ ς captures the reason why the 
evolution of computing has reached a point where it calls for and enables a science of global systems. 
 
While most things in life can be captured by a crisp definition only ƛƴ ǾŜǊȅ ǇǊƻǾƛǎƛƻƴŀƭ ǿŀȅǎ όǘǊȅ ΨǘƛƳŜΩ 
or ΨƘŜŀŘŀŎƘŜΩ) a very provisional definition of global systems science (GSS) may be useful here: 
 

Global Systems Science develops know-how about global systems like the internet, the 
worldwide system of cities and many more by combining algorithmic machines with concepts 
from game theory and a sensitivity to narratives.  

 
Clearly, some comments are in order. Why algorithmic machines? Because they have become key 
components of most global systems, and at the same time indispensable to perceive what goes on in 
those systems. Why game theory concepts? Because they can be used to build bridges between the 
world of computation and the world of joint ς often conflictual ς action by human beings. Why 
bother about narratives? Because they can help to keep in mind that computation is but one of many 
facets of the human condition (see www.terrybisson.com/page6/page6.html). 
 
Iƴ Ƙƛǎ ǎŜƳƛƴŀƭ ǇŀǇŜǊ ΨAlgorithms, Games and tƘŜ LƴǘŜǊƴŜǘΩ, Papadimitriou claims that ΨThe Internet 
has arguably surpassed the von Neumann computer as the most complex computational artefact (if 
you can call it that) of our timeΩΦ Lǘ άƛǎ ǳƴƛǉǳŜ ŀƳƻƴƎ ŀƭƭ ŎƻƳǇǳǘŜǊ ǎȅǎǘŜƳǎ ƛƴ ǘƘŀǘ ƛǘ ƛǎ ōǳƛƭǘΣ ƻǇŜǊŀǘŜŘΣ 
and used by a multitude of diverse economic interests, in varying relationships of collaboration and 
ŎƻƳǇŜǘƛǘƛƻƴ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΦΩ And for sure this multitude of interests cuts across nations to span the 
whole globe. Indeed, the internet is a paradigmatic example of a global system. 
 
Other examples are global financial markets, the worldwide fabric of agents trying to address climate 
change, the global city system, the worldwide energy industry, and many more. A fundamental 
problem arising in all these systems is how they can self-stabilize in the face of shocks despite 
distributed control. The problem does not arise simply because we have not yet established 
centralized control over global systems, but because distributed control is what makes global systems 
so effective ς and actually human. 
 
¢ƘŜ ŦƛǊǎǘ ŀƴŘ ǎǘƛƭƭ ōȅ ŦŀǊ Ƴƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭ ŀƴǎǿŜǊ ǘƻ ǘƘŀǘ ǇǊƻōƭŜƳ Ƙŀǎ ōŜŜƴ !ŘŀƳ {ƳƛǘƘΩǎ ƛŘŜŀ ƻŦ ǘƘŜ 
invisible hand of the market as a device coordinating large numbers of similar agents. This idea has 
been greatly refined by mathematical economists, building massively on the ideas on game theory 
first developed by von Neumann. By now, the existence of basins of attraction for the world economy 
as well as for subsystems thereof (like the Eurozone) can be taken for granted. Unfortunately, we 
know very little about the selection between different possible basins and about the speed of 
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convergence within them (and such knowledge is badly needed to address the present turmoil of the 
Eurozone).  
 
A fresh start in thinking about self-stabilisation of systems with distributed control was made by 
Dutch computer scientist Edsger Dijkstra. Back in 1974 he showed that in a broad class of computer 
networks the problem could be solved if and only if the agents were not all alike. What is more, his 
approach opened the door to the computational study of speed of convergence, second best 
solutions and much more in computer networks, including the global system known as the internet.  
 
aŜŀƴǿƘƛƭŜΣ ǘƘŜ άŦǳǎƛƻƴ ƻŦ ŀƭƎƻǊƛǘƘƳƛŎ ƛŘŜŀǎ ǿƛǘƘ ŎƻƴŎepts and techniques from Mathematical 
9ŎƻƴƻƳƛŎǎ ŀƴŘ DŀƳŜ ¢ƘŜƻǊȅέ ŀŘǾƻŎŀǘŜŘ ōȅ tŀǇŀŘƛƳƛǘǊƛƻǳ Ƙŀǎ ǘǳǊƴŜŘ ƻǳǘ ǘƻ ōŜ ŦǊǳƛǘŦǳƭ ōƻǘƘ ŦƻǊ ǘƘŜ 
study of the internet and of the world economy. Recent advances in high performance computing 
and big data promise many more insights. But this requires a sustained effort by a vibrant research 
community studying a variety of global systems in the decades to come. That is the purpose of global 
systems science. 
 

 

1.2 Rationale 
 
Policy-makers and society often call for evidence-based policies. But what do we exactly mean by 
evidence-based policy, in particular in global contexts? What type of evidence are we looking for and 
how can we gather it? To base policies on evidence is both urgent and a long-standing problem in 
policy making. The urgency has been highlighted by the financial crisis; interdependencies involving 
financial markets have led to contagious chain reactions to all sectors of the economy and from there 
to society at large, and these processes were not anticipated by policy-makers or by the simulation 
models their staff works with; so the question arises: can we do better, and if so, how? 
 
Current societal challenges of climate change, food security, energy provision are all highly 
interconnected, and at a global scale. The number of challenges our societies have to address is often 
overwhelming. However, we have one thing clear: most of these global challenges have to do with 
science and are highly interconnected.  There are cross-cutting issues across different policy sectors, 
and these are no longer contained within national borders. They cannot be handled by any single 
country or any precise policy. Consequently the nature of policy itself is actually changing. Policies are 
increasingly cross-cutting and cover different actors and sectors which operate at different levels, 
local, global, connected through a variety of social-economic networks. Therefore, evidence in this 
complex interconnected context is hard to obtain and hard to analyse.  
 
One of the challenges that we face both within science and in the communication of science and 
getting people to participate, is that we know relatively little about the effects of any kind of 
innovation and of the functionality of existing institutions to deal with those innovations. These 
interactions between innovation and functionalities have been underplayed by many engineering 
approaches. As we produce such innovations, all functionalities in societal change, and this task is 
also should set out to understand.  
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In order to support robust decision-making and take the actions necessary in the face of global 
challenges, research in GSS requires advances along two dimensions: 1. To develop scientific 
understanding of systems based on empirical data on highly interlinked policy issues, and 2. Develop 
tools capable to ensure trust and dialogue between stakeholders and scientific modellers. This 
research will have to be complemented by a vision on how to best coordinate policies and scientific 
input in specific sectors to better understand the systemic effects that often lead to adverse effects 
on many of our policies. And we need to look for opportunities and possible solutions for society and 
science so as to get the GSS vision straight. In particular, the following questions are of special 
interest for GSS:  
 

¶ What can GSS bring to understand and deal with global sustainability challenges? How can 
GSS identify various transition paths towards a more sustainable world society?  

¶ When one looks at the global level one needs to couple different types of levels and systems, 
both temporally and spatially, all with different speed dynamics. However, we do not really 
know how to couple all that, but we need to think what particular tools could address these 
complex questions.   

¶ What is the role of ICT in this endeavour? From the management of extreme events, there are 
already many ICT tools which can be used to support prevention, recovery and so on, but in 
GSS the challenge goes beyond this. We need to ask: How ITC can help us to know where we 
want to go as a society?  
 

One of the most complex global systems is the internet in itself, and this is a global system that can 
help to understand other global systems. ITC has a radical impact on how society organises itself, and 
in particular with regard to issues of trust in models and participation of citizens. ICT connects, in an 
infinite variety of ways, people, knowledge, devises, business and organisations across the globe. 
Thereby, on the one side, ICT addresses the complexity problem, but on the other hand it also 
creates new complexity problems.  
 
Thus, the ambition GSS would not possible without the ITC tools. In the use of data in global 
problems in our highly connected network society, while it makes it very difficult to anticipate 
systems-wide consequences of political decisions, policy makers still need of new cognitive tools to 
cope with unanticipated consequences of their own actions. Such new cognitive tools will be rooted 
ƛƴ ǎȅǎǘŜƳǎΩ ƳƻŘŜƭƭƛƴƎΣ ŘŀǘŀΣ ŀƴŘ ƘƛƎƘƭȅ ŎƻƴƴŜŎǘŜŘ ǎȅǎǘŜƳǎΦ 5ŀǘŀ Ŏan change mindsets. ICT is already 
providing us with an unprecedented amount of data on all aspects society activities and natural and 
technology consistencies. Can we profit from this abundance of data to get our actions and decisions 
in policy and society? Can we use these data and models to guide us in this maize of interconnected 
policy challenges? 
 
In this situation, some preliminary questions specifically regarding ICT in the context of GSS are the 
following:  
 

- What are the new capabilities relevant for GSS that ICT have enabled over the last two 
decades? How does it influence the ways in which science and society can tackle global 
challenges in novel ways? 
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- How can the present state of the global ICT system evolve into a situation where global 
players learn to act in a cooperative mode? 

- How can the global ICT system become a medium of active global awareness rather than just 
machinery produced by a restricted elite and fostering atrophy of civic skills? 

- How ITC can support social experiments, e.g. through online communities?  
- How can we embed the ICT in the development of GSS? 
- Iƻǿ ƳǳŎƘ Ŏŀƴ ǿŜ ΨǇǳƭƭ ƻǳǘΩ L/¢ ŦǊƻƳ D{{ ǿƘŜƴ L/¢ ƛǎ ŀƭǊŜŀŘȅ ŀƴ ƛƴǘŜƎǊŀƭ ǇŀǊǘ ƻŦ D{{Κ  
 

 

1.3 A process-based document 
 
The present report contains insights and written contributions collected as a result of a series of 
events that started at the First Global Systems Science Conference held in Brussels in November 
2012. The overall goal of this exercise has been produce in an open plural way the first background 
material for an Orientation Paper on Global Systems Science (GSS) which can be used to support 
strategic science policies and capacity building in this domain. In particular, the present version 
contains expressed views and written contributions provided by members of the emerging 
international GSS community during the following conferences and events:  
 

¶ First Open Global Systems Science Conference (Brussels, November 8-10, 2012)  

¶ Towards a Sustainable Global Financial System (Potsdam, December 8-9, 2012) 

¶ Dealing with the CO2 emergency (Phoenix, AZ, February 1-2, 2013) 

¶ GSS workshop on Models and Data (Brussels, February 7-8, 2013) 

¶ Urban development and GSS (Brussels, February 13-14, 2013) 

¶ GSS ς Territorial versus functional Patterns (ASU, Arizona,  February 25-26, 2013) 

¶ Narratives as Communication (Brussels 13-14, March 2013).  

¶ Visions of GSS: Energy Futures (Brussels, 18-19 March, 2013) 

¶ Urbanization, Resilience and Prosperity (Phoenix, AZ, April 15ς19, 2013) 
 
In addition, it includes a total of 159 contributions produced as a result of the EU ς FET consultation 
process, 4 workshop reports on GSS carried out during 2013 and 10 additional selected posts taken 
from the GSS discussion blog www.global-systems-science.eu. It also builds on the work and 
networking activities carried out during the three-year EU project Global Systems Dynamics and 
Policy (www.gsdp.eu) which also run   
 
We hope that all these effort have allowed us to identify the first range of issues that may eventually 
constitute a potential ΨD{{ ŜŎƻƭƻƎȅ ƻŦ ǉǳŜǎǘƛƻƴǎΩΦ CƭƻǳǊƛǎƘƛƴƎ Dƭƻōŀƭ {ȅǎǘŜƳ {ŎƛŜƴŎŜ ǿƛƭƭ ƘŀǇǇŜƴ ŀǎ ŀ 
tension between big questions and small questions. We need a set of researchable small questions of 
which we can work, e.g. on the role of particular ICT on city system or medical systems, etc, and link 
them to a set of four or five big questions in order to get robust and valid insights on how global 
systems operate. All this will take time: the problems we face cannot be resolved in the short term. 
Openness and active collaboration between all of us here is a precondition for this to happen.   
  

http://www.global-systems-science.eu/
http://www.gsdp.eu/
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2 Policy Challenges Driving GSS: Case Studies  
 
J. Doyne Farmer  

 
 
Possible Definition of Global Systems Science: Global systems science studies the possible structural, 
physical and cultural transformations of the earth, environment and society. It seeks to generate, 
understand and study scenarios under which such transformations might occur in both qualitative 
and quantitative terms, with a focus on interactions, systemic effects and emergent phenomena. The 
methods used are interdisciplinary, including the physical, natural, social and computational sciences. 
 
Global Challenges 
 
The recent financial crisis has reminded us that achieving sustainable and equitable growth depends 
on many interdependent factors that are nonetheless strongly coupled together. A housing bubble 
spilled over into the banking system and triggered a global liquidity freeze, which slowed the real 
economy, causing unemployment, increased inequality and social unrest. This temporarily slowed 
growth in carbon emissions, but over the long run has probably had substantial and largely negative 
impacts on R&D budgets for green energy, thus slowing our needed transition to a low-carbon 
society. With humanity consuming estimated to consume 40% of the energy fixed by photosynthesis, 
the economy and the natural world have become strongly coupled and can no longer be considered 
separately. To fully understand almost any of the problems we face, we are automatically forced to 
consider all the other problems that it interacts with. For this we need global systems science. 
 
Global systems science addresses a daunting set of problems requiring new and innovative 
approaches. Global systems are made up of a large number of interacting individual elements, 
challenging conventional thinking. They are dynamic rather than static, and probabilistic rather than 
deterministic. They are very difficult to predict and control, and are permeated by non-linear and 
network interactions amongst the component agents. The individual elements of a system are 
influenced directly by the behaviorof the system as a whole, and at the same time their interactions 
lead to the emergent behaviorat the aggregate level of the system. The 'common sense' connection 
between the size of an event and its consequences no longer holds. Small changes have the capacity 
to trigger large scale events. Such problems require the development of new methods. 
 
Citizen science, ITC and sustainability 
  

Vitorio Loreto  

 

The issue of sustainability is now on top of the political and societal agenda and is considered to be of 
extreme importance and urgency. There is overwhelming evidence that the current organisation of 
our economies and societies is seriously damaging biological ecosystems and human living conditions 
in the very short term, with potentially catastrophic effects in the long term. People's individual 
actions have impacts both on the local environment (e.g. local air or water quality, noise disturbance, 
local biodiversity, ...) and at the global level (e.g. climate change and use of resources). Urban 
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environments represent a crucial example. It is now estimated that over 50% of world population is 
living in urban areas, with a yearly growth rate of about 2%. 
 
The need for a reorganisation of our most impacting daily activities - energy consumption, transport, 
housing - towards a more efficient and sustainable development model has been recently raised by 
the public debate on several global environmental issues. Unfortunately, the achievement of such a 
goal has been undermined by the difficulty of matching global/societal needs and individual needs. A 
lot can and must be done from the technological and policy-making perspective, for example to build 
passive houses, develop renewable energy, promote alternative transport modes, and so on, but it is 
only when people become fully aware of their actual environmental conditions and their future 
consequences that the much needed change of behaviorwill truly happen. In a recent statement from 
the head of the European Environment Agency, J. McGlade, there is a realisation that only through 
bottom-ǳǇ ŀŎǘƛƻƴǎ ǿŜ Ŏŀƴ ŘŜŀƭ ǿƛǘƘ ǘƻŘŀȅϥǎ ŎƘŀƭƭŜƴƎŜǎΥ ά¢ƘŜ ƪŜȅ ǘƻ ǇǊƻǘŜŎǘƛƴƎ ŀƴŘ ŜƴƘŀƴŎƛƴƎ ƻǳǊ 
environment is in the hands of the many, not the few... That means empowering citizens to engage 
ŀŎǘƛǾŜƭȅ ƛƴ ƛƳǇǊƻǾƛƴƎ ǘƘŜƛǊ ƻǿƴ ŜƴǾƛǊƻƴƳŜƴǘΣ ǳǎƛƴƎ ƴŜǿ ƻōǎŜǊǾŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎΦΦΦέΦ 
 
Recent progress in Information and Communication Technologies (ICT) can trigger important 
transitions at the individual and collective level. They imagine a scenario in which active citizens can 
help gathering sensible data through participatory sensing and social computation activities. The 
outcome of this data gathering has a twofold purpose: (i) stimulate individual and collective 
awareness and learning and (ii) provide relevant inputs for data analysis, modelling and decision 
making. 
 

2.1 Urban Systems  

 
For an extensive treatment of Urban Systems see also the reports from the EUNOIA meeting and of 
ǘƘŜ Ψ¦ǊōŀƴƛǎŀǘƛƻƴΣ {ǳǎǘŀƛƴŀōƛƭƛǘȅ ŀƴŘ tǊƻsǇŜǊƛǘȅΩ workshop (sections 7.3 and 7.4).  
 

2.1.1. Introduction  

 
World society is rapidly becoming an urban society, with city systems coalescing into a global urban 
system. The global ICT system is closely interacting with this dynamics, leading to new degrees of 
freedom and new challenges. Traditional centre-periphery structures are displaced by more complex 
patterns, the received distinction of nature and culture is put in question, and urban lifestyles are 
blended with the global awareness fostered by ICT. 
 
Worldwide urbanisation is welcome for several reasons: 
 

- since their origins, cities have been powerhouses of innovation, and innovation is badly 
needed to address the global challenges of our time, 

- along with basic education and increasing welfare, urbanization is a key factor to achieve the 
necessary end of global population growth, 

- cities are hotbeds of pluralism, potentially enriching the life of their inhabitants and leading to 
institutions shaped by empowered citizens. 
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Worldwide urbanization raises major challenges, however: 
 

- innovations may well go in directions that worsen already worrying trends, 
- urbanization can undermine human communities so as to lead to new forms of violence and 

anomie, 
- health problems from circulatory diseases to cancer can be exacerbated while problems like 

obesity and new strands of micro-organisms reach epidemic proportions. 
 
GSS will explore how the interaction between the global urban system and the global ICT system are 
changing settlement structures and lifestyles, and how policy-makers can influence their future 
dynamics. It will do so by relying on case studies, crowd-sourced data, simulation models, and action 
research. 
 
Hence the following research questions are relevant with regard to the urbanisation and 
globalisation: What is the global system of cities?  How is the multi-net in which different kinds of 
cities are linked with each other and in different ways? How different ways of structuring networks 
can be conceived (e.g. in a more sustainable way), for instance, by a transport systems focused and 
structured on demand rather than on supply ς with an intensive use of  ICT (e.g., Smart Cities).  3. 
What are the wider implications of the Information Revolution in these contexts? 
 
Urban systems are one of the major fields of application of global systems science, for which a global 
perspective is necessary to be able to describe the fundamental problems and identify the different 
systems and subsystems involved in their resolution. Indeed, almost all problems arising to decision 
makers in a city or in a city network share the following characteristics: 
 

1. They involve many different heterogeneous systems, like for example the transportation 
systems, the behaviorof citizens, themselves influenced by their social networks, or the 
energy system ς those of course depending on the problem addressed. 

2. These systems evolve at different time and space scale. 
3. They are coupled (the dynamics of transportation systems is impacted and impacts the social 

behaviorof individuals) or belong to hierarchies (one system being a subsystem of another 
one) among which administrative (possibly overlapping) hierarchies. 
 

¢ƘŜǎŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƘŀǾŜ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜ ǘƘŀǘ ŀ άǎƛƭƻ-ƭƛƪŜέ ŀǇǇǊƻŀŎƘΣ ŦƻŎǳǎŜŘ on one subsystem or 
one time/space scale cannot catch the targeted behaviorand the emergent phenomena. 
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2.1.2. Towards a GSS theory of urbanisation.  

 

Sander van der Leeuw  

 
Introduction 
 
This white paper is a first attempt to design a research program that conceives urban dynamics and 
urbanization as part of the changing global system. It is based on the first two of a series of 
workshops held by the GSDP program in collaboration with Arizona State University. The first of these 
workshops was held in Tempe on NƻǾŜƳōŜǊ м ŀƴŘ нΣ нлмн ǳƴŘŜǊ ǘƘŜ ǘƛǘƭŜ ά¦Ǌōŀƴ bŜǘǿƻǊƪǎΣ 
{ǳǎǘŀƛƴŀōƛƭƛǘȅΣ ŀƴŘ wŜǎƛƭƛŜƴŎŜέΣ ŀƴŘ ōǊƻǳƎƘǘ ǘƻƎŜǘƘŜǊ ǇŀǊǘƛŎƛǇŀƴǘǎ ŦǊƻƳ !{¦Σ ǘƘŜ {ŀƴǘŀ CŜ LƴǎǘƛǘǳǘŜΣ 
Yale University, University College London, the MIT Media and Senseable City Labs, Michigan State 
University, UNC-Charlotte and others. The second workshop consisted of three sessions on urban 
dynamics at the GSDP second annual Open Science of Global Systems meeting, in Brussels on 
November 8-10, 2012. It brought together scientists and practitioners from UC London (CASA), Veolia 
Environnement, the University of Paris I, the Santa Fe Institute, CSIC (Spain), Virginia Tech University, 
the Global Climate Forum, La Sapienza University, and others. 
 
This white paper is based on the discussions held at these two workshops, but does not pretend to be 
a report on them. Instead, it is an attempt to set a first step towards a GSS research program on cities 
and urbanization. It will be refined as a result of other workshops still to be held in Brussels (by 
EUNOIA, February 13-14 2013) and Phoenix (by ASU, February 24-28, 2013 on Global Systems 
Science, and April 15-мф ƻƴ ΨLƴƴƻǾŀǘƛƻƴ ŀƴŘ ¦Ǌōŀƴ {ǳǎǘŀƛƴŀōƛƭƛǘȅΩύΦ 
 
Context 
 
Of the roughly 7 billion people on Earth, 3,5 billion (50%) live in cities, and within the current century, 
this is expected to rise to 80% (some 6,5 billion of the 8-9 billion people expected). The development 
and growth of urban systems is the most constant dynamic in human societies since about 6000 
years ago, and in recent years individual cities have reached proportions that were not imaginable 
even fifty years ago. In effect, since the earliest towns emerged, urban systems have multiplied and 
grown thousandfold. Recent research attributes this to the fact that most innovations emerge in 
cities, so that they act as drivers for the surrounding rural society. Yet individual cities are the least 
sustainable and most vulnerable institutions in our societies. They are centers of wealth disparity and 
social insecurity, loci for sanitation and waste problems, sensitive to epidemics and other health 
issues; they are energy-intensive and high infrastructure maintenance, they are often noisy and 
polluted, etc. Cities innovate and change rapidly, but the trajectories they take are difficult to predict 
or to impact. They consist of many tightly entangled interactive networks of cables and tubes, streets 
and avenues, businesses and social groups. The huge investments in their creation and maintenance, 
as well as their tight integration make them high-risk systems, prone to external and internal 
perturbations. They are highly multi-ǎŎŀƭŀǊ ƛƴ ǎǇŀŎŜ ŀƴŘ ǘƛƳŜΤ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ΨōƻǘǘƻƳ ǳǇΩ 
ŀƴŘ ΨǘƻǇ ŘƻǿƴΩ ƛǎ ƴƻǿƘŜǊŜ ŀǎ ǇǊŜƎƴŀƴǘ ŀǎ ƛƴ ŎƛǘƛŜǎΦ IŜƴŎŜΣ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ǳǊōŀƴ ǎȅǎǘŜƳǎ ƘŀǾŜ 
become a major topic of interest to scientists and to politicians, decision-makers of all kinds, and the 
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general public. Though the research is done in transςdisciplinary teams, it remains essentially 
sectorial (focusing on water, energy, pollution, metabolism, etc.). We must change this by making an 
encompassing investment in Complex (Adaptive) Systems modeling of urban dynamics, aiming to 
deliver a coherent set of portable models of urban dynamics. To understand urban dynamics, and to 
effectively make decisions about cities and urban systems, such a complex systems approach is 
essential. But we must do more; we must view the dynamics of urban systems as part of the wider 
dynamics of the Earth as a complex system (hence the inclusion of this theme in a research agenda 
on Global Systems Science, see Dum 2012). Doing that will transform our understanding of 
urbanization in many different ways, among which the following are important: 
 
1. Focus on urban systems instead of individual cities (cf. Pumain 1992). Work in Europe on Europe, 
the US, India and S. Africa shows that one gets a much better perspective on the long-term urban 
dynamics when one does not look at individual cities, but at the systems of cities (from large to small) 
that interact in urban systems. At the top level, the world urban system, in which Singapore, Hong 
Kong and other major trading cities (Shanghai, New York, London, etc.) are linked seems to be the 
appropriate level of urban analysis to determine the sustainability and resilience of these cities. At a 
level below, essentially that of continents, the same can be said for places like Paris, Berlin etc. in 
Europe, Philadelphia, Boston, L.A., but also Phoenix. The research shows that the resilience or 
sustainability of cities is to an important extent determined by competition between them at such 
levels, and that spatial, legal, demographic, resource and innovation differences play an important 
role. 
 
2. Apply complex systems concepts and approaches. Recent research (e.g. Bettencourt & West 
2010) has shown the power of conceiving urban systems as complex systems, in which dynamics 
among actors at many different levels interact to create the patterns observed. Most of the dynamics 
are driven bottom-up, and can be modeled in multi-level models that use agent-based modeling, 
network analysis and other complex adaptive systems techniques. At issue here is that urban systems 
combine hierarchical and market dynamics, and that the analysis therefore needs to be able to 
combine both. One possible approach is to decompose the urban dynamics into intersecting subsets 
based on the temporal dimension of their dynamics, such as has been proposed by Allen (Allen & 
Hoekstra 1993) and by Gunderson & Holling (2002). 
 
3. Combining different modeling techniques. The complexity of urban dynamics makes it essential to 
model these to improve understanding. Many different modeling techniques are available. In 
creating a CAS perspective on the dynamics of the whole as well as the individual parts, we could for 
example combine various Agent Based MoŘŜƭǎ όǊŜŦƭŜŎǘƛƴƎ ǘƘŜ ΨōƻǘǘƻƳ-ǳǇΩ ŎƻƳǇƻƴŜƴǘ ƻŦ 
behavior(individuals, families, companies, etc.) with Network Models reflecting the various urban 
infra-structure networks and the social networks processing information in the city. Differential-
equation modelǎ ŎƻǳƭŘ ǊŜŦƭŜŎǘ ǘƘŜ ΨǘƻǇ-ŘƻǿƴΩ ŎƻƳǇƻƴŜƴǘ ƻŦ behavior(rules, institutions, external 
conditions), etc. The (multi-scale) spatial structure could be included as a set of GIS layers with 
transition matrices that set the conditions for changes in spatial structure. 
Studies of the current sustainability predicament indicate that recent and future developments in 
information technology will (have to) play an essential (and growing) role in extricating our societies 
from that predicament. As this research agenda is ǘƻ ōŜ ǇŀǊǘ ƻŦ ǘƘŜ 9¦Ωǎ LƴŦƻǊƳŀǘƛƻƴ ŀƴŘ 
Communication Technology Directorate, we have paid particular attention to the future role of 
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information technology in both the research on urban dynamics and in developing tools that will 
enable us to implement the results of that research in both policy-making and day-to-day adaptive 
management of cities. In the following pages, we have therefore divided the issues into three 
categories:  
 

1. Questions to which an answer is necessary to understand fundamental urban dynamics and 
therefore to impact on such dynamics in the future 
2. Questions relating to the potential impacts of ICT on the global urban system 
3. Questions regarding ways to improve the sustainable management of the global urban 
system through enhanced use of ICT 

 
1. Questions to be answered to understand fundamental urban dynamics and to im-pact on such 
dynamics in the future Cities are doing well ς or are they? 
 
Superficially speaking, cities seem to be doing extremely well. They constitute the most persistent 
characteristic of societies since about 6000 years ago. In the last few centuries they have grown to 
encompass an increasing proportion of the world population; all over the world rural populations 
have for centuries flocked to cities in an attempt to improve their material conditions, and in some 
parts of the world (e.g. China) government views them as a solution to many challenges and goes out 
of its way to build them. Recently, urban life has become the dominant mode of life worldwide, and 
in many countries. It sometimes seems as if urbanization cannot be stopped.  
 
On the other hand, cities are a major source of challenges in many domains. They require major in-
vestments in infrastructure that all but the wealthiest of nations cannot afford. They promote social 
inequality, economic misery and illnesses of various kinds. Though they may add to overall 
productivity, that has a high social cost. Although taken singly they may in some cases appear to be 
energy-efficient in the sense that living in dense cities requires less energy (mainly for transportation) 
than living in the countryside, we should not forget that our urban society uses about 100 times as 
much energy as is needed to maintain each individual alive. Altogether, cities are in effect a highly 
vulner-able part of our global system. 
 
Drivers of urban dynamics. 
 
The apparent contradiction between the ubiquity of urban life and the challenges that it poses leads 
ǳǎ ǘƻ ŦƻǊƳǳƭŀǘŜ ŀ ŦƛǊǎǘ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴΥ ά²Ƙŀǘ ƛǎ όŀǊŜύ ǘƘŜ ŘǊƛǾŜǊόǎύ ǘƘŀǘ Ŏƻƴǘinue(s) to push for 
ŀƎƎǊŜƎŀǘƛƻƴ ƛƴ ŎƛǘƛŜǎ ƴƻǘǿƛǘƘǎǘŀƴŘƛƴƎ ǘƘŜǎŜ ŎƘŀƭƭŜƴƎŜǎΚέ !ƭǘƘƻǳƎƘ ŀǘ ŀ ǇǊƻȄƛƳŀǘŜ ƭŜǾŜƭ ǘƘŜǊŜ ŀǊŜ ƻŦ 
course many of these, and different ones in different situation, at a more general level there appear 
to be only two candidates: accumulation of energy and matter or accumulation of knowledge and 
information. For a long time the energy perspective dominated, and in certain sense it still does when 
we cite future shortages of energy as the major reason why our society might disintegrate (e.g. 
tŀǘȊŜƪ ϧ ¢ŀƛƴǘŜǊΣ нлммύΦ wŜŎŜƴǘ ǿƻǊƪΣ ǎƻƳŜ ƻŦ ƛǘ ƛƴƛǘƛŀǘŜŘ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ L/¢ ŘƛǊŜŎǘƻǊŀǘŜΩǎ L{-COM 
research project, seems however to indicate that the accumulation of knowledge is the ultimate 
driver of urbanization (Bettencourt et al. 2007; Florida 2005). This, then, raises the next major 
ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎΥ ά²ƛƭƭ ŀ όǇƻǘŜƴǘƛŀƭύ ƭŀŎƪ ƻŦ ŜƴŜǊƎȅ ǎǇŜƭƭ ǘƘŜ ŜƴŘ ƻŦ ǳǊōŀƴƛȊŀǘƛƻƴ όŀƴŘ ǘƘǳǎ ƻǳǊ ŎǳǊ-
ǊŜƴǘ ǿŀȅ ƻŦ ƭƛŦŜύ ŀǎ ǿŜ ƪƴƻǿ ƛǘΚέ ŀƴŘ άLŦ ǘƘŀǘ ƛǎ ƴƻǘ ǘƘŜ ŎŀǎŜΣ ǿƘŀǘ ǿƛƭƭ όƴŜŜŘ ǘƻύ ŎƘŀƴƎŜ ƛƴ ǘƘŜ 
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structure of our civilization to maintain its continuity, yet deal with a substantive reduction in 
ŀǾŀƛƭŀōƭŜ ŜƴŜǊƎȅΚέ hŦ ŎƻǳǊǎŜ ŜƴŜǊƎȅ ƛǎ ōǳǘ ƻƴŜ ƻŦ ǘƘŜ ǊŜǎƻǳǊŎŜǎ ǳǇƻƴ ǿƘƛŎƘ ƻǳǊ ŎǳǊǊŜƴǘ ƳƻŘŜ ƻŦ ƭƛŦŜ 
depends, although it is the one that is currently most discussed. Water and food are two other ones 
that spring to mind. One must therefore also ask the above two questions for resources such as these 
(and others).  
 
Approaching the challenge from the other side, looking at the current mode of information gathering 
and processing, its consequences for our current mode of life, and how the future of ICT might affect 
urbanization (if society does not collapse due to lack of energy), we come up with different, but 
ǊŜƭŀǘŜŘΣ ǉǳŜǎǘƛƻƴǎΦ CƛǊǎǘ ƻŦ ŀƭƭ άLǎ ǘƘŜǊŜ ŀ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘe accumulation of knowledge in 
urban centers and the increasing disparities in wealth, knowledge, culture and material 
ŎƛǊŎǳƳǎǘŀƴŎŜǎ ǘƘŀǘ ƻƴŜ ƻōǎŜǊǾŜǎ ƛƴ ŎƛǘƛŜǎΚέ ¢ƘŜƴΥ άLŦ ǘƘŀǘ ƛǎ ǘƘŜ ŎŀǎŜΣ ǿƛƭƭ ǳǊōŀƴ ƎǊƻǿǘƘ ǳƭǘƛƳŀǘŜƭȅ 
lead to such important disequilibria (and potentially ruptures) in the coherence of our societies that 
ǘƘƛǎ ƳƛƎƘǘ ǊŜǎǳƭǘ ƛƴ ŎƘŀƻǎΚέ ŀƴŘ ƛǘǎ ŎƻǊƻƭƭŀǊȅΥ ά²Ƙŀǘ ǿƻǳƭŘ ƴŜŜŘ ǘƻ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǿŀȅ ǿŜ ŎǳǊǊŜƴǘƭȅ 
ǇǊƻŎŜǎǎ ƛƴŦƻǊƳŀǘƛƻƴ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŀǘ ŘƻŜǎ ƴƻǘ ƘŀǇǇŜƴΚέ 
 
Inside the Global Urban System. 
 
 Although we have written the last paragraphs with a clear focus on the urban part of our current 
global system, their significance went beyond the urban system itself, and included the whole of all of 
our current societies. In this section, we want to move a level down, and ask questions pertaining to 
the urban systems themselves. Here, again, there is currently no overarching perspective that is 
widely accepted as being able to explain and predict a wide range of aspects of urban dynamics and 
phenomena. Indeed, there seem to be two dominant approaches that complement each other ς the 
metabolism approach and the network approach. The former looks at the material and energetic in- 
and outputs of cities, while the latter pays attention to the various kinds ƻŦ ǊŜƭŀǘƛƻƴǎƘƛǇǎ ǘƘŀǘ ΨǿŜŀǾŜ 
ǘƘŜ Ŏƛǘȅ ǘƻƎŜǘƘŜǊΩ ς and is thus more involved with the structure of urban relations. For the moment, 
ƴŜƛǘƘŜǊ Ƙŀǎ ƳŀŘŜ ƳǳŎƘ ƘŜŀŘǿŀȅ ƛƴ ŀǎƪƛƴƎ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ǉǳŜǎǘƛƻƴΥ ά²Ƙŀǘ ŎƻƴǎǘƛǘǳǘŜǎ ŀ 
ǎǳǎǘŀƛƴŀōƭŜ Ŏƛǘȅ ƻǊ ǎȅǎǘŜƳ ƻŦ ŎƛǘƛŜǎΚέ But maybe a combination of the two approaches might help us 
ƘŜǊŜΣ ǇǊƻƳǇǘƛƴƎ ǳǎ ǘƻ ŀǎƪΥ ά²Ƙŀǘ ƛǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ƴŜǘǿƻǊƪǎ ǘƘŀǘ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ǳǊōŀƴ 
ŦǊŀƳŜǿƻǊƪΣ ŀƴŘ ǿƘŀǘ ƪƛƴŘǎ ƻŦ Ŧƭƻǿǎ ŀǊŜ ǘǊŀƴǎƳƛǘǘŜŘ ǘƘǊƻǳƎƘ ǘƘŜƳΚέ ŀƴŘ ǘƘŜ ǎǳōǎƛŘƛŀǊȅ ǉǳŜǎǘƛƻƴǎΥ 
άIƻǿ Řƻ ǘƘŜ ŘȅƴŀƳƛŎǎ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ƴŜǘǿƻǊƪǎ ƛƳǇŀŎǘ ƻƴ ŜŀŎƘ ƻǘƘŜǊΚέ ŀƴŘ άIƻǿ Řƻ ǘƘŜ ƴŜǘǿƻǊƪ 
ŘȅƴŀƳƛŎǎ ƛƳǇŀŎǘ ƻƴ ŀƴŘ ŀǊŜ ƛƳǇŀŎǘŜŘ ōȅΣ ǘƘŜ ǳǊōŀƴ ƳŜǘŀōƻƭƛǎƳΚέ ¢ƘŜ Ŧƭƻǿǎ ƛƴ ǉǳŜǎǘƛƻƴ ŎƻƴŎŜǊƴ ŀƭƭ 
resources ς energy, water, food, materials, but also ideas and people ς and all sources (the whole of 
the world trade network). Urban network science is in its early stages, and there is a lot to be done in 
this domain. It will be important to deal with all the various aspect of these flows, such as their 
nature, volume, value, frequency, local importance and effects, etc.  
 
And in particular, it will be important to get a good sense of the structure of the networks. For the 
resource networks, one expects a dendritic structure (assembling resources from many places and 
distributing them to many other ones), whereas information networks combine elements of both 
hierarchical and market (distributed or heterarchical) organization in different ways that affect the 
resilience, and thus the sustainability, of the system. For example, Huberman & Hogg (1988) have 
shown that with time, the complexity of hierarchical self-organizing systems is reduced, as are their 
rate of evolution and their adaptability. On the other hand, it seems that very large distributed 
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systems also have difficulty adapting due to the persistence of non-optimal strategies (Ceccato & Hu-
berman 1988). However, the introduction of globally controlled (hierarchical) communications in 
market systems causes them to lose their penchant for retaining non-optimal strategies, whereas the 
existence of untied (heterarchical) connections in a hierarchical system increases its adaptability. 
LƴŜǾƛǘŀōƭȅΣ ŀ ƘȅōǊƛŘ ǎǘǊǳŎǘǳǊŜ ǿƛƭƭ ŘŜǾŜƭƻǇ ǿƘƛŎƘ ƛǎ ŀ ΨōŜǎǘ ŦƛǘΩ ƛƴ ǘƘŜ ǇŀǊǘƛŎǳƭŀǊ ŎƻƴǘŜȄǘ ƛƴǾƻƭǾŜŘΦ 
 
The crucial questions here refer tƻ ǘƘŜ ōŀƭŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǘǿƻ ŀǎǇŜŎǘǎΥ ά²Ƙŀǘ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ 
ōŀƭŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ƘƛŜǊŀǊŎƘƛŎŀƭ ŀƴŘ ǘƘŜ ƘŜǘŜǊŀǊŎƘƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ŀƴ ǳǊōŀƴ ǎȅǎǘŜƳΩǎ 
ƻǊƎŀƴƛȊŀǘƛƻƴΚέ ŀƴŘ άIƻǿ ŘƻŜǎ ǘƘƛǎ ōŀƭŀƴŎŜ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǳǊōŀƴ ǎȅǎǘŜƳΩǎ ŀŘŀǇǘŀōƛƭƛǘȅΣ ǊŜǎƛƭƛŜƴŎŜ ŀƴŘ 
suǎǘŀƛƴŀōƛƭƛǘȅΚέ 
 
Macro-regional urban dynamics. At this level, we must consider some of the differences between the 
very large regions that make up the current socioeconomic world, such as North America, Europe, 
Australia, China, India, South America, Africa, and the ways in which these differences impact the 
global urban system. But it should be noted that some of these regions are made up of smaller units 
that are only recently growing together, intensifying their interactions and their symbiosis. This is 
easiest seen in Europe, where over the last sixty years the various national urban systems have begun 
ǘƻ ƳŜƭŘ ƛƴǘƻ ƻƴŜ ƻǾŜǊŀǊŎƘƛƴƎ 9ǳǊƻǇŜŀƴ ǳǊōŀƴ ǎȅǎǘŜƳΦ ¢ƘŜ ǾŜǊȅ ŎƻƴŎŜǇǘ ƻŦ ΨǊŜƎƛƻƴΩ ƛǎ ǘƘǳǎ ǎǳōƧŜŎǘ ǘƻ 
change in scale, and the urban dynamics are evolving as part of that process. That poses the 
ǉǳŜǎǘƛƻƴǎΥ άIƻǿ ŀǊŜ ǘƘŜ ƴŀǘƛƻƴŀƭ ǳǊōŀƴ ǎȅǎǘŜƳǎΣ ǿƘƛŎƘ ǿŜǊŜ ŦƻǊ ŀ ƭƻƴƎ ǘƛƳŜ ōŜƛƴƎ ƪŜǇǘ ŀǇŀǊǘ ōȅ 
borders, being integrated into the supra-ƴŀǘƛƻƴŀƭ ǎȅǎǘŜƳΚέΣ ά²Ƙŀǘ ŘǊƛǾŜǎ ǘƘŀǘ ǇǊƻŎŜǎǎΣ ŀƴŘ ǿƘŀǘ ŀǊŜ 
the variables that affŜŎǘ ƛǘΣ ŀƴŘ ŀǊŜ ŀŦŦŜŎǘŜŘ ōȅ ƛǘΚέ 
 
The dynamics at this level are the result of the articulation between the urban system dynamics and 
overall trends in each area such as their demography, the nature of their economy, wealth 
disparities, resource availability, climate and so forth, as well as the dynamics of (political, social and 
cultural) institutions, etc. It is fundamental to our understanding of the current and future 
trajectories of these macro-regional systems that we understand the interaction between this 
complex set of regional trends and the urban dynamics in the area. 
 
To an important extent, relative differences between these trends in different places are affecting 
the trajectory of the urban systems at the macro-regional scale. One would therefore need to ask: 
άIƻǿ Řƻ ǘƘŜǎŜ ǊŜƭŀǘƛǾŜ ŘƛŦŦŜǊŜƴŎŜǎ ŀŎǘǳŀƭƭȅ ŀŦŦŜŎǘΣ ŀƴŘ ŀǊŜ ŀŦŦŜŎǘŜŘ ōȅΣ ǘƘŜ ǳǊōŀƴ ŘȅƴŀƳƛŎǎ ƛƴ ǘƘŜǎŜ 
ŀǊŜŀǎΚέ CƻǊ ŜȄŀƳǇƭŜΥ ά²ƛǘƘ ǇƻǇǳƭŀǘƛƻƴ ƎǊƻǿǘƘ ƛƴ /Ƙƛƴŀ ŜȄŎŜŜŘƛƴƎ ǘƘŀǘ ƛƴ ǘƘŜ ¦{Σ ŀƴŘ ŜǾŜƴ ƳƻǊŜ ǘƘŀǘ 
in Europe: how do demographic differences affect the urban systems of these three macro-regions, 
ŀƴŘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜƳΚέ άIƻǿ Řƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ŎƭƛƳŀǘŜΣ ƭŀƴŘǎŎŀǇŜΣ ǎǇŀǘƛŀƭ ŀƴŘ 
economic structure, productivity, wealth level, resource availability, etc. affect the dynamics of the 
regiƻƴΩǎ ǳǊōŀƴ ǎȅǎǘŜƳǎ ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ ǎǳŎƘ ǎȅǎǘŜƳǎΚέ Lǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƘŀǘ ƛƴ ǘƘŜǎŜ ŎƻƳǇŀǊƛǎƻƴǎ 
the evolutionary state of the systems is taken into account, but equally that such comparisons not be 
limited to economics in the traditional, macroeconomic sense, but also include a wide range of other 
parameters (such as, for example, energy efficiency, innovativeness, productivity, income 
differentials, etc.). Once a relatively detailed picture of such macro-regional differences and dynamics 
has been gained, one can then move onto the next lowest level, that of the local urban dynamics. 
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In particular, at this level, we will therefore make an effort to better understand the relationship 
between territorial and functional patterns as a key problem for the emerging science of global 
systems along the following lines:  
 

ω ¢ŜǊǊƛǘƻǊƛŀƭ ǇŀǘǘŜǊƴǎΥ ŎŜƴǘǊŜ-periphery structures, energy and information gradients in nation 
states and empires 
ω CǳƴŎǘƛƻƴŀƭ ǇŀǘǘŜǊƴǎΥ ŘƛǾƛǎƛƻƴ ƻŦ ƭŀōƻǊΣ ƛƴŘǳǎǘǊƛŜǎ ŀƴŘ ǇǊƻŘǳŎŜǊ ƳŀǊƪŜǘǎΣ ǎȅǎǘŜƳ ƻŦ 
professions, social and professional networks 
ω wŜƴŜǿŀōƭŜǎ ŀƴŘ Ǝƭƻōŀƭ ŜƴŜǊƎȅκƳŀǘǘŜǊ ŦƭƻǿǎΥ ƎŜƻǇƻƭƛǘƛŎǎ ŀƴŘ ǊŜƎƛƻƴŀƭ ƛƴƴƻǾŀǘƛƻƴ ƛƴ ǘƘŜ 
global economy, the role of trade, policy and finance 
ω /ƻƳǇǳǘƛƴƎ ŀƴŘ Ǝƭƻōŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ŦƭƻǿǎΥ ǘƘŜ ƛƴǘŜǊŀŎǘƛǾŜ ƴŀǘǳǊŜ ƻŦ computing, hierarchical 
and non-hierarchical networks, money flows as information flows Local urban dynamics. 

  
At the level of local urban dynamics, there is an immense literature that deals with virtually every 
aspect of urban organization, function and evolution from any imaginable perspective. It is at this 
level, therefore, that the articulation between the Global Systems Science perspective and extant 
work is at once the most poignant and interesting, and the most difficult and necessary. It is where 
ǘƘŜ ǊǳōōŜǊ Ƙƛǘǎ ǘƘŜ ǊƻŀŘΦ ά/ŀƴ ŀ Dƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜ ǇŜǊǎǇŜŎǘƛǾŜ ƛƳǇǊƻǾŜ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ 
ǿƘŀǘ ƘŀǇǇŜƴǎ ƛƴ ƛƴŘƛǾƛŘǳŀƭ ŎƛǘƛŜǎΚέ 
 
²Ŝ ǘƘƛƴƪ ǘƘŀǘ ƛǘ ŎŀƴΦ ²Ƙŀǘ ƘŀǇǇŜƴǎ ŀǘ ǘƘƛǎ ƭŜǾŜƭ ƛǎ ǘƘŜ ŀǊǘƛŎǳƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ Ǝƭƻōŀƭ ǳǊōŀƴ ǎȅǎǘŜƳΩǎ 
dynamics in its macro-regional form and the local circumstances (spatial organization, re-sources, 
past history) of the particular city that one is studying, and this articulation is determinant for the 
success and sustainability of that city. Hence, in our opinion, articulating between a coherent 
approach to the global urban system and the regional and local circumstances is the only way to 
arrive at explanations of what happens in individual cities that allows comparisons between the 
latter. This requires assembling a coherent model of urban dynamics. Lack of a coherent and widely 
accepted theory of urban dynamics has thus far hampered any efforts to create such a model. We 
would argue that such a model should bring together the network and the metabolism approach. 
Bettencourt (in press) has argued cogently that the state, structure and extent of the transport 
ƴŜǘǿƻǊƪ ŘŜǘŜǊƳƛƴŜǎ Ƴŀƴȅ ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ ŎƛǘȅΩǎ ŘȅƴŀƳƛŎΦ LŦ ƻƴŜ ǿŜǊŜ ǘƻ ŜȄǘŜƴŘ ǘƘŀǘ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ 
communication and energy/matter flow networks, including such domains as distribution etc., as well 
ŀǎ ǘƘŜ ǎƻŎƛŀƭ ƴŜǘǿƻǊƪǎ ƛƴ ǘƘŜ ŎƛǘȅΣ ƻƴŜ ǿƻǳƭŘ ƛƴ ŜŦŦŜŎǘ ōŜ ŀōƭŜ ǘƻ ƳƻŘŜƭ ǘƘŜ ǾŜǊȅ ΨǳǊōŀƴƴŜǎǎΩ ƻŦ ŎƛǘƛŜǎ ς 
that which accounts for the close spatial proximity and entwined nature of many societal functions. 
Comparing urban dynamics between different cities in this light would thus have major advantages 
ƻǾŜǊ ŎǳǊǊŜƴǘ ŀǇǇǊƻŀŎƘŜǎΣ ŀǎ ƛǘ ǿƻǳƭŘ ŀƭƭƻǿ ǳǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǊƻƭŜ ƻŦ ŘƛŦŦŜǊŜƴǘ ŦƻǊƳǎ ƻŦ ΨǳǊōŀƴƴŜǎǎΩ ƛƴ 
ǎǘǊǳŎǘǳǊƛƴƎ ƭƻŎŀƭ ǎƻŎƛŜǘƛŜǎ ŀƴŘ ƛƴ ǎƘŀǇƛƴƎ ǘƘŜ ǊŜŎǳǊǊŜƴǘ ΨƘŀƛǊȅΩ ǇǊƻōƭŜƳǎ ǘƘŀt occur in all cities. 
 
2. Questions relating to the potential impacts of ICT on the global urban system. 
 
By removing the material basis of information transmission, the ICT revolution will potentially also 
fundamentally change the actual urban dynamics at all levels from the global to the local. As out-
lined earlier, urbanization requires both increasing information-processing capacity so as to maintain 
a high level of invention and innovation and a sufficient matter and energy flow to meet the needs of 
the individuals and the infrastructure in the city. In the pattern of urbanization that emerged over 



19 

 

time, hub-and-spoke systems of larger and smaller cities connected by roads and transport networks 
between them channelled all three flows ς matter, energy and information ς and urban growth 
patterns as well as the geography of urbanism were thus determined by these flows. In the last thirty 
years, ICT has fundamentally changed this. Information flows are now no longer constrained by 
transport networks, and therefore do no longer follow the hub-and-spoke pattern that generated the 
urban landscape. As this process advances (it is currently only at the beginning), we might therefore 
see a very different urban geography. The differences will in part be determined by the geography of 
energy, and therefore the future of energy. 
 
If we assume that for the next couple of hundred years our societies remain dependent on fossil fuel, 
this will on the one hand maintain the current spatial configuration in the western countries, which is 
determined by current pipelines, grids and road transportation networks for solid and liquid fossil 
fuel. But on the other hand, global warming will lead to important rises in sea level, and thus the 
disappearance of many coastal cities, requiring us to deal with the migration patterns that are 
inherent in that change, as well as the changes in trade patterns.  
 
If, on the other hand, we assume that alternative fuels will indeed become a more important source 
of energy, this may change the urban geography because it would enable many cities to become in-
dependent of the existing energy networks, generating enough solar and wind energy locally to avoid 
the major investments needed in the creation and upkeep of those networks. We have seen a similar 
change in telecommunication networks, where radio, television, web and cellphone are taking over 
from landline-based communication. In such continents as Africa, this is increasingly enabling 
changes in other domains, such as removing the need for branch offices of many companies, which 
thus far constituted an important component of cities. Were we to invent means to transmit energy 
via electromagnetic waves rather than cables, a similar change is conceivable in energy-related 
domains. Matter transport is less far advanced, but we are beginning to see signs of delocalisation 
there, too. Amazon and eBay are early examples of this, as they reduce the need of the customer to 
go any particular place to acquire the goods that facilitate daily life. Web ordering of household 
goods contributes to this as well. If one were to develop a material culture that is adapted to the 
increased use of 3-D printing, this development could become more and more important ς even 
though the distribution of basic raw materials will remain dependent on the transport network. 
 
We conclude from these examples that a number of the constraints that have led to the 
concentration of population in cities are likely to be relaxed in the coming century, which might in 
theory en-able the re-dispersal of people in the countryside. This is where other environmental 
factors come into play. The increasing stress on those surfaces that serve currently to provide food is 
likely to lead to important increases in the relative price of meat and fish (which require inordinately 
more energy to produce), thus pushing our food systems to become more and more geared towards 
vegetarian diets. That in turn could easily enable an increased use of local production in many parts 
of the world, further reducing the need for bulk transport (of foodstuffs).  
 
It will be the task of Global Systems Science to begin to posit and answer the many questions that 
trends like those outlined will generate. From among those, we only mention a handful:  
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ω ¢ƘŜǎŜ ŘŜǾŜƭƻǇƳŜƴǘǎ seem to indicate a shift to a more heterarchical social system, in which it is 
more difficult to control information flows. Such control is essential in order to maintain the 
coherence of societies, which is based on the alignedness of individuals around concepts, ideas and 
culture. This alignedness has thousands of years partially been assured by geographic constraints, but 
these constraints are weakening. How can ICT help us to find an alternative balance between 
individual diversity and societal coherence? 
 
ω ²ƛƭƭ ǘƘŜǊŜ ōŜ ƻǘƘŜǊ ŎƻƴǎǘǊŀƛƴǘǎ ǘƘŀǘ ŎƻƳŜ ƛƴǎǘŜŀŘ ƻŦ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǿŜŀƪŜƴƛƴƎΚ bƻ ŘƻǳōǘΦ !ǎ L ƘŀǾŜ 
argued elsewhere (van der Leeuw 2012), solutions lead to challenges, lead to solutions, lead to 
challenges, and so forth. Part of the task of Global Systems Science will be to look at those challenges 
and devise perspectives that enable us to anticipate them. One important ex-ample is the future 
distribution of employment. Much urban immigration is driven by the expectation of urban 
employment, and the above trends seem to point to delocalization of such employment. How will 
these two trends articulate? 
 
ω Iƻǿ ǿƛƭƭ ǘƘŜǎŜ ǘǊŜƴŘǎ ŀŦŦŜŎǘ ǘƘŜ ǇŀǘǘŜǊƴ ŀƴŘ ǎǇŜŜŘ ƻŦ ƛƴƴƻǾŀǘƛƻƴ ǘƘŀǘ ƛǎ ƴŜŎŜǎǎŀǊȅ ǘƻ Ƴŀƛƴǘŀƛƴ 
people interested in our societies? Recent research closely relates innovative capacity to spatial 
ǇǊƻȄƛƳƛǘȅ ƻŦ ƭŀǊƎŜ ƴǳƳōŜǊǎ ƻŦ ǘƘŜ ΨŎǊŜŀǘƛǾŜ ŎƭŀǎǎΩ ǿƻǊƪƛƴƎ ƛƴ ƛƴǎǘƛǘǳǘƛƻƴǎ ǎǳŎƘ ŀǎ ōǳǎƛƴŜǎǎŜǎ ǘƘŀǘ ŀǊŜ 
co-located in cities. One may distinguish cities in which truly original innovation emerge from cities 
that specialize in recombination of existing technologies, and from cities that focus on elaboration of 
technologies. The spatial relationship between these cities is co-determined by the role each plays in 
the fabric of society. How might that change in a distributed world? 
 
3. Questions regarding ways to improve the sustainable management of the global urban system 
through enhanced use of ICT  
 
To pose the third set of questions, it is important to point to another, very different, trend: the use of 
Big Data to enable much closer fine-tuning of the management and organization of our current social 
systems and institutions, including the health and behaviorof individuals. Here we will be moving 
ŦǊƻƳ ǿƘŀǘ LΩŘ Ŏŀƭƭ ŀ ΨǎǘŀǘƛǎǘƛŎŀƭ ŀǇǇǊƻŀŎƘΩ ǘƻ ŀ ΨǇŜǊǎƻƴŀƭƛȊŜŘ ŀǇǇǊƻŀŎƘΩΦ /ǳǊǊŜƴǘƭȅΣ ƳŀƴŀƎŜƳŜƴǘ ƻŦ 
societal processes essentially depends on a statistical approach to understanding and man-aging 
them, in which common denominators are identified in perception, behaviorand interaction, and 
these lead to the creation of adaptive institutions that channel them. The precision of this approach, 
and hence its effectiveness, was limited by the information available, based on censuses, opinion 
polls and other social science tools. In the medical field information acquisition was achieved (and 
limited) by other tools, but the effect was the same: treatments and drugs developed to have a 
statistical success rate, rather than an assured individual one. 
 
Big Data offers the possibility to acquire such data in incredible detail and in real time. Currently, 
certain companies in the US have data about each household according to more than 500 criteria, 
Sophisticated analytical methods allow pollsters to address each family with a detailed copy of their 
ΨƳŜƴǘŀƭ ƳŀǇΩ ƛƴ ƳƛƴŘΦ ¢Ƙƛǎ ŎŀǇŀŎƛǘȅ ǿŀǎ one of the factors that played out in the last presidential 
elections in the country. Tools currently being developed that are able to simultaneously identify very 
large numbers of health risk factors very early will no doubt help reduce health costs in the future 
and may also lengthen life expectancy. These are but two examples of this general trend. Although 
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ǘƘƛǎ ƛǎ ƻƴƭȅ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘƛǎ ǘǊŜƴŘΣ ǘƘŜ ǾƻƭǳƳŜ ά¢ƘŜ IǳƳŀƴ CŀŎŜ ƻŦ .ƛƎ 5ŀǘŀέ ό{Ƴƻƭŀƴ ϧ 9ǊǿƛǘǘΣ 
2012) gives many examples of how the collection of massive, and very precise, data will affect our 
lives ς ǿƘŜǘƘŜǊ ŦƻǊ ōŜǘǘŜǊ ƻǊ ŦƻǊ ǿƻǊǎŜ ŘŜǇŜƴŘǎ ƻƴ ƻƴŜΩǎ ǇŜǊǎƻƴŀƭ ŀǘǘƛǘǳŘŜǎΣ ōǳǘ ŀǎ ƘǳƳŀƴǎ ŀǊŜ 
known for their adaptive capacities, ultimately these developments seem inevitable. 
 
Smart cities 
 
In the domaiƴ ƻŦ ǳǊōŀƴƛȊŀǘƛƻƴΣ ǘƘƛǎ ǘǊŜƴŘ Ƙŀǎ ǊŜŎŜƴǘƭȅ ƭŜŘ ǘƻ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ǘƘŜ Ψ{ƳŀǊǘ /ƛǘȅΩΦ CƻǊ ƛƴ-
stance, Scientific American ran a special issue on smart cities (September 2011). Industry players such 
as IBM and Siemens have specific programs and practices dedicated to advancing the cause of 
building smart cities. Despite its intuitive appeal, we have limited knowledge within the design, 
planning, policy, sustainability or ICT fields about the dimensions of the concept of smart cities, and 
limited practical experience regarding the barriers and potential opportunities. Tentatively, one could 
use the following definition (DeSouza 2012): A smart city is livable, resilient, sustainable, and 
designed through open and collaborative governance. 
 
De Souza (ibid) argues further that a smart city: 
ω ƛǎ ǊŜǎƛƭƛŜƴǘΣ ƛΦŜΦ ǇƻǎǎŜǎǎŜǎ ǘƘŜ ŎŀǇŀŎƛǘȅΣ ŘŜǎƛǊŜΣ ŀƴŘ ƻǇǇƻǊǘǳƴƛǘȅ ŦƻǊ ǎŜƴǎƛƴƎΣ ǊŜǎǇƻƴŘƛƴƎ ǘƻΣ ǊŜ-
covering, and learning from natural and man-made disasters. 
 
ω ǘŀƪŜǎ ŀ ǎǳǎǘŀƛƴŀōƭŜ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ƛǘǎ ŜŎƻƴƻƳƛŎΣ ǎƻŎƛal, and ecological resources 
to ensure that they have vitality going into the future. 
 
ω ƛƴŦǳǎŜǎ ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ ŀǳǘƻƳŀǘŜŘ ŀƴŘ ƘǳƳŀƴΣ ƛƴŘƛǾƛŘǳŀƭ ŀƴŘ ŎƻƭƭŜŎǘƛǾŜΣ ŘŜŎƛǎƛƻƴ ƳŀƪƛƴƎ ƻƴ 
optimal allocation of resources, design of systems and processes, and citizen engagement. 
 
ω ŜƴŀōƭŜǎ ƛƴǘŜƭƭƛƎŜƴǘ ŘŜŎƛǎƛƻƴ ƳŀƪƛƴƎ ǘƘǊƻǳƎƘ ƭŜǾŜǊŀƎƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ Ǿƛŀ ǘŜŎƘƴƻƭƻƎȅΣ ǇƭŀǘŦƻǊƳǎΣ 
processes, and policies across its environments, infrastructures, systems, resources, and citizens. 
 
ω ƻǇŜǊŀǘŜǎ ŀǎ ŀ ǎŜŀƳƭŜǎǎƭȅ ƛƴǘŜƎǊŀǘŜŘ ǇƭŀǘŦƻrm where information links the various infrastructures, 
ǎȅǎǘŜƳǎΣ ƻǊƎŀƴƛȊŀǘƛƻƴǎΣ ŀƴŘ ŎƛǘƛȊŜƴǎΩ Ǝƻŀƭǎ ŀƴŘ ǾŀƭǳŜǎΦ 
 
ω ŜƴƎŀƎŜǎ ŎƛǘƛȊŜƴǎ ƛƴ ǇƭŀƴƴƛƴƎ ŀƴŘ ŘŜǎƛƎƴ ƻŦ ǇǳōƭƛŎ ǎǇŀŎŜǎ ŀƴŘ ƎƻǾŜǊƴǎ ǳǎŜ ƻŦ ǇǳōƭƛŎ ǊŜǎƻǳǊŎŜǎ 
through open and collaborative governance platforms supported by information technologies that 
generate, and leverage, the collective intelligence of its residents. 
 
These goals are achieved by infusing novel information flows into the city that gather information 
about citizen and infrastructure behaviorand disseminate information to the citizens. Smart cities use 
a wide assortment of information pipelines and platforms to integrate the ς often disparate ς 
physical and human sub-systems, infrastructures, and processes. By building viable connections, 
information flows between the various parts of the city seamlessly so as to enable real-time 
intelligent decision-making. Leveraging information technologies is central to the goal of developing 
smart cities. Technologies, especially computational and communicational systems, are vital for 
optimal processing of information in real time and facilitating both automated and human decision 
making. Hence smart cities are laden with information generation sensors, automated systems that 
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aggregate and store data, and even tools that enable data to be transported across administrative 
systems. On the other hand, and maybe less evident to the ICT community, is the fact that smart 
cities also use information technology to involve their citizens in the decision-making and 
implementation of policies and other measures. This is necessary to ensure that very large cities 
avoid major social ruptures and political traumas. They do so by extensively using participatory 
platforms. 
 
Five essential domains of development of ICT for smart cities are relevant here: 
 
(1) Smart planning requires us to think of cities as ecosystems. Planners will be faced with the 
challenge of designing a new ecosystem (when faced with the challenge of creating a new city) or 
modifying an existing ecosystem (when retrofitting an existing city). Such infrastructure projects 
insert new actors, dependencies, or interactions, and require that participants renegotiate their place 
in the ecosystem. Many projects strand because the different stakeholders communities have not 
sufficiently been involved in the planning. 
 
Successful planning for smart cities also requires looking broadly at the impact of the infrastructure 
on the dynamics of the economy and the geography of the region. Failure to think of such projects 
holistically as complex systems will result in isolation of critical stakeholders, flawed plans, and, 
ultimately, in poorly executed or failed projects. An excellent example of a very good plan is the 
model designed by Revi (20XX) for the city of Goa (India). He decomposed the econ-omy of the 
environment and the infrastructure of the current city, and rebuilt them with an interesting twist: 
rather than work from the city center outwards, he worked from the surrounding countryside and its 
resources inward, thus creating a much less energy-intensive and highly functional city plan.  
 
Finally, smart planning is planning and designing for change. Planning should look beyond im-mediate 
completion into the life stages of planned infrastructure, based on an informed under-standing of the 
future of the city in order to build projects that fulfill the needs of the city that will be, not the city 
that was. Smart planning aims to build plans and infrastructures that are adaptable and flexible, and 
that have the capacity to be repurposed as conditions change. 
 
(2) Collective Smarts. Smart cities take advantage of the talent and education that is locally available 
by creating and maintaining effective platforms for citizen participation in the construction of the 
city, encouraging their citizens to contribute constructive ideas and innovations. This is achieved by 
means of ICT platforms that enable co-construction of ideas among citizens. Such co-construction can 
happen in meetings that are organized at looking at different scenarios of the future, but could 
ultimately also entirely happen on-line. Another effective tool in this domain is crowd-sourcing both 
ΨǿƘŀǘ ƭƛǾŜǎ ƛƴ ǘƘŜ ŎƛǘȅΩ ŀƴŘ ƛŘŜŀǎ ǘƘŀǘ ƳƛƎƘǘ ƛƴŘŜŜŘΣ ǊŜŀƭƛǎǘƛŎŀƭƭȅΣ ŎƻƴǘǊƛōǳǘŜ ǘƻ ŀ ǎƳŀǊǘŜǊ ŎƛǘȅΦ 
Regularly monitoring of the ideas that are being discussed on the web, in social networks, etc. , 
enables the city government to be better in touch with what actually goes on in the city. By selecting 
the best from among the many ideas contributed by the urban citizenry, one could achieve a kind of 
ά9ƳŜǊƎŜƴŎŜ ōȅ 5ŜǎƛƎƴέ ƻŦ ǳǊōŀƴ ƛƴƴƻǾŀǘƛƻƴǎ ǘƘŀǘ ǊŜǎǇƻƴŘ ŜŦŦŜŎǘƛǾŜƭȅ ǘƻ ǘƘŜ ŎƛǘȅΩǎ ƴŜŜŘǎΦ Lƴ ǘƘŜ 
process, transparency is much improved. 
 
(3) Smart Infrastructures. Sensors are to be present in the physical infrastructure of a city from 
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intelligent traffic lights to metering technologies that regulate parking spaces. Buildings in a city also 
act as information sensors, tracking details such as personnel movements, energy consumption, and 
the flow of goods and services. In addition, citizens have multiple devices through which they interact 
and exchange information on their activities and whereabouts. These tools enable city managers to 
understand the behaviorƻŦ ƛƴŘƛǾƛŘǳŀƭ ŎƛǘƛȊŜƴǎΣ ŀƴŘ ǘƘǳǎ ƘŜƭǇ ƳƻǾŜ ƳŀƴŀƎŜƳŜƴǘ ŦǊƻƳ ǘƘŜ ΨǎǘŀǘƛǎǘƛŎŀƭΩ 
ǘƻ ǘƘŜ ΨǇŜǊǎƻƴŀƭƛȊŜŘΩ ǎǘŀǘŜΦ ¢Ƙƛǎ Ƙŀǎ Ƴŀƴȅ ŀŘ-vantages for individual citizens as well as the urban 
society as a whole. And it allows the city to gain efficiencies in many domains, from resource use to 
transportation. Robust, nimble, and agile: smart infrastructure is the new vision of infrastructure. 
 
(4) Smart Operations. While information is present in the many facets of a city, this information 
needs to be cohesively managed. Managing information across subsystems, systems, infrastructures, 
and organizations is critical to realizing the goals of resiliency and sustainability and to creating smart 
cities. The underlying structure and foundation of smart cities will be built upon the policies and 
design guides used by government, planners, and architects. The benefits of solid, smart city 
regulations will be a healthier and more fruitful life for the increasing numbers of urban dwellers. 
¢Ƙƛǎ ŎƻƴŎŜǇǘ ƻŦ άǎƻŎƛŀƭ ǎǳǎǘŀƛƴŀōƛƭƛǘȅέ ŀƭǎƻ ǿƛƭƭ ƛƳǇŀŎǘ ǘƘƻǎŜ ƭƛǾƛƴƎ ƛƴ ǘƘŜ ŎƛǘƛŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ǇǊŜǎŜƴŎŜ 
of green spaces, walking paths, etc. For example, through the design of smart transportation systems 
one might be able to not only reduce the emissions for vehicle traffic, but also increase the health 
and well-being of citizens by promoting healthier habits like bicycling or walking to work. Economic 
sustainability should be present, as the city will create jobs and inform job-creation activities using 
information smartly.  
 
(5) Smart Governance. Cities are administered by a collection of agencies and governing bodies, 
mixed and matched in singular ways depending on the local laws and cultures. Smart agencies are a 
vital part of the smart city fabric. These agencies leverage the power of information to conduct their 
operations in an optimal manner. Smart cities must be adept at multi-objective optimizing, able to 
pursue multiple goals, negotiating among possibly conflicting constituencies. In order to achieve this 
level of efficiency and responsiveness, public agencies must revolutionize their operations. Smart 
institutions will embrace information technologies to achieve their goals in a sustainable manner. 
Today we have sophisticated computing technologies, access to data of all kinds from geographic to 
economic with even finer granularities, and we have visualization and mapping tools that can 
leverage information for better decision making around megacities. 
Cities also represent critical economic hubs between nation-states. As such, increasing the 
sophistication with which information is processed to enable smart decision-making will contribute 
positively to national stability and growth. Cities are resource-constrained and need to re-solve 
multiple, and conflicting, goals of various stakeholders who own, or have access to, these resources. 
Hence, there must be a movement toward information-driven, collaborative, and inclusive decision 
making. The fact that there is a greater chance that these spaces can recover from internal and 
external shocks through effective resource allocation and infrastructure management during times of 
distress adds to urban and national resilience. But such smart governance calls for optimal 
collaboration between the various stakeholders involved in ad-dressing complex challenges around 
the design and planning of urban spaces. 
 
Conclusion 
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In this contribution to the Global Systems Science project, I have deliberately focused on questions 
and issues, rather than on the specifics of the many ways in which ICT is going to change urban 
systems, and our understanding of them. The impact of ICT is going to change so rapidly, and in so 
many unpredictable ways, that it seems to make little sense to outline our current vision on these in 
this programmatic paper. Rather, the paper aims to outline a major field of action, in which ς over 
the coming ten years ς things will change very rapidly, and out best efforts will be required to steer 
these changes in a constructive way. 
 
In that process, there is a distinct role for academic research, which is to look further ahead than 
industry, business and politics can, and in particular to look critically at potential unintended con-
sequences of solutions that are about to be implemented, so as to avoid that our path-dependency 
drives us into traps that we will have a difficult time to come out of. 
 
 

2.2 Financ ial sys tems  
 
The financial crisis of 2007 has not led to a breakdown of the world economy only because a critical 
minority of policy-makers ς mostly central bankers ς had the courage to discard the conventional 
wisdom of current macro-economic models and experiment with measures that defy that wisdom. In 
particular, the build-up of the Euro crisis could only be stopped when the president of the ECB, Mario 
5ǊŀƎƘƛΣ ŘŜŎƭŀǊŜŘ Ƙƛǎ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ǘƻ ƳƻǾŜ ǘƘŜ ƳŀǊƪŜǘǎ ŦǊƻƳ ŀƴ ƛƴŦŜǊƛƻǊ όƛƴ Ƙƛǎ ǿƻǊŘǎΥ άōŀŘέύ 
towards a superiƻǊ όάƎƻƻŘέύ ŜǉǳƛƭƛōǊƛǳƳΣ ǊŀǘƘŜǊ ǘƘŀƴ ǎǘƛŎƪƛƴƎ ǘƻ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ ǎǘƻǊȅ ƻŦ ŀ ǎƘƻŎƪ ǘƘŀǘ 
had to be absorbed by the capacity of the markets to return to their alleged single, stable 
equilibrium. 
 
However, the risk of a next crisis, possibly larger in scope, is unabated, and will be a key challenge of 
global risk governance in the years and decades to come. GSS will help to move towards an 
integrated governance of global risks that takes into account the interactions between financial and 
other markets as well as between socio-economic dynamics at global, national and regional scales. 
For this purpose, GSS will develop simulation models that overcome the feature of a single stable 
equilibrium built into present standard models, and that will rely on well as in-depth analysis of the 
large data-sets necessary to monitor the complex networks of economic and other agents shaping 
the world economy. 
 
This shall lead to joint learning by policy-makers and researchers about how to design and implement 
effective measures towards a financial sector supporting increasing employment and sustainable 
economic growth, e.g.: 
 

- simple rules to limit risky dynamics of complex financial systems, 
- regional experiments with innovative schemes to foster sustainable growth, 
- stepwise move from the present Dollar-based state of the global monetary system towards a 

state where the overcoming of global poverty can take place along reasonably stable 
trajectories, 

- Χ 
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2.2.1 ICT in economics and finance  

 
Silvano Cincotti  

 
The last four decades of last century have been characterized by tremendous developments in 
Information and Communication Technologies (ICT) and ICT have impacted all areas of our societies 
and have been considered the basic line to achieve innovation. Direct evidences can be found in the 
amazing computational capabilities that are nowadays available as well as the pervasive influence of 
telecommunication on everyday life (e.g., internet, smart phone, table, etc.). 
 
In the context of the ICT revolution, a great amount of data on financial markets has been made 
available in the last three decades and finance has become the most quantitative social science. 
More recently, the crisis of 2007-2008 produced an intellectual collapse of the modern economic 
theory and opened a demand on how to integrate the crucial role played by the financial system into 
macroeconomic models and to rethink of the economy as results of interactions among those 
heterogeneous agents.  
 
This opened a demand for innovative approach to modelling economy and finance and a request of 
contributions to other disciplines (e.g., physics, engineering, psychology, etc.) whose methods and 
tools can effectively contribute to the study carried on by economists and mathematicians since 
more than 100 years and result in significant advances and benefits. 
 
Nowadays, this demand is further increasing mostly driven by the complexity of the techno-econo-
society and ICT have the opportunity to provide efficacy and efficiency stated that we will be able to 
couple ICT and policy and decision making so to transform innovation into growth, feasibility into 
sustainability, and uncertainty into risk. To these aims, there is a need of a network of infrastructure, 
observatories, data repositories, services and facilities that leads to a new cross-disciplinary research 
community and the ICT community has the opportunity and responsibility to foster and to facilitate 
such synergic aggregation by providing the community with the mandatory infrastructures and tools. 
Two major contributions are directly expected by the ICT community: 
 

a. repository and management of huge data in economics and finance; 
b. framework and facility for analysis and computational experiments. 

 
These enabling technologies and solutions constitute the foundation of a public facility intended for 
economic modelling, investigating all aspects of risk and stability, improving financial technology, and 
evaluating proposed regulatory and taxation changes.  
 
The public facility should be grounded on HPC and huge computational power services and enriched 
by large variety of methods including data mining, process mining, computational and artificial 
intelligence and every other statistical physics, computer and complex science techniques and on the 
mathematical tools developed in network theory coupled with economic theory and econometric in 
order to perform a continuous monitoring and evaluation the state of the economies of countries 
and their various components (i.e., short term horizon). Furthermore, the public facility should also 
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provide the framework, infrastructure and interoperability of economics and financial models to 
perform data-driven what-if analysis, scenario evaluations and computational experiments to inform 
decision makers and help develop innovative policy, market and regulation designs (i.e, mid and long 
term horizon). Finally, the public facility should also provide innovative solutions to collect, to store 
and to analyze relevant information by means of social media mining tools and web-based 
information markets so to constantly monitoring and managing the crucial interaction between 
expectations, policy and reality. 
 
Such an arsenal of proven and novel techniques, methods, facilities and frameworks is originated by a 
cross-disciplinary research community of economists, social scientists, complexity scientists and 
computer scientists and will allow scientists and regulators as well as policy makers and the private 
sector to conduct realistic investigations with real economic, financial and social data devoted to 
prevent future crises (by making the global economy more resilient) and to explore the possibility of 
broad societal transitions to sustainable patterns of production and consumption. 
 
It is worth remarking the crucial needs of a public rating institution, as the recent scandals faced by 
the rating societies have pointed out weakness and conflict of interests of contemporary rating 
system. In this respect, it can represent the European reply to the private approach that 
characterized current American rating system and it can also be considered a cradle for training and 
collaboration with the private sector to spur spin-offs and job creations in Europe in the finance and 
economic sectors. 
 
 
Guido Caldarelli, Stefano Battiston  and Antoine Mandel   

 
The financial system performs vital functions for the world economy. The goal of a sustainable and 
stable finance is of the utmost importance for global system science. Regulators and policy makers 
need reliable and useful visualization, modeling and simulation tools for this system. As one of the 
most recent approach we propose to use for such purpose the theory of Complex Networks. Very 
often one of more aspect of this system can be described by means of a complex graph. Typically, 
under the generic name of financial networks people indicate several different systems all related to 
the world of finance. Such a coarse graining is justified by the fact that in all the various situations we 
always find similar behaviours. We shall present here a series of examples passing from the study of 
stock-price correlations to the study of the web of exposures between different companies, and 
finally to the lending of money between banks. Indeed in every of the abovementioned systems we 
encounter similar mathematical structures (we always find a scale-free architecture, a scale-free 
distribution of centrality and betweenness). Furthermore regulators are often interested in similar 
basic questions. More particularly anyone wants to know which institutions are more important for 
the stability of the whole system, what the global impact of a local bankruptcy is, and finally how we 
could act on the system in order to change its properties or to recover the initial stability. The 
possibility to provide to regulators a set of simple indicators that can be used as a thermometer of 
the financial situation in order to prevent crises is one of the most challenging perspectives. For this 
reason more and more often scientists and research groups involve regulators in the research activity. 
The recent crisis has spurred a profound debate about the role of policy and regulations in financial 
markets. The debate has drawn the attention of researchers from many areas of science as well as of 
the civil society at large to the needs for new approaches to policy modelling. Overall, it has emerged 
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as a prominent societal issue the need to build a sustainable global financial system that serves the 
global policy goals. In particular, many observers share the view that the current financial crisis 
should be seen as an opportunity to strengthen climate finance and not as an excuse to postpone the 
environmental objectives that were previously put forward 
 
 
2.2.2 Structural Instability of Financial Systems  
 
Guido Caldarelli, Stefano Battiston and Antoine Mandel  
  

State of art One of the primary causes of instability is related to the failure or susceptibility to failure 
of multiple banks, at the same time, across the banking network. The vulnerability of the financial 
institution networks arises through different mechanisms such as: (i) direct mutual credit exposure 
between banks; (ii) interrelated exposures of banks to a general source of risk; or (iii) cascading 
effects from fire-sale of assets by troubled institutions (Nier et al., 2008). Today's global financial 
networks are more connected and hence more vulnerable to losing strategic nodes. The node failures 
of one network can cause node failures in another, interconnected network and may result in 
cascading failure of more than one network. This potential contagion effect (the collapse of one 
network to other key networks) is often overlooked by policy makers. The stability of the system is a 
key factor that needs to be addressed by Global System Science. Financial networks grow organically 
along with the globalization and innovation trends, and as the networks become more 
interdependent, the stability of the system can be compromised. 
 
Progress To that purpose we envisage to focus on correlated exposures of banks to an emerging 
endogenous source of risk to analyze the effect of loss in asset value (insolvency) of one bank across 
the entire network. In addition to banking, we ought also study other financial networks such as 
currency and capital market networks as interdependent systems to capture and analyze the risks 
associated with the relationships among these networks. While we do not advocate reversing these 
natural trends of globalization and innovation, we propose steps that can be taken to improve the 
reliability of the financial networks and prevent cascading failures to other networks. These steps, in 
the form of better (not necessarily more or less) regulations, can significantly increase the stability of 
the overall financial system (Schinasi, 2005). Complex global networks are not likely to ever be 
completely reliable, but hopefully they can be made more resilient and self-correcting by reducing 
the interdependence between the various components and minimizing the damage from a failure of 
one network to the functioning of another (Cornell Info 2040-Networks, 2008). 
 
 
2.2.3 Visualization of interconnection between d ifferent systems. R ole of 

financial interlinkages . 
 
Guido Caldarelli, Stefano Battiston and Antoine Mandel  

State of art During the period March 2008 - March 2010 many US and international financial 
institutions received aid from the US Federal Reserve Bank (FED) through emergency loans programs, 
including the so-ŎŀƭƭŜŘ ΨFED Discount WindowΩ. Recently this dataset has been released thereby 
providing a unique and important opportunity to study the distribution of debt across institutions 
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and across time. One of the papers based on the analysis of this dataset wanted to estimate the 
impact of a node on the others [Battiston et al 2012b]. This is done in order to develop novel 
strategies with respect to the too-big-to-fail procedure [Stern 2004].  

Progress The assessment of the possible impact is done with a novel measure inspired by feedback 
centrality. Such quantity termed DebtRank [Battiston et al. 2012b] takes recursively into account the 
impact of the distress of an initial node across the whole network. More particularly DebtRank of 
vertex i, is a number (i.e. dollars or euros) measuring the fraction of the total economic value in the 
network potentially affected by the distress or the default of node i. This quantity can be used to 
construct a ranking, but it is not itself a particular rank of the node considered.  Its computation 
differs from the methods based on the default cascade dynamics [Cont et al. 2010, Mistrulli 2011, 
Battiston et al. 2012] in which, below the threshold no impact is propagated to the neighbours. In this 
respect DebtRank is more similar to other feedback centrality measure that have found successful 
applications in many domains ranging from rankings in the world-wide-web (e.g. PageRank) to 
corporate control in economic networks.  

 

DebtRank is currently used by a variety of regulators as Central Bank of England, Bank of Italy, Bank 
of Brazil, European Central Bank. 

 

Figure 1: DebtRank-like algorithms allow to monitor over time in a 2-dimensional plot those 
players that have at the same time high impact on the others and high vulnerability to other 
ǇƭŀȅŜǊǎΩ ǎƘƻŎƪǎΦ ό{ee Kaushik et al. 2012 for more details on the calculations). As we can see, 
in the intermediate period (green) a number of players were at the same time highly 
vulnerable and systemically important. 

 
 
2.2.4 Sustainability of Welfare  
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Guido Caldarelli, Stefano Battiston and Antoine Mandel  

State of art Every scenario simulation indicates that health spending will exert increasing pressure on 
the GDP in Europe. If countermeasures are not taken, we can estimate that in 2030, after a 
continuous trend, the increase in incidence will be between 1 and 1.5 percentage points when 
considering the efficient expenditure (standard), and between 1.3 and 1.8 pp if one takes into 
account current levels of inefficiency. Other estimates from Ecofin, OECD and the IMF (which refer to 
a broader scope of spending and incorporating the voice of assistance to the disabled), suggest a 
potential doubling of health spending to GDP over the next fifty years. Other problems emerge 
adding to the expenditure projections of the financing. Regionalization of welfare will worsen the 
situation. It is assumed that all regions contribute to the financing of the expenditure standard with a 
uniform percentage of GDP, equal to the share of expenditure on the standard national GDP. We 
construct the matrix flow redistribution so that it would activate. The mass redistribution would 
increase from about 10 to about 13 billion euros in 2030, challenging values, accounting for nearly 
0.7% of GDP and 8 to 9% of the standard spending. Most flows would start to benefit from the North 
of the South 

Progress To overcome the gap of efficiency and quality, it is necessary to establish clearly the 
standardization rules of the expenditure and the rules for its full funding. complex system 
representation through agent-based simulation could track the possible scenarios for regional tax 
leverage with the timing and for amounts consistent with healthy fiscal developments. This approach 
can be fruitful only involving the relationships between levels of government, the relationship 
between the regional and local authorities, and the cooperation with various stakeholders. 
 
 
2.2.5 Network of N etworks  
 

Guido Caldar elli, Stefano Battiston and Antoine Mandel  

State of the art: In complexity theory we make the assumption that a variety of economic and 
financial systems can be described by a graph. Economic entities and financial institutions are nodes, 
characterized by state variables (aka fitness) depending on their economic and financial values. Links 
among nodes are of multiple types, depending on the particular relationship between the 
institutions. Edges can be static or dynamic, and their value can possibly co-evolve with the state of 
the nodes. The advantage of this approach is in the simplification of the modeling and in the 
possibility to predict the future behavior of the system. Unfortunately the dynamics are often 
interconnected with the topology. Finally, the topology itself can be composed by various interacting 
layers. The theory of these systems has yet to be written. The simplest case is given when links are 
static and along them a dynamical process is going on. A typical example goes under the name of pro-
cyclicality of leverage. Essentially, this is a positive feedback (from asset prices to fragility of banks 
and back to asset prices) taking place on the network formed by banks and securities. Considered 
alone, this network cannot be used by regulators. It is only the coupling of this network with the 
network of interbank credit [De Masi et al. 2006], determining magnitude and the persistence of the 
effects as explained in the following. Banks lend to each other, i.e., they invest in each other claims, 
buǘ ƛƴǾŜǎǘ ŀƭǎƻ ƛƴ ŀǎǎŜǘǎ ŜȄǘŜǊƴŀƭ ǘƻ ǘƘŜ ƛƴǘŜǊōŀƴƪ ƴŜǘǿƻǊƪ όƘŜǊŜŀŦǘŜǊ άŜȄǘŜǊƴŀƭ ŀǎǎŜǘǎέύΣ ǎǳŎƘ ŀǎ 
sovereign bonds. An initial negative shock on an external asset, say A1, makes more fragile a bank, 
say B1 that holds some units of A1. Bank B1 then sells some amount of A1 and pays back with the 
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proceedings of the sale part of its liabilities. In so doing, bank B1 increases its robustness. However, 
since the sale will likely move the price of A1 further down, the other banks that hold A1 will now 
also feel more fragile (a case of negative externality). If in turn they start selling units of A1, this could 
trigger a spiral of devaluation. In this far, distress propagates only via those links that result from 
common investments in the same asset or asset class. However, the mechanism is exacerbated by 
the fact that banks may be affected by the shock on A1 also along the link of the other network, i.e., 
because they invested in B1 claims, which has become more fragile [Battiston et al 2012]. The current 
state of the art is addressing the problem only with basic mean-field approaches that neglect the 
network structure.  We plan to investigate how the dynamics is affected by the: (i) the structure of 
the network bank-security, (ii) the interbank credit network and (iii) the way the two networks are 
connected.  

Progress: To move forward on this topic we intend also to develop a link formation mechanism. We 
will proceed in order from the simplest standard rules [Albert et al. 2002, Caldarelli et al 2002] to 
more sophisticated rules, such as those based on spectral properties of the graph [König et al. 2011-
2012]. A challenge here is that there is a formation rule for each type of link and thus the space of 
parameters grows very fast. This makes it harder to characterize the general properties of the 
system. Another challenge is that it could turn out that it is important that link formation rules take 
into account the number or quality of the links in both networks. For instance, the decision of a bank, 
B1, to invest in a certain set of external assets may depend also on the assets held by the banks 
connected to B1 on the credit network. Indeed, the output of this task is expected to contribute on 
the theoretical understanding of the topological structures emerging from the interplay of two or 
more interdependent rules for link formation. We also plan to investigate how the evolution of links 
in a multi-level network may lead to interactions at different scales in the structural dimension. The 
result of recent and on-going investigations suggest to conjecture that the link formation rules at the 
firm level could lead to the self-organized formation of super-nodes [Vitali et al. 2011], which then 
influence the dynamics at the firm level. 
 
J. Doyne Farmer  

 
In his opening address to the ECB Central Banking Conference on 18 November 2010, the ECB 
President, Jean-/ƭŀǳŘŜ ¢ǊƛŎƘŜǘ ǎŀƛŘ ǘƘŀǘ άƛƴ ǘƘŜ ŦŀŎŜ ƻŦ ǘƘŜ ŎǊƛǎƛǎΣ ǿŜ ŦŜƭǘ ŀōŀƴŘƻƴŜŘ ōȅ ŎƻƴǾŜƴǘƛƻƴŀƭ 
ǘƻƻƭǎέΣ ŀƴŘ ǿŜƴǘ ƻƴ ǘƻ Ŏŀƭƭ ŦƻǊ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŎƻƳǇƭŜȄ ǎȅǎǘŜƳǎ ōŀǎŜŘ ŀǇǇǊƻŀŎƘŜǎ ǘo augment 
existing ways of understanding the economy. While traditional methods in economics are very useful 
for some purposes, there is an urgent need for additional work that properly addresses the financial 
system as a system, rather than a set of disjoint parts. 
 
Techniques used in global systems science are quite different from those used in conventional 
economic theory, with its emphasis on optimization. They include data mining, network analysis, 
systems dynamics, agent based modeling, and non-linear dynamics. An important challenge for GSS is 
to explore the (in)stability and resilience of global financial markets focussing on issues of agent 
heterogeneity, network effects, spreading of information, market psychology, social learning, and 
expectations. At the same time, many instabilities in financial markets are driven by nonlinear 
instabilities that are inherently mechanical or that derive from market structure. (Good examples are 
nonlinear instabilities driven by derivatives). GSS will use a variety of approaches to understand the 
nonlinear feedbacks that exist in markets more comprehensively, explore their interactions with each 
other, and in particular to model their interactions with human decision making. 
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There are many questions that can be addressed by GSS: What are the causes of extreme events and 
crises? What preventive measures should be taken? If a crisis does occur, how should it be managed 
from a GSS perspective? What is the role of financial innovation? How can institutional design and 
market regulation contribute to the stability and resilience of global financial markets? It is now 
widely believed that modern markets have become much more vulnerable to sudden changes as a 
result of the development of automatic trading algorithms. The latter, for example, often incorporate 
stop loss instructions to sell when a price descends to a certain level. If many algorithms have the 
same thresholds this can lead to a cascade of sales as in May 2010 on the NYSE. This interaction 
between modern technology and market dynamics will play an essential role in the way GSS models 
understand financial markets. Recent work in network theory and agent-based modeling has begun 
to address some of the systemic problems in finance, but such work has so far only scratched the 
surface of what is possible, and most of the important work still lies ahead. 
 
The network view of finance and economics. Finance and economics provide a rich set of networks 
to consider, in which the nodes can be many things. Examples that have already received 
considerable attention include interbank lending, international trade, corporate ownership, and 
input-output relationships in production. There nonetheless remain many more relationships to be 
studied, and in particular the interactions between these different systems remain poorly 
understood. 
 
The vision of the economy as a system of evolving coupled networks provides a completely different 
policy perspective. A key feature is that the behaviorof the economy at the aggregate level emerges 
from the interactions, both of the individuals within each network and of the networks themselves. 
 
Traditional policy recommendations are based on the reactions of individual nodes (people, firms, 
institutions) to changes in policy. The network approach opens up the possibility of identifying and 
targeting key nodes within the system, thereby potentially increasing the effectiveness of policy. It 
further makes it possible for policy makers to influence the way in which the structure of the network 
evolves. So, for example, the Basel agreements have focused upon controlling and improving the 
viability of individual institutions rather than on the ways in which they are connected and hence the 
viability and resilience of the system as a whole. A classic example of the failure of this approach was 
that of Dexia, a Belgian bank which had to be rescued by government intervention only 3 months 
after having passed the official stress tests without any problem. A global systems science network 
analysis can yield insights into the systemic banks in the financial network, which must be preserved 
from falling. These latter considerations have only recently come to the fore. This point has been 
heavily emphasized by the Bank of England, but despite the establishment of the European Systemic 
Risk board there has been little reaction in terms of macroeconomic modelling to this issue. 
 
The current crisis has shown once more the importance of the feedback between the macro 
economy and worldwide financial markets. The global economy is a multi-scale complex system and a 
multi-disciplinary approach is necessary to study its functioning. In particular, interactions and 
feedbacks between financial markets and the macro economy need to be studied to understand 
crises and improve their early detection and to develop new complexity based economic policy. 
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2.3 Sustainable Economies  
 
J. Doyne Farmer  

 
The problem of protecting both current and future generations is manifest when considering the 
supply of food, water and energy, and understanding how we can maintain a high standard of living 
for the whole world without depleting natural resources and destroying biodiversity. How do we 
avoid or at least mitigate these key social, economic and security-related problems? These extremely 
difficult problems require trans-disciplinary teams and are naturally addressed by GSS. 
 
At present the state of the art for understanding the dynamic aspects of sustainability is system 
dynamics modeling, as used in the original Club of Rome study, Limits to Growth. Such models have 
certainly been useful in providing an understanding of the relationships between key components of 
earth systems. GSS will expand considerably the analytical techniques which are applied to such 
systems, beyond that of ordinary differential equations by using tools such as network theory, 
complex systems theory, multi-agent simulations, multi-level models, experiments and participatory 
platforms. We also take into account explicitly spatial and network effects, as well as heterogeneity 
of agents and randomness. 
 
Economic growth. At the same time that modern economic growth theory embraces technological 
progress as the agent of change underlying growth, it has traditionally dealt with it in a very simple 
way. In a typical economic growth theory a technology is a black box embodied by a very simple 
production function. In contrast, it is clear that to understand the patterns of technological progress 
one needs to look inside the black box and carefully model its constituents and their interactions with 
each other. Technologies are recursively built out of other technologies, and technological change 
happens in an evolutionary manner: Existing technologies are recombined and only occasionally are 
genuinely new technologies created.  
 
Furthermore, technologies form a web of overlapping and interacting physical parts and conceptual 
processes, so that one should think in terms of the global ecosystem of technologies rather than 
individual technologies. Progress in one technology is automatically transmitted to all the 
technologies for which it is a component, or to which it is related. Improvements in semi-conductor 
manufacture, for example, have made a substantial contribution in driving down the cost of 
photovoltaic modules. Global systems science could contribute by giving us a better understanding of 
technological improvement, by treating the process of improvement as a networked phenomenon 
that is driven by the physical interaction of technologies as well as the social drivers underlying 
supply and demand. A program in this area would include the economic, environmental and social 
consequences of technological development. Moving in this direction, recent work in the complex 
systems community models the way in which the components of a technology depend on each other, 
and shows that using simple models for technological improvement, the rate of technological change 
and its diffusion depend on the interconnectivity and separability of the technology. 
 
Constructing technology investment portfolios 
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Most decisions about technological investment are made using subjective criteria. GSS offers the 
possibility to develop more systematic methods for allocating technological investments. To do this, 
however, we first need to solve some basic problems presented by technology investment that are 
not present in traditional financial investments. This problem present several interesting features 
that make it well suited for being addressed by GSS. 
 
In traditional portfolio theory in finance the behaviorof outcomes -- the returns on the investments -- 
are assumed to be independent of the investments themselves. This makes it possible to convert the 
problem of computing portfolios weights into a simple problem in variational calculus. Technology 
investments violate this property in a dramatic way. As it well know, increasing production tends to 
drive down costs, through learning and economies of scale, and indeed the central purpose of R&D is 
to find cheaper and better solutions. This enormously complicates the portfolio problem: Rather than 
being a static optimization problem, it is now a dynamic optimization problem. Investment influences 
returns: The more one invests, the more costs drop. Treating this problem involves understand a 
complex nonlinear stochastic dynamical system. 
 
Traditional portfolio theory in finance pushes strongly toward diversification as a means of reducing 
risk. For technology portfolios, however, this is not necessarily the case. In the absence of uncertainty 
in the outcomes, one should simply pick the best technology and invest everything in it, as this will 
generate the best outcome. However, the fact that the future of any given technology is uncertain 
changes this, and means that one needs to invest in multiple technologies to hedge oƴŜΩǎ ōŜǘǎΦ 
Nonetheless, one should not diversify too much: If investments are spread too thinly across too many 
technologies, little or no progress will happen. From a qualitative point of view it is necessary to 
make a compromise. It becomes necessary to make a compromise between diversification and 
concentration. From a quantitative view, however, this problem remains poorly understood. 
 
GSS can contribute to this by funding work on this essential problem. Such work has the potential to 
improve public planning. This applies to the ICT program, as such methods could potentially be used 
to improve ICT funding. 
 
Data for GSS in economics. 
 
The economy generates vast amounts of data that are currently not being gathered and recorded in 
an integrated manner, and which can provide much deeper insight into the workings of the economy 
than existing data sources. Most current data collection in economics is geared for econometric and 
DSGE models, which only require aggregate data such as GDP, unemployment, etc. Network 
modeling and agent-based modeling, in contrast, are best done with finer grained data, such as 
information about the choices of individual householders. Information about the heterogeneity of 
behavioris essential. Agent-based models can potentially make use of many different types of 
information, as described below. 
 
Ultimately the economy is about the transformation of physical materials into manufactured goods, 
and the organizing of human activity into services. On a longer timescale, data concerning products, 
technologies and firms should be recorded so that we can understand more directly how the 
economy transforms human activity into material goods, information and services. (Here we define 
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"technology" in a very broad way, to include everything from electronics to new financial instruments 
to changes in the legal system). 
 
Inequality.  
 
Where does inequality come from? The core model of modern economics, general equilibrium 
theory, does not enable us to say anything about the distribution of income. The issue of inequality 
cannot even be addressed in the standard representative agent model in macroeconomics. Is 
inequality an inherent feature of complex systems with heterogeneous agents? But inequality is not 
just a matter of the distributions of income and wealth. A major concern of policy makers about, say, 
outcomes in health care or education across hospitals and schools is that such outcomes are 
"unequal'' or "inequitable'' in the key sense that they differ at any point in time. 
 
Distributional properties have an important impact on aggregate economic outcomes; for instance, it 
is well-known that the effectiveness of tax-cut policies aimed at sustaining consumption demand 
depends on the income distribution of tax payers. Other distributional issues are probably still 
undervalued in economics, as for instance the distribution of debt among and within the different 
sectors of the economy: public, corporate and households. 
 
Policy makers face the problem of predicting and controlling the distribution of wealth. What are the 
best strategies to achieve a more egalitarian society? Agent-based models naturally take into account 
the distribution of economic variables at individual levels and therefore can be valuable tools for 
policy design. A particularly important question is that of intergenerational inequality. To what extent 
should we make changes now to protect future generations? 
 

2.4 Climate Change  
 
In a different way, the challenge of integrated risk governance and multiple equilibria (more 
technically: basins of attraction) is relevant for global climate policy, too. Attempts to reduce global 
emissions stressing the dangers of climate change to justify moderate reductions in economic growth 
have led to gridlock in international negotiations, globally and to some extent even within the EU.  
 
GSS will support global climate policy by investigating possible co-benefits of climate policy, ranging 
from reduced health impacts by air pollution to accelerated productivity growth by new directions 
and volumes of investment. In part, this will require models with a similar architecture from those 
required to address global financial risks, in part it will require even greater emphasis on interactions 
between different policy fields like environment, energy, employment, health and foreign policy as 
well as time and spatial scales.  
 
As with the financial crisis, GSS research shall lead to joint learning by policy-makers and researchers 
about how to design and implement effective measures towards climate policies supporting mutually 
reinforcing goals as the following: 
 

- showing by examples that increased economic well-being is possible with systematically 
decreasing emissions, 
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- generalizing these examples  up to the point where emissions decrease globally, too, 
- turning measures to adapt to adverse climate change into experiences of social learning that 

strengthen resilience while reducing emissions 
- prepare for the need to take CO2 back from the atmosphere, especially once global poverty 

will have been overcome  
 

2.4.1 Climate m itigation modelling  

Doyne Farmer  

 
What are the optimal strategies to deal with climate change and its consequences, and how much 
will such strategies cost? Current climate mitigation models assume general equilibrium. Production 
decisions maximize the utility of a representative agent, a typical person who exemplifies the average 
worker and consumer. Such models assume full employment and assume that firms have no unused 
inventories -- everything that is produced is consumed. Since by assumption industries operate at full 
capacity there is no need to stimulate demand. Such models count the costs of converting to new 
technologies without giving any weight to the economic stimulus that such conversions might 
generate, i.e. they do not allow for the possibility that developing new technologies might put people 
who are otherwise unemployed to work, and thus stimulate demand and make the economy operate 
at a higher capacity. Perhaps even more important, they typically make highly questionable 
assumptions about technological progress. Such models have never been back-tested against 
historical data and their predictive accuracy is highly questionable. 
 
Global systems science has the potential to develop an alternative type of climate mitigation model. 
By constructing the model at the level of individual agents we have far more historical data that can 
be used to calibrate the model. By making use of results from behavioural economics we do not need 
to assume that agents are rational -- we can instead use decision rules that have been calibrated 
against the behaviorof real people. By collecting and calibrating against an extensive database on 
technological change, it is possible to deploy more realistic models of technological progress. Most 
importantly, we do not have to assume that the economy is in equilibrium. It is possible to study the 
effects of stimulus for new technologies, modeling the consequences of putting more people to work 
and making progress in new technologies, e.g. possible revolutionary transformations to a green 
energy economy.  
 
 
2.4.2 Climate Finance  
 
Guido Caldarelli, Stefano Battiston and Antoine Mandel  

 
As the amounts of funds involved in climate finance increase (the EU and other developed countries 
pledged jointly to mobilize $100 billion a year by 2020 from public and private sources), the 
interactions between the climate and the global financial system grow in numbers and in intensity. 
For example, crucial linkages might form between the climate financial system and the concept of an 
international commodity reserve currency, as recently revived by the governorate of the Central Bank 
of ChinaΥ ά¢ƻ ǊŜǇƭŀŎŜ ǘƘŜ ŎǳǊǊŜƴǘ ǎȅǎǘŜƳΣ aǊ ½Ƙƻǳ ǎuggested expanding the role of Special Drawing 
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Rights (SDR), which were introduced by the IMF in 1969 to support the Bretton Woods fixed 
ŜȄŎƘŀƴƎŜ ǊŀǘŜ ǊŜƎƛƳŜ ōǳǘ ōŜŎŀƳŜ ƭŜǎǎ ǊŜƭŜǾŀƴǘ ƻƴŎŜ ǘƘŀǘ ŎƻƭƭŀǇǎŜŘ ƛƴ ǘƘŜ мфтлǎΦ Χ /ƘƛƴŀΩǎ ǇǊƻǇƻǎŀƭ 
would expand the basket of currencies forming the basis of SDR valuation to all major economies and 
set up a settlement system between SDRs and other currencies so they could be used in international 
ǘǊŀŘŜ ŀƴŘ ŦƛƴŀƴŎƛŀƭ ǘǊŀƴǎŀŎǘƛƻƴǎέ όǎŜŜ !ƴŘŜǊƭƛƴƛ нллфΣ .ŜǊƎǎǘŜƴ нллфύΦ ²Ƙŀǘ ƛǎ ǊŜƭŜǾŀƴǘ ƘŜǊŜ ƛǎΣ ŦƛǊǎǘƭȅΣ 
that the basket would of course include climate and weather sensitive commodities. Secondly, and 
more importantly, carbon permits themselves might at some point be considered as one of the 
commodities backing-up the currency. If this were the case, the dynamics of the carbon price would 
become key, not only to the financing of climate change mitigation and adaptation, but also to the 
stability of the international monetary system. More generally, considering the central role of 
international financial institutions in the stability of the global financial system and their major 
commitment towards climate finance we can expect that the climate finance system will be soon and 
massively connected to the global financial system. Hence both systems will likely have major 
influence on each other dynamics. 
 
The interactions between the climate and the global financial system grow in numbers and in 
intensity. Using the expertise built on both these systems, GSS should be able to identify on the one 
hand ideal points of contact and intermediary actors between the two systems and on the other 
hand zones of fragility where shocks might propagate from one system to the other. These insights 
will in particular be of interest on the one hand for public financing institutions in search of leverage 
for their climate finance and on the other hand for financial regulators that will increasingly have to 
monitor the climate finance system as it grows in importance.  
 
Work on the linkages between the climate financial system and global finance will also provide key 
inputs to the macro-economic analysis of climate policies. As a matter of fact, the GSS community 
could be consulting in the coming years for a range of policy bodies in Europe and Asia (following, in 
particular, the reports in Jaeger et al. 2009, Tabara et al. 2012). In particular, the linkage of carbon 
markets with the concept of international reserve currency will, if implemented, drastically change 
the approach to the economic assessment of international agreements on climate change mitigation.  
 
In addition to policy-makers, the outputs of GSS in this area ought to be communicated and discussed 
with stakeholders active in the field of climate finance with whom GCF has been working for several 
years. Those include agents such as: Munich Climate Insurance Initiative (founded by MunRe); the 
KfW Carlon Fund and related sustainability activities; Re-define, an international think-tank who 
recently published a study on "Funding the green new deal" (Kapoor et al. 2012); and the newly 
established Carlo Foundation, an independent rating agency for sustainable financial products. 

 

2.4.3 Mapping the climate network relevant for policy  
 
State of the art: CƻǊ ǘƘŜ άŦŀǎǘ ǎǘŀǊǘ ŦƛƴŀƴŎŜέ нлмл-2012 period strong commitments were made and 
delivered on. However, a major difficulty turned out to be to spend the money both quickly and 
effectively. This difficulty demonstrates the need for a better understanding of the interactions 
between the different actors and instruments involved in climate finance. There is also a problematic 
tension between on the one hand the complexity that is inherent to most financial innovations and 
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the other hand the high level of transparency that is needed in order to sustain international 
agreements. 
 
Progress: As of today, climate finance projects are assessed individually, in isolation. The only risk 
considered as global is the one associated with the carbon price. In other words, there is no systemic 
view on the climate finance system although a few actors play a crucial role and face highly 
correlated risks. 
 
Insights about complex financial networks show it is crucial to introduce a systemic perspective in 
climate finance. Deeper insights into the dynamics of the complex climate financial system shall be 
provided by developing maps of its network structure and models of the actions and interactions of 
the agents involved. In particular, leveraging on the work carried out on new- generation agent-based 
models and financial network models (Battiston et al. 2012a), network models can be developed to 
assess the systemic importance of actors in the climate finance arena. Algorithms have to be 
developed in order to analyze the impact of a negative shock on one actor to its counterparties, in a 
framework where commitments are not (only) financial, but also environmental. In similar models, 
the propagation of positive shocks, e.g. the decision to make a new investment in climate projects, 
shall also be investigated in order to develop methods to identify empirically where investment 
capacities with maximal impact are located in the network. 
 
Such models and methods could contribute substantially to the design of a broader and more 
efficient climate finance system. They will be of a particular interest for public institutions involved in 
climate finance such as multilateral development banks or the European Commission which has 
ǇǊƻǾƛŘŜŘ ŀǊƻǳƴŘ ϵоΦт ōƛƭƭƛƻƴ ƛƴ ŎƭƛƳŀǘŜ ǎƛƴŎŜ нллнΦ LƴŎǊŜŀǎƛƴƎ ǘƘŜ ǘǊŀƴǎǇŀǊŜƴŎȅ ƻŦ ǘƘŜ ŎƭƛƳŀǘŜ ŦƛƴŀƴŎŜ 
system will also be an extremely valuable input for those in charge of its monitoring such as the 
Monitoring Unit of the DG Climate Action of the European Commission. 
 

2.5 Health  
 

2.5.1. Global He alth and ICT  

  

 Manfred Laubichler  

 
Health is a global challenge and a global problem. Health or well-being is also fundamentally a 
property of complex and ultimately global systems. The global dimension applies to individual health 
as well as to the health of populations, ecosystems or economies. Any understanding of health 
requires a complex adaptive systems (CAS) perspective that also includes values (social, economical, 
cultural, personal) and epistemologies (how do we know what we know, what are criteria of 
evidence, etc.)   
  
  
Health Challenges as Part of Global Systems Science and Complex Adaptive Systems Science 
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All health challenges lie at the intersection of several global systems. These include various biological, 
ecological, social, technological, and economical systems. As part of a tightly interconnected world 
processes at all levels intersect--although exactly how is in many cases not fully understood. But what 
we do know is that there are multiple complex interactions that play out at different spatial and 
temporal scales and involve various feed-back and feed-forward loops. Most research has been 
focused on small or local intersections and has missed important dimensions that are only visible at a 
global scale. We are currently collecting data that will allow us to understand some of these 
connections and causal links (the big data challenge). But these data will only be meaningful, if we 
have a corresponding conceptual and theoretical framework that frames challenges, such as health 
as a truly global systems problem. To establish such a framework and test it in the context of specific 
health challenges at all levels of organization is one of the goals of global systems science. 
  
A global systems perspective applies to all dimensions of health 
  

¶ Individual health: While traditional biomedicine is exploring genomic, physiological and 
behavioural components of health as complex adaptive systems it is becoming increasingly clear 
that global systems dynamics play a major role in determining individual health outcomes. 
Examples include shifts in the distribution of infectious disease agents due to global climate 
change, exposure to new diseases and environmental pollutants due to climate change and global 
economic activities, increased risks to the food supply, etc. 

 

¶ Population Health: Many health issues also affect populations. And in today's world the 
population structure has reached a global scale. The ongoing danger of pandemics, the effects of 
demographic changes and the patterns of global migrations all affect health at the population 
level. 

 

¶ Ecosystem Health: Another important aspect of global health is the state of the supporting 
ecosystems. These provide a variety of ecosystems services that are increasingly threatened by 
various aspects of globalization. Ongoing changes to ecosystems will, through various links and 
connections of integrated complex systems, affect all other dimensions of health. A global 
systems science perspective is essential to study, understand, and manage health at all levels. 

  
  
Evolutionary Dimensions of Global Health 
  
Evolutionary dynamics are a central part of global systems and complex adaptive systems approaches 
to global health. All system respond to external and internal challenges, either by regulatory 
dynamics that maintain an adaptive equilibrium or by transformative dynamics that change the 
system state, either in an adaptive or chaotic way. Currently many of our complex global systems are 
operating far away from their equilibrium points and are observing positive or feed-forward 
feedbacks that make it increasingly difficult to predict their behavior (not unlike the financial system). 
In order to maintain or manage global health challenges we there fore need a better understanding 
of the dynamical properties of closely connected global systems. 
  
ICT Dimensions of Global Health 
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Approaching health as a global systems problem is only possible if it is done in the context of big data 
and new forms of information and computing technology. Current trends in monitoring systems level 
properties and markers of systems health need to be expanded and most importantly these various 
data streams need to be integrated in real time to allow for adequate representations of system 
states in order to enable informed decision making. Global systems health is thus at its core also a 
computing challenge. This includes present and future as well as historical data (which increasingly 
become available). The historical dimension is especially valuable, as it will also allow us to study the 
effects of phase transitions in systems behavior. Complex systems change their dynamics when they 
go through scale dependent phase transitions. It is therefore crucial to get access to as many case 
studies of such phase traditions as possible. Health data, financial data as well as data about the 
history of science are among those that allow us to study the consequences of phase transitions in 
complex and now global systems. 
  
Phase Transitions in Knowledge Systems 
  
One foundational question in the context of globalization is what happens to knowledge systems 
after they pass through patterns of expansion finally reaching a truly global dimension. How are the 
dynamics of these systems affected by such transitions? What are the consequences for our 
understanding of such systems as well for their governance and organization? Western science as a 
specific type of a knowledge system has continuously expanded since its inception in its modern form 
during the period of the scientific revolution. It has passed form a mainly local organization with well 
established patterns of communication in the 16th and 17th century to a period of national 
organization during the 18th and 19th century (including its role within European colonial expansion), 
a period of mainly transatlantic interactions in the early 20th century (amplified by the exodus of 
Jewish scientists from Germany and neighboring countries) to finally a truly Global enterprise. 
Western science has thus experienced a number of phase transitions, all of which are very well 
documented in the historical record of science. It is thus a prime case study for exploring the 
consequences of transitions in scale. To do that, we need to analyze the history and current practices 
of science as a big data problem, analyzing a rich and vast documented historical record with novel 
computational approaches that allow us to identify patterns and processes and their transformations 
in the context of transitions in scale. To this end we will apply concepts from evolutionary theory and 
the theory of complex adaptive systems to the analysis of the historical patterns and processes of in 
the development of Western science. Treating science and it history as a case study for global 
systems science has two distinct advantages: (1) science is a complex social system with a long and 
well documented history and analyzing science can thus lead to important insights into global 
systems dynamics and (2) effective governance of current global science is one of the main 
challenges of our global society as we depend on getting the right kind of results from investing 
increasingly scarce resources. 
  
_______________   
 
An additional contribution is expected here from Alessandro Vespignani 
_______________    
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See also Appendix 4.1 on ȬGlobal Contagions Over Co-evolving Networks: A Genuine GSS Challengeȭ 
by Christopher L. Barrett, Devdatt Dubhashi, Madhav V. Marathe in section 3.1.2 
 
____________________  
 
 

2.6 Energy  
 
The global energy system is entering its biggest transition since the first oil crisis four decades ago. In 
those days, oil prices left the remarkably stable basin of attraction in which they had moved since the 
initial learning-by-doing made cheap oil available more than a century ago. Presently, the debate 
about climate change, the fast rising demand by emerging economies, the decision to phase out 
nuclear in one of the premier engineering countries of the world, the learning-by-doing in the field of 
renewables and the development of fracking techniques are profoundly changing the global energy 
landscape. 
 
As usual in those situations, people tend to claim reliable knowledge in areas where informed 
guesses are all that is possible. Developing such guesses ς scenarios, possibility spaces, subjective 
probability and more ς in a transparent and systematically improvable way is an important task for 
global systems science. Collecting evidence for successes and failures of policy interventions is a 
second one. The results can be sobering, but that may well be exactly what is needed. 
 
 
J. Doyne Farmer,  

 
Possible problems to which GSS can contribute for energy include: 
 
Infrastructure. Energy production and consumption involves a complex set of physical and economic 
processes, with social, environmental and financial impacts. Understanding the consequences of 
possible policies in regulating and supporting energy infrastructure should be a primary activity of 
GSS. To be explicit, the stages of energy production include the following stages: 
 

¶ Resource extraction. The majority of current energy generation occurs by extracting fossil fuels. 
Renewal energy generation still involves resource extraction, including sun, wind or tidal energy. 
The nature of the extraction phase has far-reaching environmental consequences, but also 
economic consequences (price) and social consequences (e.g. jobs). The nature of extraction 
dictates many aspects of the rest of the infrastructure given below. 

¶ Production of energy generating capability. Getting the ability to produce energy requires 
infrastructure in and of itself. Constructing an oil refinery involves extracting other resources, such 
as steel and other building materials, depends on construction methods, etc. Oil refining requires a 
deep knowledge of chemistry. Similar considerations apply to solar energy and other renewables. 
This is embodied in the sustainability literature by life cycle analysis, which takes all the stages of 
production into account. GSS can play a key role in broadening life cycle analysis to include all the 
other components in this list, including social as well as economic consequences. 
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¶ Storage is a key problem that must be solved in order to make the transition to renewable energy. 
This is primarily a technological problem, but as with all of the above, any proposed solution has 
side-effects on broader levels that must be properly taken into account. Storage solutions must be 
well-integrated into the vision of a smart grid. 

¶ Transportation. Fossil fuels must be transported to their end-use location. 

¶ Transmission. Electricity must be transmitted from its point of generation (unless generation is 
performed on-site). 

¶  Distribution. It must be distributed from local stations to the consumer. 

¶ Consumption. Understanding consumption is at the core of the problems to be solved. The energy 
system is designed to satisfy human needs. Having a good understanding of consumption is 
essential -- we cannot design energy infrastructure without understanding what people want and 
people will respond to policy alternatives. This is particularly true because patterns of usage have 
major impacts on efficiency. 
 

It is essential to have a holistic model of the entire energy infrastructure that addresses the 
interactions between its components. This requires global systems science. 
 
Understanding the process of technological improvement is essential for planning future energy 
systems. 
 
To understand how to mitigate the effects of global warming and plan investments intelligently we 
are forced to make forecasts about the likely rate of improvement of different technologies. We must 
find energy production technologies that minimize environmental impacts with the lowest possible 
cost. The best approach for climate mitigation depends sensitively on assumptions about the rates at 
which different technologies improve. Our choices of technologies dramatically influence all aspects 
of energy infrastructure; for example, the characteristics of the grid that we will need in the future 
will be very different if we massively adopt nuclear power than they will if we adopt solar energy. To 
Ǉƭŀƴ ƻǳǊ ǊŜǎŜŀǊŎƘ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘ ƛƴ ŜƴŜǊƎȅ ǘŜŎƘƴƻƭƻƎƛŜǎ ƛǘ ƛǎ ƴƻǘ ǎǳŦŦƛŎƛŜƴǘ ǘƻ άƭŜŀǾŜ ǘŜŎƘƴƻƭƻƎȅ ǘƻ 
ǘŜŎƘƴƻƭƻƎƛǎǘǎέΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ōŀŘ ǇƭŀƴƴƛƴƎΦ 9ȄǇŜǊǘ ŦƻǊŜŎŀǎǘǎ ǊŜƎŀǊŘƛƴƎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ƛƳǇǊƻǾŜƳŜƴt 
have typically been wrong due to a combination of siloed thinking, industry bias and the advocacy of 
special interests. Note that we are not claiming that we should advise technologists in the lab, but 
rather that we should take global systems science into account when making investments and in 
extrapolating the future course of technological improvement for planning purposes. 
 
The different nature of technological dynamics is illustrated in the following figure 2  which compares 
the cost efficiency of generating electricity with coal, nuclear power and photovoltaic solar as a 
function of time. We show the coal fuel price, which makes up about 40% of electricity cost from 
1860 to present, and compare it to the price of electricity from U.S. nuclear energy (measured in 
terms of the time when a plant comes online), and the price of photovoltaic solar energy modules, 
measured in terms of dollars per watt of peak power. As a reference we show a horizontal dashed 
black line, which is the goal adopted by the U.S. department of energy as the price at which solar 
modules begin to become competitive with coal. The key point that emerges from this figure is that 
the historical time dynamics of different energy sources are quite different. In particular, the price of 
coal has remained roughly constant over the 150 years it has existed, the price of nuclear power has 
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actually increased1, while PV solar energy has dropped by almost a factor of 3000 since it was 
introduced in 1957 (we show only data since 1976 here). If we assume these trends will continue the 
consequences for public investment are dramatic: While solar is only marginally cheaper than nuclear 
at present, it is likely to be dramatically cheaper in the future, and indeed a simple trend 
extrapolation shows that if present trends continue, by 2050 it will be five times cheaper than coal. 
 
 
 
Figure 2 

 
 
 
 
Failure to take such trends into account could lead to poor decisions regarding our public energy 
investments. And of course, these choices impact everything else: This suggests that we will need to 
make a dramatic change in infrastructure in order to make the needed transitions. 
 

                                                        
1 Evolving safety regulations have unquestionably had a large effect on nuclear energy prices; in particular the Three 

Mile Island and Chernobyl disasters occurred during this period. 
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This example illustrates the need for better methods for planning not just energy investments, but 
technological investments in general. This is treated in the section on sustainable economics. 
 
 
 
2.6.1 Energy infrastructures and GSS  
 

Emile Chappin & Paulien Herder  

 

Energy infrastructures form the core backbones of our society and enable our society to prosper. In 
order to maintain our way of life, the need for an affordable, secure and clean energy supply is widely 
acknowledged. Europe imports around 90% of its fossil fuels, which makes it heavily dependent on 
limited resources and geopolitical forces. Solving the problem of sustained energy system security is 
crucial for Europe. 
 
Solutions for ensuring energy supply in the next decades need to be found in technology, policy, 
institutions and behaviour. Increasing interdependence between electricity, natural gas, heat, biogas 
and other energy infrastructure networks may result in more volatile and unexpected system and 
market behaviour. Policies for balancing, managing international interconnections, supporting 
renewables, trading greenhouse gas emissions, curbing congestion and maintaining generation 
adequacy differ between countries and are interdependent. We need to develop an integrative 
systems approach that accounts for such interdependencies. Renewable energy technologies, smart 
grids, energy markets and regulation, and emission trading schemes have sparked massive research 
efforts all over Europe. An integrated engineering systems perspective, in particular a systems-of-
systems view across sectors and national borders, linked with policy and economics is necessary. 
 
A new generation of analytical, modelling and simulation tools should enable us to study innovation, 
strategy and policy making and explore the evolutionary pathways and the operational dynamics of 
these complex systems in relation with technical, economic and social conditions.  
 

 
2.6.2 Energy: Centralisation versus Decentralisation  
 
Catalina Spataru, UCL Energy Institute  

 
By the end of the post-war period, electricity production in Europe has been driven towards 
centralisation with the development of large scale power plants. The fact that the electricity system 
in Europe is going nowadays through a transformation process can initiate a new era in the energy 
sector. As Europe is experiencing a period of deep modifications in the energy sector, energy 
efficiency, reliability and decrease of greenhouse gas emissions are the first priorities for a more 
sustainable energy strategy. However, the EU legislative does not adequately specify the questions 
posed by a decentralised approach with many unknowns unknown. Starting with the definition for 
ŘŜŎŜƴǘǊŀƭƛȊŜŘ ŜƴŜǊƎȅ ŀǎ ƎƛǾŜƴ ōȅ 5¢L ώмϐΥ άǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ǘƘŀǘ ƛǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ƭƻǿ ǾƻƭǘŀƎŜ 
ŘƛǎǘǊƛōǳǘƛƻƴ ƴŜǘǿƻǊƪ ŀǘ мон ƪ± ŀƴŘ ōŜƭƻǿέΣ ǿŜ Ŏŀƴ ǎŀȅ ǘƘŀǘ ǘƘŜ ōŜƴŜŦƛǘǎ ƻŦ ŀ ŘŜŎŜƴǘǊŀƭƛȊŜŘ ŜƴŜǊƎȅ 
could be at low level, so that can contribute towards establishing distributed generation as a main 
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source of electricity or as a backup producer, with decentralised energy being generated in smaller 
power plants. As a result, it can reduce the environmental footprint of producing energy, compared 
to centralised systems, where transmission requires an enormous footprint for lines to transport 
power at high voltage (MGx). Currently, 93% of electricity worldwide is supplied through centralised 
generation and distribution [2]. 
 
Currently through the use of centralised electricity generation stations, around 65% of the energy is 
lost before it even reaches consumers. If we could use this waste heat, it could contribute to improve 
energy supply security and tackle climate change. 
 
Although, as already stated before, there are many advantages to adopt a decentralization way, 
currently investments continue to focus on centralised technologies especially in electricity. Part of 
the reason why this is happening is the structure of electricity and gas markets and the way in which 
they are regulated, but also the fact that many industry and policy makers support the convenience 
of centralised energy systems. Furthermore, there are more practical barriers and technical 
problems, as the distribution networks have to be reinforced and to some extent redesigned to deal 
with new capacities. Also, price competitiveness is very important in order to establish an efficient 
distributed generation in terms of both performance and cost. Subsequently, regulatory barriers 
require extensive work to modify the rigid regulatory environment the distributed generators have to 
face. 
 
With distributed generation and storage, energy consumers have the possibility to become producers 
of electricity. Therefore a decentralisation system has several advantages over a centralised system, 
such as: avoid network losses, reduce transmission and distribution costs, requires less backup 
capacity due to the fact that many small generators are less likely to suffer a major impact from the 
outage of a single generator, can be tailored to local conditions; can be installed much faster than a 
centralised system. In global terms, decentralized energy could revolutionise the lives of billions of 
people who currently lack access to basic clean, affordable energy services. 
 
However, despite the many benefits there are still significant barriers and at European level it 
depends on national circumstances. Currently, decentralisation has already started to made a strong 
appearance in the European energy market, in 50% of DŜƴƳŀǊƪΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ŀƴŘ ŀƭƳƻǎǘ пл҈ ƛƴ 
Netherlands with widespread in many other countries, including Sweden, Germany, Austria, Finland, 
Italy, Spain. Realistically centralised power stations will need restructuring over the next years to be 
able to cope with high uptake of renewables and move to a decentralised system. To do that, the 
best way is to adopt a transition pathway to a hybrid centralised- decentralised mix system which will 
be highly lightly to work through slowly progression. Governments need to improve policy and 
remove regulatory barriers to uptake a more decentralised approach to energy system. Also 
important is to increase the accuracy of forecasting need, possible energy storage of energy excess 
production and reduce cost of recent technological innovation. However, applied globally, 
decentralisation could be a promising social transformation and industrial revolution. 
 
[1] Department of Trade and Industry 2006. The Energy Challenge: Energy Review Report. London: 
The Stationery Office 
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[2] Decentralising power: An energy revolution for the 21st century, www.greenpeace.org.uk 
 
 

2.6.3 Energy Resource Dynamics and Immediate Issues  

 

William J. Nuttall  

 
Even without the looming challenge of anthropogenic climate change, energy is a complex business. 
For most, but sadly still very far from all, Europeans it is many decades since energy was simply a 
matter of keeping warm. Even in the nineteenth century the supply chains and industrial investments 
to soǳǊŎŜ 9ǳǊƻǇŜΩǎ ŜƴŜǊƎȅ ǿŜǊŜ ŦŀǊ ŦǊƻƳ ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘΦ ¢ƻŘŀȅ ƘƻǿŜǾŜǊ ǘƘŜ ŜƴŜǊƎȅ ōǳǎƛƴŜǎǎ ƛǎ ǘǊǳƭȅ 
a GSS. Of all the energy resources arguably only crude oil is a genuine market commodity traded in 
liquid and transparent markets. Natural gas is still shrouded in a cloak of contractual secrecy and 
renewable and nuclear power are entangled with politics. The most strongly growing fuel in the 
global energy mix is coal despite the climate change problems it brings2 
 
One of the odd truths of the current energy system is that one international oil and gas company 
allocates a cost of $40 per Tonne to  CO2 emissions in its investment 
appraisals(http://www.bloomberg.com/news/2012-12-06/shell-says-europe-needs-120-a-ton-co2-
to-rival-coal-wind-1-.html), while the carbon price in the European Union, so proud of its green 
credentials, languishes at one tenth that level. Such odd realities are a sign of a GSS at work.  
 
In the last few years the retail distribution of petroleum has seen examples of fuel panics which 
reveal interesting GSS characteristics3 
 
The technique of system dynamics has long been applied to problems of energy resources 
depletion4.The Electricity Policy Research Group at Cambridge University has built upon this tradition 
in recent years. Much of that work is now in collaboration with The Open University. 
 
Much consideration is rightly given to renewable energy for its potential contribution to a low carbon 
future.  The attributes of renewable for energy security are similarly important are very well suited to 
GSS analysis. Much of that analysis remains to be done. One immediate issue is the possible risk of 
cascading grid disconnection of distributed renewable generators in the face of detected erosion of 
grid power quality. See the work of Martinez de AlegrƤŀ Ŝǘ ŀƭ5.  Such cascading failure could be similar 
to a cascading failure in the banking sector, as considered in section 2.2. Despite these risks 
renewable energy avoids the supply chain risks long associated with fossil fuel energy security.  
 

                                                        
2 http://www.iea.org/newsroomandevents/pressreleases/2012/december/name,34908,en.html 
3 Upton and Nuttall: http://www.eprg.group.cam.ac.uk/wp-content/uploads/2013/04/1305-PDF.pdf. 
 
4 http://www.systemdynamics.org/conferences/1989/proceed/parallel%20sessions%20pdf/naill423.pdf 
5 http://www.ewp.rpi.edu/hartford/users/papers/engr/ernesto/farrew2/Project/research/7E440736d01.pdf). Other 
considerations relate to the risk of disconnection in the face of extreme weather 
(http://www.risoe.dtu.dk/rispubl/reports/ris-r-1714.pdf 

http://www.greenpeace.org.uk/
http://www.iea.org/newsroomandevents/pressreleases/2012/december/name,34908,en.html
http://www.eprg.group.cam.ac.uk/wp-content/uploads/2013/04/1305-PDF.pdf
http://www.systemdynamics.org/conferences/1989/proceed/parallel%20sessions%20pdf/naill423.pdf
http://www.ewp.rpi.edu/hartford/users/papers/engr/ernesto/farrew2/Project/research/7E440736d01.pdf
http://www.risoe.dtu.dk/rispubl/reports/ris-r-1714.pdf
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In summary even before the emergence of a low-carbon distributed and smart energy system there 
are many important issues faced by both the energy industry and policy makers which are usefully 
amenable to analysis using GSS methods.  
 

2.6.4. Global energy trade flow s, modelling and economic networks  

1. Global energy trade flows and the economy  

Franziska Schuetze  

In 2011, annual revenues of the three largest energy corporations such as Royal Dutch Shell, Exxon 
and Chevron were in the range of US$ 470bn, US$ 433bn, US$ 236bn respectively (Global Energy 
company rankings: http://top250.platts.com/Top250Rankings/2012/Region/Industry). Seeing that 
this is as large as the GDP of Portugal (US$ 237bn), Argentina (US$ 446bn), Norway (US$ 485bn) in 
the same year, one can assume that energy trade flows have a significant impact on the global 
economy as a whole. 

GSS can engage in mapping and understanding the global flows of energy: including fuels/raw 
materials used as energy source, as well as trade flows of generated electricity. Resulting from this 
information, we can ask how the energy sector influences the global economy? 

How would a shift in trade flows or price shocks influence the economic activities in the network of 
countries and corporations involved, e.g.: 

¶ How does the shale gas boom in the US influence global trade (quantities and prices) of oil, 
gas and coal. Does it shift electricity generation practices globally? 

¶ Iƻǿ ǾǳƭƴŜǊŀōƭŜ ƛǎ ǘƘŜ άǊŜŀƭέ Ŝconomy? How do oil/gas/coal price shocks influence the 
industry and therefore the entire economy globally? 

¶ Can a shock in the energy sector cause a global crisis to a similar extend as the financial 
sector? 

More advances tools and models are needed to assess global scenarios of this kind. 

 2) Energy & electricity modeling 

In the area of energy modeling especially when assessing electricity costs, there is a need to go above 
and beyond single technology considerations, where usually LCOE (leveled cost of electricity) or 
capex (capital expenditure) of several technologies are compared to each other. 

Instead, energy costs need to be analyzed from a system cost perspective, including more than one 
electricity generation technology (not a single technology vs. another) and including system costs 
such as energy storage, transportation as well as demand side management (next to generation 
costs). 

http://top250.platts.com/Top250Rankings/2012/Region/Industry
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If for example a generation or storage technology is expensive from a capex and LCOE perspective, 
but highly relevant from a system perspective and will only run several hours per year, it will not 
increase the overall system costs significantly but will add value to the system. 

Parameters that become important then are technological lifetime, load and capacity factor, 
flexibility, storage capacity, as well as cost sensitivity with respect to changes in variable costs such as 
fuel costs and CO2 costs. 

Even if an electricity system is optimized in terms of total system costs, the following question 
remains: Does the system need to be organized in a centralized fashion? 

GSS can develop tools to assess differences in efficiency and costs of a decentralized energy system 
versus a centrally organized energy system. 

Linking energy system considerations to climate change and sustainability research is equally 
important. Here GSS can shed more light on questions such as: 

¶ Multiple equilibria: 

The question of multiple equilibria is relevant for the energy system as well. The current energy 
system (in any country) is not without alternatives, therefore the question is which alternative 
systems (equilibria) are possible and how can a transformation to such an equilibrium take place. 

If the aim of an energy system is to provide supply security at minimal cost for society (system costs 
plus externalities), there are several possible equilibria, however with different levels of externalities. 
Assessing and choosing for a possible energy systems should include considerations in climate and 
environmental policy as well. 

¶ Externalities: 

The amount of externalities, such as CO2 emissions throughout the entire value chain, environmental 
degradation, contamination, food security, loss of biodiversity, long-term risks of fuel extraction and 
waste disposal need to be assessed more carefully and taken into account. 

¶ Risk assessment: 

There are short-term risks (emerging during the operation time of the plant) and long-term risks 
(risks that go beyond the operation time of the plant). The assessment of these risks seem to differ 
very strongly between countries and are heavily influenced by political goals and political decision 
making. Private companies internalize the benefits of using energy technologies with high long-term 
risk, but often the long-term risks are transferred to the nations and therefore society. The involved 
risks are only shifted in space and time but not reduced or eliminated. Lobbying power of energy 
corporations certainly plays an important role here. 

Energy corporations are not wiling to take the long-term risks due to the short-termism of todays 
financial and investment cycles. The challenge is to find governance mechanisms that make 
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corporations take over a larger part of these risks collectively (disaster fund /resource extraction fund 
or similar) and therefore take over more responsibility for long-term consequences of their 
operations. 

However, there are no unified measures used to assess these kinds of long-term risks. The challenge 
is to establish a more objective and more holistic risk assessment at a global scale, which will put a 
price tag (a range of potential costs) to specific technologies and practices. 

 3) Market design and policy interventions at a global scale 

Information about energy market design and policies implemented in the energy sector is highly 
dispersed and partially not transparent: 

¶ First, how is the energy market organized/set-up in countries worldwide: Which markets are 
liberalized, which are centralized, what are the resulting wholesale and retail prices, how 
transparent are the costs for the consumer? How can we obtain more transparency in OTC 
transactions? 

¶ Second, which countries have implemented which policies (e.g feed-in-tariffs, quota systems, 
etc.) with which effects? 

A more systematic monitoring and information sharing system is needed to increase learning at a 
global scale. 

 4) Innovation and technological development 

From a sustainability perspective, technological development in the energy sector need to take into 
account the negative environmental and social impact throughout the value chain. Different solutions 
need to be assessed in a more holistic way. Questions arising from that are: 

¶ What do learning curves for different technologies depend on? How can they be accelerated? 
Which role does energy policy and industrial policy play? 

¶ How can we make sure that new energy technologies focus on sustainability and become 
valueςadding for the environment and society? 

¶ What is the role and the responsibility of engineers in this respect? (Analog to the question on 
the responsibility of bankers and traders in the financial sector) 

 5) Connections between the different layers and networks 

Decisions have influences (often unintended) on other sectors (cross-sector) and other countries 
(cross-country) and vice versa: 

¶ Interconnections between the transport sector, industry, energy sector, housing/building 
sector, the financial sector and so forth become increasingly important. E.g. How can the 
financial system support and hinder technological development? How does energy policies 
influence climate policies? 
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¶ Decisions about the market organization of the energy market in one country have an 
influence on neighboring countries and trade partners. Countries should be more aware of 
and take into account the influence their decisions have on other countries (especially in the 
EU context) and coordinate policies in this respect. 

 

2.7 Global Sustainability  

 

Sander van der Leeuw 

 
These contributions have been extracted from the GSS blog: http://blog.global-

systems-science.eu/ 
 

2.7.1 Environmental change, globalization and ITC  

March 5, 2013  
 

Models and our understanding the dynamics of the Earth system 
 
Our understanding of climate change is due to thirty-odd years of research that combined empirical 
observations (ice-core analysis; monitoring of (ant)arctic ice sheets and glaciers, average annual 
temperatures, etc.) into models of the atmospheric dynamics, including incident radiation, CO2, NO2 

and other gas concentrations in the atmosphere, etc. In that enterprise, modern computing plays an 
essential role ς without it we would not have been able to combine the various sources of 
information into a dynamic theory that was able to explain what is happening. The results have been 
the basis for the reports of the Intergovernmental Panel for Climate Change, and have thus drawn 
worldwide attention to the topic. An important aspect of this work is the modeling without which we 
would not have been able to gain a glimpse of what might be happening in the future. 
 
From an ICT perspective, it is noteworthy that this research as in fact used some of the biggest 
computers on Earth, and has led to the development of very sophisticated mathematical and 
empirical modeling software in centers such as the National Center for Atmospheric Research in the 
USA and the Hadley center in the UK. 
 
Worldwide, projects such as the AIMES component of the International Geosphere-Biosphere 
Program (and its predecessors) have over the last ten to twelve years begun an ambitious attempt to 
include other flows and dynamics of the Earth system in these models. 
 
The relevance of this effort is attested in the prominence more recently accorded to the concept of 
ΨǇƭŀƴŜǘŀǊȅ ōƻǳƴŘŀǊƛŜǎΩ ς the idea that there are a number of other, interrelated, domains where 
human activity has pushed the natural dynamics of the Earth system to the point that equilibria that 
have persisted since the beginning of the Holocene are likely to be fundamentally undermined 
(Rockström et al, 2009). Some of these domains are ocean acidification and sea level rise, freshwater 
use, chemical pollution of the terrestrial ecosystem, biodiversity and ecosystem services, etc. The 

http://blog.global-systems-science.eu/
http://blog.global-systems-science.eu/
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result could be that rapid changes in each of these domains would start interacting with each other, 
and tip the Earth system as a whole out of its current basin of attraction. 
 
The models and data used to derive the understanding of these other planetary boundaries has thus 
far been developed in an ad-hoc and sectorial fashion, so that the potential interactions between 
these phenomena are far from clear. Efforts are needed to remedy this, by building models that can 
integrate the dynamics of the various sectors. This in itself will be a major challenge in the ICT 
domain, not so much concerning hardware as in developing the software to achieve this. 
 
Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ ǊŜǎǘǊǳŎǘǳǊŜŘ ΨCǳǘǳǊŜ 9ŀǊǘƘΩ ǇǊƻƎǊŀƳΣ ǿƘƛŎƘ ǿƛƭƭ ǎǳŎŎŜŜŘ ǘƘŜ ŜȄƛǎǘƛƴƎ Dƭƻōŀƭ 
Environmental Change Programs of the International Scientific Union (ICSU), and is co-funded by a 
range of national and international funding agencies, scientists across the world are now beginning to 
set the next step: including human social dynamics in these models. This requires a change of scale. 
Whereas atmospheric and hydrospheric dynamics can in first approximation be modeled at the global 
scale, that is not the case for the societal dynamics. These differ economically, technologically, 
culturally and institutionally so much across the globe that the scale at which they are first explored is 
necessarily regional. 
 
All this poses number of important challenges to ICT: 
 
¶ The downscaling of the atmospheric and hydrospheric models to the regional (or even sub-

regional or local) scale, 
¶ The up-scaling of ecological and other environmental models to the regional scale 
¶ The development of models of societal dynamics in all their complexity in real space-time. 
¶ As these models cannot be built top-down, underpinning any such efforts will require massive 

data collection and monitoring, by a wide range of means, in different environments and 
among different societies.  

¶ Two kinds of data can be distinguished: behavioural data and perceptual data.  
¶ The former can generally be captured by a wide range of sensors 
¶ The latter can only be gathered by direct interaction with the people concerned, in 

experimental or other situations, or through crowdsourcing  
o Finally, this will require a massive intellectual effort to compatibly bring together 

information that has been assembled in different contexts, by different disciplines, and 
with approaches rooted in different epistemologies.   
 

Not only do we believe that these challenges can be met, we would argue that meeting them is a 
question of survival for our mode of life. If we do not meet them, the environment will change and 
find a new set of equilibria, but there is an important risk that our societies will not in time be able to 
achieve the resilience necessary to deal which these changes. 
  
Transforming our culture to integrate the challenges 
 
The potential consequences of climate and environmental change have been known for decades, 
whether due to human activity or not, but very little has been done about them thus far. This is a 
ŎƭŀǎǎƛŎ ΨŎƻƭƭŜŎǘƛǾŜ ŀŎǘƛƻƴΩ ŎƘŀƭƭŜƴƎŜ ς how do we mobilize sufficient interest, and create the necessary 
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sense of urgency, to trigger collective action. It is complicated by the fact that the change in culture 
ŀƴŘ ƳƛƴŘǎŜǘ ǊŜǉǳƛǊŜŘ ƛǎ ƳŀǎǎƛǾŜΣ ŀƴŘ ōȅ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ƴƻ ΨŦƛȄŜŘ ǇƻƛƴǘΩ ƻǳǘǎƛŘŜ ƻǳǊ ŎǳƭǘǳǊŜǎ ǘƻ 
leverage against. Under this heading, we distinguish between action and the research needed to 
focus that action effectively. 
 
Research 
 
We argue that in this domain our next step is to identify the core themes that can energize the 
transition to a sustainable society and the role ICT can play in that project. Though much Global 
Environmental Change research to date has been focused on understanding the dynamics that drove 
our world to the present predicament, much less effort has been devoted to thinking about ways to 
get us out of it. Moreover, the social sciences have thus far insufficiently been involved because the 
challenges defined by the research community were not formulated as social science challenges. 
Preparing and guiding the sustainability transition, however, is essentially a social science challenge, 
even though many other disciplines are involved in determining the context for that transition. 
The core question we must ask is: Ψ²Ƙȅ ƛǎ ƛǘ ǘƘŀǘ ǎƻ ƳǳŎƘ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ǇǳōƭƛŎƛǘȅ ŀōƻǳǘ 
sustainability at so many levels has led to so littƭŜ ŀŎǘƛƻƴΚΩ That question has a number of different 
components at various levels, going from the cognitive to the cultural, to the institutional, which we 
will not elaborate here: 
 
¶ The path-dependency of our societies  
¶ The difficulties of preparing for and dealing with major catastrophes, 
¶ The difficulty of anticipating unintended consequences,   
¶ The role of technology in our society and our (over-) confidence in it,  
¶ The difficulty of anticipating how societal dynamics will impact on our life, etc. 

 
We are not arguing that there are immediate answers to these challenges; nor that we see a clear 
path for an ICT contribution to them. There is certainly the space and the opportunity for such a 
contribution, but implementing it must go hand in hand with some important developments in 
theory development, and the exact implementation will depend on how this shapes up. 
Next we must ask a series of questions about the nature of the transition that we wish to effectuate: 
 
¶ {ƘƻǳƭŘ ǿŜ ŀƛƳ ŦƻǊ ŀ ǊŀǇƛŘ ΨǉǳŀƴǘǳƳ ƧǳƳǇΩ ǘǊŀƴǎition or for a slow and incremental one?  
¶ {ƘƻǳƭŘ ǘƘƛǎ ōŜ ŘǊƛǾŜƴ ΨōƻǘǘƻƳ ǳǇΩ ƻǊ ΨǘƻǇ ŘƻǿƴΩ ƻǊ ƳŀȅōŜ ΨǎŀƴŘǿƛŎƘŜŘΩ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻΚ  
¶ Iƻǿ Řƻ ǿŜ ǳǇǎŎŀƭŜ ǘƘŜ ΨōƻǘǘƻƳ ǳǇΩ ŜƭŜƳŜƴǘǎ ŀƴŘ ŘƻǿƴǎŎŀƭŜ ǘƘŜ ΨǘƻǇ ŘƻǿƴΩ ŀǇǇǊƻŀŎƘŜǎ ǎƻ 

that they are adapted to local circumstances?  
 
Once we have done this, we must raise the issue of how to instantiate this transition? That, again, 
gives rise to a host of questions: 
 
¶ How would we frame normative goals? There is a troika around values, economics and 

institutions, but is that enough?  
¶ Iƻǿ ǿƻǳƭŘ ǿŜ άŎǊŜŀǘŜ ŀƴ ŜǘƘƛŎ ƻŦ ǎǘŜǿŀǊŘǎƘƛǇέ ƻǊ ŀ άŦŜŜƭƛƴƎ ƻŦ ŎƻƳƳǳƴƛǘȅέΚ  
¶ How would we confront cultural and social value differences? One cannot impose any cross-

cultural specific practice because of such differences.  
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¶ Would one use tools integrating persuasion, dialogue, policy debate, culture and custom?  
¶ How can we identify innovative and exciting accelerators of change?  
¶ Could we build positive, plausible scenarios for transition to a sustainable society that could 

provide a framework for future research.  
¶ Would we need to explore how to deconstruct institutions?  
¶ What strategies for avoidance, adaptation, and transformation are effective at large scales? 

 
All of these questions involve studying the structure and dynamics of alternative futures, and 
therefore involve a much more systematic exploration of models and scenarios, in which ICT will play 
an essential role. We have thus far not systematically harnessed the power of computing to the 
exploration of multiple societal futures. As a result, most of our reactions to potential societal futures 
are underdetermined by our observations, and over-determined by responses derived from past 
situations, which are in- and of themselves path-dependent and inadequate. That needs to change, 
and that requires re-thinking how we use ICT with respect to global environmental change, moving 
from learning from the past to learning for the future (van der Leeuw et al., 2011). 
 
 
Action issues 
 
Action needs to happen at all levels of society, and in the following few lines, we can only highlight a 
few areas. All of them can hugely profit from ICT developments, because these will enable better 
data-driven decision-making, but such developments have to go hand in hand with a study of their 
potential impact on society, including their unintended consequences. 
 
We need to improve how governments, at all levels, create and manage different policies and other 
tools that promote sustainability. The difficulty is in combining the ethical and environmental 
dimensions with the economic and social ones, and in identifying the tradeoffs and making the 
correct decisions about them. Clearly, this cannot happen in a uniform way across the globe ς but ICT 
tools can be developed that look at trade-offs scientifically and rationally, and thus facilitate decision-
ƳŀƪƛƴƎΣ ŀƴŘ ǘƘŜǎŜ Ŏŀƴ ōŜ ǇǊƻǇŀƎŀǘŜŘ ŀǎ ΨōŜǎǘ ǇǊŀŎǘƛŎŜǎΩΦ !ƴ ŀǇǇǊƻŀŎƘ ǘƘŀǘ Ƴŀȅ ŦǳǊǘƘŜǊ ǘƘƛǎ Ǝƻŀƭ ƛǎ ǘƻ 
ƛƳǇǊƻǾŜ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ƎƻǾŜǊƴƳŜƴǘ ŀƴŘ ŎƛǾƛƭ ǎƻŎƛŜǘȅ ǳǎƛƴƎ L/¢ ǘƻ ŜŦŦŜŎǘǳŀǘŜ άŜƳŜǊƎŜƴŎŜ ōȅ 
ŘŜǎƛƎƴέΣ ŎƻƳōƛƴƛƴƎ Řŀǘŀ Ƴƛƴƛƴg of movements and ideas emerging in civil society with a top-down 
selection process that moves us in the right direction. 
 
The most likely response from the business community would be to commandeer the sustainability 
movement so that it may be at worst controlled, and at best turned to a profit. This is clearly evident 
ƛƴ άƎǊŜŜƴ-ǿŀǎƘƛƴƎέΣ ŀƴŘ ƛǎ ƻƴŜ ǊŜŀǎƻƴ ŦƻǊ ǘƘŜ ǿƛŘŜΣ ŀƴŘ ōƛŀǎŜŘΣ ǇǳōƭƛŎƛǘȅ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǘŜǊƳ 
ǎǳǎǘŀƛƴŀōƛƭƛǘȅΦ .ǳǎƛƴŜǎǎ άōǊŀƴŘǎέ ǘƘŜ ƳƻǾŜƳŜƴǘ ŀǎ ƛǘǎ ƻǿƴΣ ǘŀƪŜǎ ŎƘŀǊƎŜ ƻŦ ƛǘΣ ǘŀƪŜǎ ǘƘŜ ǿƛƴŘ ƻǳt of it, 
makes it harmless, and if possible even makes some money off of it. Can this tendency be 
transformed into a serious attempt at promoting sustainability? There is reluctance to pursue this 
thread because it is admittedly cynical, but it is also the way of the real world. If we are to move in 
the right direction, involving business as best we can is an urgent task. 
 
¢ƘŜ ŜŎƻƴƻƳƛŎǎ ƻŦ άǊŀǘƛƻƴŀƭ ōŜƘŀǾƛƻǳǊέ ŀǊŜ ŀ ǇǊƻōƭŜƳ ǿƛǘƘƛƴ ŜŀŎƘ ŎǳƭǘǳǊŜΣ but particularly within our 
own. Standard economic definitions of rationality pose individuals as self-interested utility 
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maximizers. There is nothing irrational about ignoring a call to sustainability if it leads to a reduction 
in utility (i.e. well-being, wealth, etc.). The rational choice is to carry on with business as usual, thus 
ǘƘŜ ǎƻŎƛŀƭ ŘƛƭŜƳƳŀ ŀƴŘ ŎƻƭƭŜŎǘƛǾŜ ŀŎǘƛƻƴ ǇǊƻōƭŜƳ ŜƳōƻŘƛŜŘ ōȅ ǘƘŜ ǇǊƛǎƻƴŜǊǎΩ ŘƛƭŜƳƳŀΦ Lǘ ƛǎ ŎƭŜŀǊ 
from behavioural economics that the standard neo-classical definition of rationality is inadequate. Its 
major inadequacy is its failure to consider relative standing and interdependent preferences. 
 
²Ŝ Ƴǳǎǘ ŜƴƎŀƎŜ ƻǳǊ ǎƻŎƛŜǘƛŜǎΩ Ŧǳƭƭ ƛƴƴƻǾŀǘƛǾŜ ŎŀǇŀŎƛǘȅ ƛƴ ǘƘŜ ǘŀǎƪ ŀǘ ƘŀƴŘΦ We must find ways to both 
focus that capacity and to accelerate it. The unbridled innovation of the last few centuries, driven by 
the desire to create value for our economies, is to an important extent responsible for our current 
predicament. We need to re-focus innovation by always taking its potential environmental 
consequences into account, and we need to develop pathways to accelerate such sustainability-
focused innovation, removing bottlenecks and barriers. We are not very good at either of these, and 
have to rapidly develop the know-how to improve that situation. 
 
Action tools 
 
What might be some of the avenues by which we could approach these challenges? An important 
tool is, of course, education. We teach in general along principles that date back at least half a 
century, if not more (in certain disciplines). One important innovation would be the systematic 
introduction of ICT-based models in education from a very early age, as this trains people to think in 
alternative solutions, and therefore stimulates both critical thinking, and searching for multiple 
solutions. The tools are available in the gaming industry, but the teaching profession has so far not 
made adequate use of them. 
 
Another important tool would be the systematic introduction of art and creativity in schooling 
throughout life, as this favors multi-dimensional and intuitive thinking as opposed to current linear, 
rational thinking. Here, the ICT multimedia industry has wonderful tools to help this kind of 
development. Moreover, by combining such tools into a kind of interactive and personalized online 
teaching that is very different from the kind that most schools and universities in the US practice 
today, it will be possible to reach a vastly larger population with these ideas and tools at low cost, 
and that kind of leverage would in itself be an important positive factor in achieving a transition to a 
sustainability culture. 
 
One could argue that a major factor in the non-emergence of a collective movement towards a 
sustainability culture has been the failure of the scientific community to adopt effective 
communication strategies. The messaging has been in teǊƳǎ ƻŦ ŀ ƳƻǊŜ ƻǊ ƭŜǎǎ ǳƴƛŦƻǊƳ ΨǎŎƛŜƴǘƛŦƛŎ 
ǘǊǳǘƘΩΣ ŀƴŘ ǇŜƻǇƭŜ ǿƘƻ ŘƛŘ ƴƻǘ ǳƴŘŜǊǎǘŀƴŘ ǘƘŀǘ ƳŜǎǎŀƎŜ ƛƴ ǘƘŜ ŦƻǊƳ ǇǊŜǎŜƴǘŜŘ ǿŜǊŜ ƴƻǘ ŀŘŘǊŜǎǎŜŘΦ 
¢Ƙƛǎ ƻǇŜƴŜŘ ǘƘŜ ǿŀȅ ŦƻǊ ǇƻǿŜǊŦǳƭ ƭƻōōƛŜǎ ǘƻ ǎƻǿ Řƻǳōǘ ƛƴ Ƴŀƴȅ ǇŜƻǇƭŜΩǎ ƳƛƴŘǎ ŀōƻǳǘ ǘƘŜ ǾŜǊŀŎƛǘȅ ƻŦ 
the scientific message, whereas in other cases, the message was simply ignored because of a 
fundamental disbelief in science. 
 
bŜǘǿƻǊƪ L/¢Σ ŎƻǳǇƭŜŘ ǿƛǘƘ ΨōƛƎΩ ǎƻŎƛŀƭ Řŀǘŀ ŀǾŀƛƭŀōƛƭƛǘȅ ŀōƻǳǘ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ƻŦ bƻǊǘƘ !ƳŜǊƛŎŀΣ ŦƻǊ 
example, now offers the possibility to craft messages that address the core issues for a multitude of 
subsets of the population, and thus adapting the message to many different world views beyond the 
rationalist scientific one. In order to exploit those possibilities, it would be interesting to combine the 
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ΨōƛƎ ŘŀǘŀΩ ǎƻŎƛŀƭ ŘŀǘŀōŀǎŜǎ ς some of which characterize each individual according to up to 500 
traits ς with extensive data mining among the discussions going on in the social media. That should 
enable us at low cost to gather the information necessary to craft appropriate messages to all sectors 
of the population. 
 
Crafting these narratives will be an activity in its own right, using all means of communication but 
also extensive creativity. It will have to be based on substantive knowledge of how sustainability 
issues are perceived, and how that perception changes under the impact of education and 
communication. For this purpose, one could develop other kinds of ICT tools, which dynamically 
integrate environmental change scenarios with regional economic and societal dynamics in order to 
help stakeholders understand how environmental change is going to impact their businesses and 
themselves personally. From the interaction between such tools and the stakeholders consulting 
ǘƘŜƳ ƻƴŜ Ŏŀƴ ƭŜŀǊƴ ǘƘŜ ƭŀǘǘŜǊΩs perception of the issues concerned, and monitor how that changes 
over time. 
 
The third major topic in this series is that of engagement in the transition to sustainability. Without 
such engagement, the desired mindset change will be much slower to emerge. Hence, the crucial 
issue is: how do we optimally engage our societies in this transformation? 
 
 

2.7.2 A social planetary boundary  

 

March 26, 2013  
 
aǳŎƘ ƻŦ ǘƘŜ ŎǳǊǊŜƴǘ ǇǳōƭƛŎ ŘƛǎŎǳǎǎƛƻƴ ŀǘ ŀƭƭ ƭŜǾŜƭǎ ƻŦ ǎƻŎƛŜǘȅ ƛǎ ŀōƻǳǘ ŀ ǇŜǊŎŜƛǾŜŘ ΨŎǊƛǎƛǎΩ ƛƴ ŘƻƳŀƛƴǎ ŀǎ 
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 a holistic perspective we 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. The fact that we do not have the answers to deal 
with all these issues, whether individually or collectively, is due to a lack of knowledge and 
understanding about the nature of the challenges and the means to deal with them, as well as a lack 
of sufficient communication and alignment within our societies to take collective action together. 
 
What has driven our socio-environmental system to this point? In their 2009 Nature paper on 
ΨtƭŀƴŜǘŀǊȅ .ƻǳƴŘŀǊƛŜǎΩ, Rockström et al. argue that the current environmental crisis is the result of 
anthropogenic activities that have driven, and are still driving the Earth system out of balance. But 
that paper does not address how anthropogenic activities have also driven the human component of 
the Earth system out of balance. The most striking imbalance that anthropogenic action has created 
in the societal domain is the huge difference in wealth between rich and poor. In the security 
ŎƻƳƳǳƴƛǘȅ ƛǘ Ƙŀǎ ǊŀƛǎŜŘ ǘƘŜ ǉǳŜǎǘƛƻƴ ǿƘŜǘƘŜǊ ǘƘƛǎ ƛǎ ŀ ǎƻŎƛŀƭ ΨǇƭŀƴŜǘŀǊȅ ōƻǳƴŘŀǊȅΩΣ ŀƴŘ Ƙƻǿ ŎƭƻǎŜ ǿŜ 
are to transgressing it. 
  
Before answering that question we need to discern the dynamic behind it, and this involves a few 
paragraphs of theoretical language. In its most basic formulation, humans process matter, energy and 
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information to live. As individuals, they sustain themselves by processing matter and energy, and to 
avail themselves of these commodities they process information. As information is not subject to the 
laws of conservation (but the other two are), it is the only one of the three basic commodities that 
can be shared among individuals. Shared information processing is what keeps a society together ς 
shared knowledge, shared values, shared customs, shared institutions, shared culture. Sharing 
enables a group of people to meet challenges that exceed the power of single individuals to solve. It 
ǘƘǳǎ ƳŀƪŜǎ ǘƘŜ ƳŜƳōŜǊǎ ƻŦ ŀ ƎǊƻǳǇ ΨōŜǘǘŜǊ ƻŦŦΩ ǘƘŀƴ ǘƘŜȅ ǿƻǳƭŘ ōŜ ƻƴ ǘƘŜƛǊ ƻǿƴΣ ŀƴŘ ŀƳƻƴƎ 
ǎƻŎƛŜǘƛŜǎ ǘƘŜ ƻƴŜ ǘƘŀǘ ƻŦŦŜǊǎ ƳƻǊŜ ŀŘǾŀƴǘŀƎŜǎ όΨǾŀƭǳŜΩύ ǘƘŀƴ ƻǘƘŜǊǎ ǿƛƭƭ ǇǊƻǎǇŜǊ ŀƴŘ ƎǊƻǿΦ 9ƴǎǳǊƛƴƎ 
that a society keeps offering such advantages is the role of innovation. 
 
For most of human history, inventions by individuals were only transformed into innovations at the 
societal level if (a) there was a need felt for them (a problem that they could help solve) and (b) there 
ǿŜǊŜ ŜƴƻǳƎƘ ŦǊŜŜ ŜƴŜǊƎȅ ŀƴŘ ƳŀǘǘŜǊ όΨǿŜŀƭǘƘΩύ ŀǾŀƛƭŀōƭŜ ǘƻ ƛƳǇƭŜƳŜƴǘ ǘƘŜƳΦ ¢ƘŜǎŜ ǘǿƻ ŎƻƴŘƛǘƛƻƴǎ 
severely limited the innovative capacity of ancient societies, and thus the steepness of the value 
gradient between them and the outside world. We could summarize this by stating that for most of 
human ƘƛǎǘƻǊȅ ƛƴƴƻǾŀǘƛƻƴ ǿŀǎ ΨŘŜƳŀƴŘ-ŘǊƛǾŜƴΩ ŀƴŘ ΨŜƴŜǊƎȅ-ŎƻƴǎǘǊŀƛƴŜŘΩΦ The pace of societal change 
ǿŀǎ ƭƛƳƛǘŜŘ ōȅ ǘƘŜǎŜ ǘǿƻ ŦŀŎǘƻǊǎΣ ŀƴŘ ǎƻ ǿŀǎ ǘƘŜ ǾŀƭǳŜ ŘƛŦŦŜǊŜƴǘƛŀƭ ōŜǘǿŜŜƴ ǘƘŜ ǎƻŎƛŜǘȅΩǎ ΨƛƴǎƛŘŜǊǎΩ 
ŀƴŘ ΨƻǳǘǎƛŘŜǊǎΩΦ 
 
But this changed fundamentally from around 1800 with the introduction of ways to massively use 
Ŧƻǎǎƛƭ ŜƴŜǊƎȅ ŀƴŘ ǘƘŜ ΨƛƴŘǳǎǘǊƛŀƭ ǊŜǾƻƭǳǘƛƻƴΩ ƛǘ ŜƴŀōƭŜŘΦ ¢Ƙŀǘ ŎƘŀƴƎŜ ƛǎ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ŦŀŎǘƻǊ ƛƴ 
understanding the current sustainability predicament. As the energy constraint was relaxed, the last 
two cenǘǳǊƛŜǎ ƘŀǾŜ ǎŜŜƴ ŀ ǎƘƛŦǘ ŦǊƻƳ ΨŘŜƳŀƴŘ-ŘǊƛǾŜƴΩ ǘƻ ΨǎǳǇǇƭȅ-ŘǊƛǾŜƴΩ ƛƴƴƻǾŀǘƛƻƴΣ in which 
information processing has replaced energy as the main constraint and marketing has enabled 
innovators to create demand for their products. This has fostered the emergence of education as a 
fundamental societal need, caused the exponential growth of (and our dependency on) the fossil 
energy industry, and ultimately the current globalization driven by multinationals and trade. But it 
has also hugely increased the value and wealth differential between the core and the periphery of 
the system, and thereby reduced the chances that outsiders become insiders, leading to the 
ǇŜǊŎŜǇǘƛƻƴ ǘƘŀǘ ǘƘŜ ǿŜŀƭǘƘ ŘƛǎŎǊŜǇŀƴŎȅ Ƴŀȅ ǿŜƭƭ ōŜ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ǎƻŎƛŜǘŀƭ ΨǇƭŀƴŜǘŀǊȅ ōƻǳƴŘŀǊȅΩΦ 
 
Over time, the dominance of the information constraint has led to the fact that, presently, 
information, wealth and power are concentrated in a very small elite worldwide. This is due to the 
fact that those with the most information at hand, and thus the greatest information-processing 
capacity, have an advantage over others in controlling the trajectory of society, and thus also in 
extracting energy and matter fro0m the whole system, accumulating wealth. It thus explains much of 
the (growing) current imbalance between rich and poor in the world, as well as the environmental 
problems that we are actually facing, which has come to the point that it seems more and more 
difficult to maintain this extractive system in a stable state. 
 
As wealth differentials reflect differences in information-processing capacity, they are therefore likely 
to be hugely affected by the information revolution, which is in the process of levelling the 
information-processing capacity differential. Rather than accumulation, spreading of information is 
likely to become the main driver of the economy, and the tool to create wealth. This will favor an 
inversion from the current, predominantly extraction-to-waste economy (in terms of raw materials, 
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but also human capital) that has reached its limits, into an economy of opportunity creation and 
spreading wealth. Only by increasing the value, education and wealth of the underprivileged can our 
societies continue to enjoy the high standard of living they currently have. 
 
Currently, we observe two seemingly contradictory trends ς a levelling off of wealth disparities 
between nations, as the BRICS countries become wealthier, and at the same time a steepening of the 
wealth disparities within countries. This is the statistical effect of the rich becoming richer in the 
developing countries, while within these, as well as in the developed countries, the contrast between 
ǊƛŎƘ ŀƴŘ ǇƻƻǊ ōŜŎƻƳŜǎ ǎǘŀǊƪŜǊΦ ¢ƘŜ ΨƻǇǇƻǊǘǳƴƛǘȅ ŜŎƻƴƻƳȅΩ ƴŜŜŘǎ ǘƻΣ ŀƴŘ ǿƛƭƭΣ ǘŀŎƪƭŜ ǘƘŀǘ ƎǊƻǿƛƴƎ 
disparity by spreading information and thus reducing the steepness of the information gradient, and 
the wealth gradient with it. 
 
We can distinguish two main kinds of processes that work in this direction. The first enable the 
development of local knowledge, or the expansion of local wealth creation, whereas the second aim 
for direct information transfer from the developed to the developing world. 
 
9ȄŀƳǇƭŜǎ ƻŦ ǘƘŜ ŦƛǊǎǘ ŀōƻǳƴŘΣ ŀƴŘ ƘŀǾŜ ōŜŜƴ ǎǇǊŜŀŘƛƴƎ ŦƻǊ ŦƛŦǘȅ ȅŜŀǊǎ ǳƴŘŜǊ ǘƘŜ ƛƳǇŀŎǘ ƻŦ bDhΩǎ ǘƘŀǘ 
quickly saw that providing local populations in poor countries with western knowledge or 
infrastructure often did not have as immediate an effect as helping local populations use their 
existing talents. Developing the local recycling economies of the developing world is a good example. 
These use materials such as empty oil drums and crates, used tires and the like to create pipelines, 
furniture and baskets. They are a fundamental part of the local economy, providing jobs, spreading or 
accumulating knowledge, and reducing waste. Giving them access to world markets has been one 
way to promote them, as in the case of the South African production of decorative baskets from 
telephone wire. But another way to promote them has been the spread of microcredit to provide for 
the initial investments needed for such enterprises to emerge. This has been so successful that more 
recently it has spread to poor areas in the developed world, such as parts of New York City. 
 
Examples of the second are the facilitation of distant access to information from many different 
sources that was initiated by the search engines (Yahoo, Google, etc.), and then led to the 
development of specialized online encyclopaedias such as Wikipedia that not only assemble but also 
synthesize information. It is now entering a different stage with the emergence of the Massive Open 
Online Courses (MOOCs) driven by major universities such as MIT and Stanford. These enable anyone 
to study free of charge anywhere in the world. They are currently experimental, but likely to spread if 
ways are found to return to the educating institution a small percentage of the proceeds ultimately 
ƎŜƴŜǊŀǘŜŘ ōȅ ǘƘŜ ǇŜƻǇƭŜ ǘƘǳǎ ŜŘǳŎŀǘŜŘΦ ¢ƘŜȅ ŀǊŜ ǇŀǊǘ ƻŦ ǘƘŜ ΨƻƴƭƛƴŜ ǊŜǾƻƭǳǘƛƻƴΩΣ ǿƘƛŎƘ ƛƴ ǘƘŜ ƴŜȄǘ 
thirty years will fundamentally transform the worldwide education landscape at all levels. 
 
In addition, there are many e-based tools that, even though they do not deliberately aim to educate, 
have very important educational components. These range from blogs to social networks to games 
that promote certain learning skills. In this domain, we may expect many more innovations that 
contribute to the transformation of the information-processing landscape. 
 
We conclude that we have to take the hypothesis seriously that one of the main impacts of the 
information revolution will be a redistribution of knowledge and information-processing capacity that 
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will fundamentally undermine the current structure of our societies, businesses and governments 
because information can no longer be kept from spreading. 
 
In our vision that will inevitably end the very regime of wealth inequality that is about to lead to 
major social disruptions due to the fact that the extraction of resources (including natural resources, 
wealth and labor) from the periphery around the core of society which currently controls the 
information processing system has gone to the point that such extraction is more and more costly 
and damaging. From an energy perspective, the concentration has come to the point, for example, 
that whereas individuals need about 100 watts to comfortably survive, in the US, the per capita 
energy consumption is about 11,000 watts. At the same time the RoI for energy has gone from the 
neighbourhood of 100 to around 10. For many other natural resources, the same is happening 
(though maybe less drastically). For extraction of human capital there are no such clear figures, but 
the lack of trust in the current governance system in many parts of the world and the wealth 
imbalance that has grown over the last few centuries point in the same direction. This has, for 
example, been noted by the security establishments of the US and UK, for example. In public reports, 
they predict that many social systems in the developing world have been so fragilized by this process, 
that their survival will seriously be endangered by the consequences of climate change. 
 
If we are to avoid such a major and uncontrolled restructuration of our current societies, the 
question in front of us is thus: How do we play into these insights in a way that contributes to also 
reduce the environmental impact that our societies currently have? The core of the answer is in our 
opinion a long-term policy of stimulating and harnessing demand. But rather than do so by heavy 
advertising directed at the same populations that businesses have for so long depended on, they 
have to identify new pools of demand, so that we can once again grow the economy based on 
demand-driven innovation. 
 
Identifying that demand begins, of course, close to home, in our western societies, by identifying 
existing pools of demand that ƘŀǾŜ ǘƘǳǎ ŦŀǊ ōŜŜƴ ƛƎƴƻǊŜŘΣ ǎǳŎƘ ŀǎ ƛƴ ǘƘŜ bŜǿ !ƳŜǊƛŎŀ CƻǳƴŘŀǘƛƻƴΩǎ 
effort to develop new demand in construction and agriculture in the US by restructuring the economy 
around construction in existing urban cores of housing and offices that are low-energy (including 
refitting), and promoting novel strategies to increase sustainable agriculture in the Midwest. 
 
In the developed societies, much larger (and more durable) pools of demand can be generated by 
improving the education of the general population, as has been done in, for example, Finland and 
other Scandinavian countries. Education is good for business, and business would do well to heed 
that and invest in it ς whether directly or indirectly (through taxation and government spending). 
Better-educated people are more likely to be upwardly mobile, to gain more and thus to generate 
more demand, and they are also more likely to stimulate invention and innovation, thus enhancing 
the total value space of the societies involved. They stimulate the economy on the supply as well as 
the demand side. In due time, this will close the income gap and strengthen the middle classes, thus 
reducing the risk of fracture in our societies. 
 
Hence, western business should not leave the education and development of the middle classes in 
Africa and elsewhere to others, such as China and India. There are huge markets to be conquered 
once the goal is long-ǘŜǊƳ ǊŀǘƘŜǊ ǘƘŀƴ ǎƘƻǊǘ ǘŜǊƳΣ ŀƴŘ ǘƘŜ ǎǘǊŀǘŜƎȅ ƛǎ ƴƻǘ ǘƻ ΨǿŜǎǘŜǊƴƛȊŜΩ ŀƴŘ 
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stimulate the consumption of western goods and the creation of western-style infrastructure, but the 
discovery and encouragement of ways in which the populations involved can develop their own kinds 
of culture, society and ς ultimately ς demand. Collaboration between governments (both western 
ŀƴŘ ƭƻŎŀƭύΣ bDhΩǎ ŀƴŘ ōǳǎƛƴŜǎǎŜǎ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ŀŎƘƛŜǾŜ ǘƘƛǎΦ bDhΩǎ ƛƴ ǇŀǊǘƛŎǳƭŀǊ ƘŀǾŜ ŘŜǾŜƭƻǇŜŘ ŀ 
wide and deep knowledge of the other cultures in which they are active, and can point the way. 
 
Education is clearly not the only way forward. Improving access to the basic commodities necessary 
for a healthy life will increase life expectancy, and thus contribute in its own way to creating new 
demand, both in our own societies and elsewhere. Investment in freshwater access, locally generated 
energy, access to healthcare, improved transportation and communication all increase not only life 
expectancy, but also economic activity, interaction, information processing and innovation in all parts 
of the world. Much is being done in this respect, again mostly in collaborations between 
governments, foundations and NGOs, but business should come to see more widely that it is in its 
own long-term advantage to upscale and spread these efforts by investing in them. In particular, 
there seems to be a growing disinterest in doing this in the health and education areas in some 
western countries, where this is in principle the easiest to achieve. There again, business can and 
should make important investments. 
 
In first instance, such efforts would reduce infant mortality, and thus create a wave of young, 
energetic people aiming to enter the labor market in many places where the jobs are not available to 
cater to them. Investment in job creation ς by fostering small and medium sized businesses and 
creating a legal and institutional climate in which business activity is regulated and protected are thus 
other tasks that need urgently to be undertaken and invested in. Large international companies could 
for example take a number of small and medium-sized companies in developing countries under their 
wing, develop collaborations, and ultimately profit from their growth (driven by local markets). 
Governments could use their experience to invest in designing and creating the legal and institutional 
frameworks necessary. In particular this might concern a revision of intellectual property rights, in 
view of the fact that communication is becoming so pervasive that the current legal frameworks are 
obsolete. 
 
All this is predicated on two major assumptions. Firstly, that we can change the way in which we 
innovate. Since the industrial revolution, our western societies have essentially, and increasingly, 
innovated in every which way there was immediate profit to be gained. Business is now engaged in a 
race for the invention of more and more material goods at a rhythm never reached, and this speed 
find its parallel in the short-termism of the financialized economy. This has led to a situation in which 
society clamors for innovation to lead us out of the current sustainability predicament (greenhouse 
gases, ocean acidification, waste and other problems), while forgetting that two centuries of 
indiscriminate innovation have brought us to this point. Western science, because of its reductionist 
tendencies, has not been able to study the process of innovation scientifically, which of course 
ŎƻƴŎŜǊƴǎ ǘƘŜ ŜƳŜǊƎŜƴŎŜ ƻŦ ƴƻǾŜƭǘƛŜǎΦ Lǘ Ƙŀǎ ǘƘŜǊŜŦƻǊŜ ŎƻƴŎŜƛǾŜŘ ƻŦ ƛƴǾŜƴǘƛƻƴ ŀǎ ŀ ΨōƭŀŎƪ ōƻȄΩ 
όΨŎǊŜŀǘƛǾƛǘȅΩύΣ ŀƴŘ ŎƻƴŎŜǊƴŜŘ ƛǘǎŜƭŦ Ƴƻǎǘƭȅ ǿƛǘƘ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ǳƴŘŜǊ ǿƘƛŎƘ ƛǘ ƘŀǇǇŜƴǎΣ ŀƴŘ ƛǘǎ ǊŜǎǳƭǘǎΦ 
But from a complex adaptive systems perspective, it seems that we might now get a better idea of 
how inventions emerge, and how they are introduced into society so that they innovate. Business has 
ƳǳŎƘ ƳƻǊŜ ŜȄǇŜǊƛŜƴŎŜ ǿƛǘƘ ǘƘŀǘ ǇǊƻŎŜǎǎΣ ŀƴŘ ƛǘ ǿƻǳƭŘ ōŜ ƛƴ ōǳǎƛƴŜǎǎΩ ŘƛǊŜŎǘ ƭƻƴƎ-term self-interest 
to use that experience to focus on directing invention and innovation towards domains that combine 
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generating new demand with a reduction in resources needed and waste produced. This may well 
include an important component of re-purposing of existing technologies and processes. 
 
The other major condition sine qua non for an approach like this to be successful is finding and 
harnessing the important, long-term, funding stream needed. Currently, the vast majority of wealth is 
invested in, and draws its profits from, short-term financial speculation rather than investment in 
production for any market. Taking a proportion of that wealth and investing it for the long term in the 
domains mentioned above is a necessity if we want to make the transition tƻǿŀǊŘǎ ŀƴ ΨƻǇǇƻǊǘǳƴƛǘȅ 
ŜŎƻƴƻƳȅΩ ƻŦ ǘƘŜ ƪƛƴŘ ǇǊƻǇƻǎŜŘ ƘŜǊŜΦ ¢Ƙƛǎ ǿƛƭƭ ǊŜǉǳƛǊŜ ŀ Ƨƻƛƴǘ ŜŦŦƻǊǘ ƻŦ ƎƻǾŜǊƴƳŜƴǘΣ ōǳǎƛƴŜǎǎ ŀƴŘ 
visionary elements of the financial world to build a different, stable long-term socio-economic 
structure that engenders widespread trust. Until that has been achieved, the temptation to invest in 
short-term speculative values will persist. 
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3 Enabling Knowledge Technologies  
 

3.1 Scientific Evidence ï Models, Data and Computation  
 
3.1.1 GSS models .   
 
The following section provides some first ideas regarding possible GSS models characteristics, 
components and structures:  
 
Michel Morvan and Eric Boix  

 
The systems targeted by global systems science share common characteristics that make them 
άŎƻƳǇƭŜȄ ǎȅǎǘŜƳǎέΥ 
 

1. They are composed of different heterogeneous parts. 
2. They include hierarchies, that is that some parts of your systems are themselves composed of 

subsystems, that can themselves be composed of subsystems, etc. 
3. The different parts of the systems (heterogeneous or not, hierarchical or not) are coupled 

together, which means that the behaviorof one part depends of the situation of the other 
part. 

4. The different parts of the systems represent different space scales and/or evolve at different 
time scales. 

This intrinsic complexity makes unreachable thŜ ƘƻǇŜ ǘƻ άǎƻƭǾŜέ ǘƘŜƳ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ƳƻŘŜƭƭƛƴƎ ŀƴŘ 
simulation are a fundamental tool to tackle them. Being able to provide ICT tools, and in particular 
complex systems modelling and simulation tools, that allow: 
 

i. to describe them as they are, without unnecessary simplification; 
ii. to run sets of simulation and be able to show meaningful indicators from them; 
iii. and therefore to think the problems in their globality and to test scenarios to identify global 

trends is clearly of great importance. 
 
Steven Bishop  

 
An open modelling platform is needed that will support a variety of users with widely different 
analytical and ICT skills, ranging from data scientists to policy makers and ordinary citizens, 
empowering them with the ability to define, manage, integrate and synthesize data models, 
computational models, and visualization models, aimed at carrying out simulations and what-if 
explorations of society. 
 
Novel technology is needed that will provide the right abstractions for scientists to define new 
models from scratch and compose new, more complex models from existing models. The scientists 
will be able to link models to other models, to data sources, and to experiments that enable what-if 
analytics and help validate these models. In addition to the structure of a model (e.g., a set of 
mathematical formulae), scientists must be able to define the model interfaces (e.g., parameters of 
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the model and their semantics) and rules that specify the assumptions of the model and how it can 
be composed. 
 
New techniques are needed to integrate different types of models - ODEs from dynamical systems, 
PDEs and agent based models - as well as ways to aggregate results from these models at different 
scales. Along the lines of integrated assessment models. Link individual models into a system 
framework which will allow for qualitative analysis and assessment which are most suited to policy 
decision making. 
 
3.1.1.1 Agent Based Models  
 
Doyne Farmer  

 
Agent-based models (ABMs) are a natural tool for simulating social systems. In comparison to 
econometric models or the DSGE models of mainstream economics, which are formulated in terms of 
aggregate quantities, agent-based modelling is done at a microscopic level. Agent-based models 
operate at the level of individuals, who can be householders, decision makers at firms, or 
government regulators. Agent-based models make use of computer power to represent as many 
different agents as are needed. They do not rely on complex mathematical derivations or closed form 
solutions. This makes it easy to implement nonlinear behaviorwithout restrictions on the degree of 
realism. The use of agent-based models makes it possible to build an economy from the bottom up, 
incorporating as much realism as is needed in each of the individual components. 
 
In recent years behavioural economists have made great strides in understanding how real people 
behave in economic contexts. Agent-based modelling works hand-in-hand with behavioural 
economics, incorporating its insights to model the decision-making of agents, and using the power of 
the computer to simulate their behaviorin complex interacting coupled networks, to keep track of 
their interactions through their consumption, production, budgets, borrowing, lending, flows of 
goods and services, investment, trading, etc. 
 
Perhaps the greatest strength of the ABM approach is that it is possible to realistically model 
institutions, such as households, firms or banks. One can build in as much realism as is needed. 
Indeed a key challenge can be to keep things simple enough to keep the models tractable and 
understandable. 
 
Another great virtue of ABM is the ease with which it is possible to perform regulatory studies. 
Regulatory rules are easily incorporated into computer programs, even when they are complex, and 
they are easily modified to test different policy regimes. It is also possible to study counterfactual 
situations in order to determine cause and effect relationships. So, for example, in a recent ABM 
ƳƻŘŜƭ ƻŦ ǘƘŜ ƘƻǳǎƛƴƎ ƳŀǊƪŜǘΣ ƛǘ ǿŀǎ ǘǊƛǾƛŀƭ ǘƻ ŀǎƪΣ ά²Ƙŀǘ ǿƻǳƭŘ ƘŀǾŜ ƘŀǇǇŜƴŜŘ to the Washington 
DC housing market if lending policy had remained unchanged during the first decade of the 21st 
ŎŜƴǘǳǊȅΚέΦ ό¢ƘŜ ŀƴǎǿŜǊ ǿŀǎ ǘƘŀǘ ǘƘŜ ƘƻǳǎƛƴƎ ōǳōōƭŜ ǿƻǳƭŘ ƘŀǾŜ ŀƭƳƻǎǘ ŜƴǘƛǊŜƭȅ ōŜŜƴ ǎǳǇǇǊŜǎǎŜŘύΦ 
In economics agent-based modelling has so far been used primarily as a qualitative tool. GSS will take 
ABM in economics to the next stage, making much more realistic and quantitatively accurate models. 
This should occur in several ways. The limiting factor in any ABM is the realism of the decision making 
rules of the agents. GSS can improve ABMs by funding work that makes it possible to calibrate better 
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decision rules. This can be done in several ways, for example through (1) social experiments, in which 
real people are put in situations where they must make decisions and their responses are measured; 
(2) gathering micro-data about how real people behave; (3) collecting data from game situations that 
mimic real-world situations; (4) Pushing on ABM researchers to make their models more quantitative. 
Once this is done ABMs have the potential to become a central decision making tool in economics. 
 
Zofia Lukszo, Igor Nikolic and Gerard P.J. Dijkema;  

 
When investigating global large-scale socio-technical systems it is clear that both the real-time 
performance and long-term evolution are shaped by a myriad of actors, with none of them being in 
position to control the whole system. Moreover, the ensuing interactions and interdependencies 
entail new, unknown and possibly unacceptable risks, which add an extra dimension to the system's 
complexity. 
 
Rather than focusing on specific system components or subsystems, our efforts should be aimed at 
understanding and steering the structure and behaviorof the system as a whole. The system 
representation should not be confined to technological aspects but should also address the social 
dimension, seeking to capture the behaviorof different actors in decision-making, in competing or in 
co-operating and negotiating. The concept of agent-based systems, composed of multiple interacting 
actors and physical elements, is a promising modelling approach that can simulate how system 
behavioremerges from the behaviorof actors at the bottom level. 
 
With the assumption that we can indeed capture the behaviorof real actors, Agent-Based Models 
allow us to observe how the technical and social subsystems of large-scale systems co-evolve, and 
which overall system behaviormight emerge from their ongoing interactions, at multiple system 
levels and time scales. The importance of these simulations is that they can also help to answer the 
ǉǳŜǎǘƛƻƴ ƻŦ ǿƘŀǘ ŀ άōŜǘǘŜǊέ ǎȅǎǘŜƳ ƳƛƎƘǘ ōŜΦ {ȅǎǘŜƳǎ Ŏŀƴ ōŜ ƛƳǇǊƻǾŜŘ ƛƴ ŀ ǾŀǊƛŜǘȅ ƻŦ ǿŀȅǎΣ ǘƘŜ 
appreciation of which is strongly dependent on the perspective of the decision maker. Generally 
speaking, in the day-to-day operation, improvement is concerned with system performance, 
including efficiency and effectiveness. Over a longer time frame, systems also need to be robust and 
resilient. They need to be responsive, flexible and adaptable, too. Negative external effects manifest 
themselves on a variety of spatial and time scales. Socio-economic effects ripple through intensively 
interconnected social systems, financial markets, international supply chains, geopolitics etc. Hence, 
we must accept the fact that there are no easy, isolated solutions or quick fixes; there is much to be 
learned. Agent-Based Models contribute to the process of learning and thereby to finding more 
complex answers. 
 
Agent-Based Modelling is a category of advanced modelling and simulation tools particulary relevant 
for cross-sectoral and inter-disciplinary research on complex global systems exhibiting both technical 
and social (multi-actor) complexity. In Agent-Based Modelling, an agent is the software 
representation of some entity that completes an action or takes a decision, by which it effectively 
interacts with its environment. At the highest level of granularity, an agent may represent a single 
decision maker, e.g. a consumer. Beyond this level of granularity, an agent may represent an 
organisation, for example an electric utility company deciding to build a new nuclear plant or a 
government deciding on new policy and policy instruments. The agent pardigm aligns with the 
concept of systems composed of multiple interacting social entities and technical subsystems. The 
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system behavioris the overall observable sum of the agents' actions and state changes. It is an 
emergent property caused by the interaction of the internal, local and environmental states and the 
decision rules. 
 
Agent-Based Modelling and Simulation is the premier candidate with which to model socio-technical 
global systems and explore how structural and behavioural change enfold ensuing from the 
interactions between agents within and between the social and the technical subsystems. Agent-
Based Models thus allow us to complete rich ex-ante analyses of the possible outcomes of different 
parameter settings, e.g. different policies and elucidating system characteristics before creating the 
real system. This is particularly advantageous when systems are developed over the course of years 
of decades, or when the risk associated with incorrect operational decisions are large, e.g. in terms of 
loss capital or even lives. 
 
The use of Agent-Based Modelling and Simulation has been explored by many researchers from the 
Energy and Industry Section at the Technology, Policy and Management Department of the Delft 
University of Technology, the Netherlands. In previous and on-going studies at the TU Delft, the 
Agent-based modelling and simulation platform has evolved so that new simulation models can re-
use building blocks from previous studies. An Agent-Based Model allows one to simulate the 
operation, dynamics, evolution and growth of a system and therefore help us to understand a 
system's complexity. 
 
3.1.1.2 Social Simulation & computational social science 

Ciro Cattuto  

 
The approach to monitoring, measuring, and dealing with collective phenomena in social systems has 
been rapidly evolving under the pressure of two main drivers: 1) the end of linear thinking brought 
forth by the maturity of complex system science applied to socio-technical systems, and 2) the ability 
to monitor and quantify human behaviours at unprecedented levels of resolution and scale, 
unleashed by the planetary-scale adoption of the World Wide Web, mobile communication 
technologies, e-commerce systems, and on-line social networks. The latter technologies and 
platforms, in particular, are just starting to display their full transformative power on society. 
Historically speaking, the current level of interconnectedness of society is a sudden event with no 
precedents, and its inception is forcing change in the way organizations think about society and deal 
with societal phenomena, both in the public and in the private sectors. 
 
Data-driven computational models are increasingly emerging as the new appropriate tools to face the 
study of complex social phenomena, whose phenomenology is no longer established only by 
controlled experiments on small communities, but with increasing importance by data-mining larger 
and larger collections of digital traces of human behaviorat the organizational, urban o geographic 
scale. 
 
The discourse on hyper-connected ICT-mediated social systems, however, has been primarily focused 
on the transformative power that these processes have had or are having on known social processes, 
and to a lesser extent on the novel types of social phenomena that may emerge because of the new 
connectedness of individuals. Such new connectedness occurs at the spatial scale of entire countries 
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and at the temporal scale of seconds. In specific domains, such as finance and marketing, the 
emergence of a new phenomenology has been acknowledged already. Marketing had to come to 
terms with a new dynamics of popularity that is driven by social media, on-line social networks, 
bottom-up generation and amplification of memes, networked customer communities as new actors, 
and adversarial information diffusion campaigns. 
 
This is a process that is still unfolding: smartphones and wearable devices are tearing down the 
digital-physical barrier, creating simultaneously the ability to digitally track the state, location, and 
preferences of a large number of individuals, and at the same time enormously empowering the 
capability of those people to be networked, to be informed in a timely fashion, and to act 
accordingly, both at the individual and at the collective scale. The full societal potential of citizens 
empowered by smartphones, wearable sensors, augmented-reality devices, and all sorts of real-time 
participatory platforms is still dawning. Several efforts are starting to recruit these emerging 
capabilities to develop new societal functions such as citizen science, participatory surveillance of 
diseases, participatory mapping of pollution, games with a purpose, and so on. These efforts are 
however largely engineered in a top-down fashion, by designing incentives at the microscopic level, 
by leveraging mass media, or by deploying them in specific and compelling contexts like an 
emergency situation. As the barrier between the digital and the physical vanishes, the door is open 
ŦƻǊ ǘƘŜ ŜƳŜǊƎŜƴŎŜ ƻŦ ȅŜǘ ǘƻ ōŜ ǎŜŜƴ ǎƻŎƛŀƭ ǇƘŜƴƻƳŜƴŀ ǘƘŀǘ Ƴŀȅ ŜŦŦŜŎǘƛǾŜƭȅ ŎǊŜŀǘŜ ƴŜǿ άŀŎǘƻǊǎέ 
organizations and governments will have to deal with, both in the digital and physical spaces. An 
early example of this is Anonymous, whose nature and behaviordefy simple interpretations, and 
whose actions ς nevertheless ς have been shown capable of global outreach. Other examples include 
the social uprising mediated by social media that was observed during the recent Egyptian political 
crisis. Whereas the exact role of social media such as Twitter has not been fully assessed yet, it is 
clear that real-time connectivity enables crowds and communities with previously unseen capabilities 
of coordination and collective action. The most recent example is the self-organized manhunt that 
emerged in the popular on-line social network Reddit during the aftermath of the Boston bombings 
and resulted in very negative consequences for innocent parties. 
 
The above scenarios call for new insights into emerging social phenomena in hyper-connected social 
systems, that can properly account for complex factors and processes such as information diffusion 
driven by the combination of mass-media, word of mouth and social media, the emergence and role 
of influencers, the bursty focusing on collective attention on specific issues, organizations or 
individuals. Assessing the degree of controllability or manipulability of ICT-enabled social systems, for 
example, by coordinated injection of misinformation by influencers, is also an important fundamental 
challenge that needs to be tackled in order to guarantee the safety of citizens and the correct 
operation of democratic institutions. Reasoning about these global challenges calls for extensive 
data-driven social simulation and has a potentially strong impact on the relevant institutional 
stakeholders and the corresponding policy frameworks. This is an effort that encompasses research 
areas such as agent-based methods for social simulation or socio-physics, because it needs to be 
strongly data-driven, it needs to provide interpretation keys that are transparent to policy makers, 
and it needs to be validated at scale during real-world scenarios unfolding in real time. In summary, 
the global systems science vision applied to social systems points to data-driven investigation that 
take the move from computational social science and focus on decision making and risk management 
of social phenomena at the global scale. 
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3.1.1.3 Formal Languages  

David Pearce  

 
We describe several aspects of Global Systems Science where logic and logic-based languages can 
play a key role in the construction, description, comparison and presentation of theories and 
reasoning about them. 
 
1. Logic-based policy languages.  
 
{ŜǾŜǊŀƭ ŀǎǇŜŎǘǎ ƻŦ D{{ ŀǊŜ άƘǳƳŀƴ-ŎŜƴǘǊŜŘέΣ ƴƻǘ ƻǊ ƴƻǘ ƳŜǊŜƭȅ ƛƴ ǘƘŜ ǎŜƴǎŜ ǘƘŀǘ ƘǳƳŀƴǎ ŀǊŜ ǘƘŜ 
objects of study (though they may well be), but very broadly speaking in the sense that scientific 
inquiry is guided by human concerns and socially relevant challenges. One further aspect of this is the 
idea that policies and policy makers must somehow be integrated within system models, and that the 
link to policy and decision makers must be itself a part of the scientific enterprise. 
 
We may think of a policy as a principle or rule to guide decisions. It can be seen as either a statement 
of intent or a commitment. However, a policy does not usually compel or prohibit actions by itself. 
Policies may be specified as procedures or protocols and can be adopted by organisations, groups or 
individuals. Since policies are rules they may be expressed in a rule-like, logical language. Reasoning 
with policies involves reasoning about defaults, exceptions, norms and typicality. That is, the type of 
reasoning required is non-monotonic. It is often important to compare two or more policies in a 
logical manner, for instance to examine whether one policy is stronger than another, subsumes 
another or is equivalent to another, under specified circumstances. These are logical concepts and 
can be reconstructed and studied with logical methods. Several other logical questions arise 
naturally. For example, we may ask whether a set of policy rules is consistent either locally or in a 
specific, broader context. Or, given some informal specification of a policy we may ask whether a set 
of formal rules correctly characterises it. 
 
Languages like Answer Set Programming (ASP, see eg Gerbser et al (2012)), and other non-monotonic 
reasoning systems, are well suited to represent defaults, typicalities and exceptions and to deal with 
non-determinism. They can also formalize different kinds of abduction and they are already applied 
in reconstructing policies, e.g. in the area of security (see eg Bonatti (2011)). They can be combined 
with ontology languages and other logics for reconstructing knowledge (databases, KBS etc.). In GSS, 
logic languages can play a similar role in expressing and reasoning about policies. In addition to 
connecting with traditional knowledge bases, these languages would have to link to the 
mathematical models used in the GSS applications in question. In principle this should not be a 
barrier, however. In the case of ASP, for example, as there are several techniques for interfacing with 
external knowledge sources. Some of these techniques are implemented and already used for 
instance in business applications (see eg 
http://www.kr.tuwien.ac.at/research/systems/dlvhex/index.html). 
 
Languages of an ASP kind can therefore integrate policy rules and knowledge sources within a single 
computational system. An important feature of this approach to computation is that it is problem-
oriented and model-based (in the sense of logical models): it directly presents solutions to practical 

http://www.kr.tuwien.ac.at/research/systems/dlvhex/index.html
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problems based on logical models (answer sets) that embody the solution in a direct manner. 
Moreover, in typical applications the problems in question may involve diagnosis, explanation, 
planning, actions and temporal reasoning, in other words many problems of a kind that can be 
relevant for policies and decision making in a GSS context. For example it means that actions and 
plans can be integral features of the computational system that combines GS knowledge with 
policies. 
 
2. Logic-based languages for specification and verification. 
  
One of challenges for GSS expressed in the GSDP project is the need for efficient and transparent 
means for specification and for the effective verification of computational models. Logic-based 
languages such as logic and constraint logic programming and newer variants such as ASP are well-
equipped in this respect and are well-suited to deal with specifications and verificational aspects. 
Experience suggests that these and other related challenges may be addressed by designing domain-
specific languages that may be used, for instance, for implementing socio-economic and agent-based 
models. One of the options explored in GSDP is to focus on languages based on dependent type 
theory, itself derived from a logical approach known as constructive type theory (CTT). DSLs may be 
valuable not only as a programming environment for implementing mathematical models, but also 
for the science-policy interface discussed above. Within what we may broadly call the theory of 
action, logicians have studied many kinds of speech acts and developed logical formalisms that may 
be highly relevant here. Moreover aspects of social ontology and the structure of institutional 
concepts are already being logically reconstructed and implemented in socially-oriented, logic-based 
languages. Such high-level languages that deal with institutional and social relations of 
empowerment, permission, obligation and trust may provide an ideal, logical-based approach to DSLs 
for the GSS-policy interface. 
 
3. Logical concepts for modularity.  
 
A related issue raised by the GSDP project is how to improve comparability and modularity of models. 
Agent-based models have been singled out in particular, however modularity is a key issue in any 
large knowledge building enterprise. It forms part of a wider problem of how to formulate and 
analyse inter-theoretic relations and it is especially acute in areas that cross different domains where 
theories and models are combined from different disciplines. The concepts and tools of intertheory 
relations are typically logical ones and they are used in many knowledge-rich, computational areas 
such as Answer Set Programming, the construction, matching and merging of ontologies, in 
agreement technologies, and so forth. Key logical notions include separability, reduction, 
equivalence, modularity, translation, interpretability, synonymy and others. A crucial problem in GSS 
is that global challenges may involve multiple, interacting networks some of which use similar 
concepts but possibly defined, measured or characterised in different ways. This raises logical 
questions about whether translation from one conceptual framework to another is feasible, or 
whether data analyzed within one framework can be re-used within another. In general there remain 
many open issues about how information can be reliably extracted from multiple interacting 
networks, each with its own set of concepts and data types. 
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Gerbser et al (2012): M. Gebser, R. Kaminski, B. Kaufmann and T. Schaub, Answer Set Solving in 
Practice, Morgan and Claypool Publishers, 2012. 
 
Bonatti (2011): Piero A. Bonatti, Datalog for Security, Privacy and Trust, in Oege de Moor. Georg 
Gottlob, Tim Furche and Andrew Jon Sellers, Datalog, Springer, Lecture Notes in Computer Science, 
6702, 2011, 21-36. 
 

3.1.2 Big Data  for GSS   

 
The Role of Big data and High Performance Computing in the Global System Science Program 
 
Christopher L. Barrett, Ralph Dum, Devdatt Dubhashi, Madhav V. Marathe 
 
1 Introduction 
 
Lƴ ǘƻŘŀȅΩǎ ǿƻǊƭŘΣ ƘǳƳŀƴ ōehaviour, social networks, and civil infrastructures are closely intertwined. 
Coupled social, technical, informational and organizational systems or STIOs do not stand-alone. They 
consist of many interacting physical, technological, and human or societal components and are 
spatially distributed, managed by different federal, state, or commercial entities and operate at 
multiple time scales. Examples of such systems include regional transportation systems, regional 
electric power markets and grids, the Internet, ad-hoc telecommunication, communication and 
computing systems, content delivery networks, social networks, search networks and public health 
services. What all of these systems have in common is that they are networked individual agents or 
components interact only with a specified set of components. The links in such networks can be 
physically real or a matter of convention such as those imposed by law or social norms, depending on 
the specific system being represented. Thus coupled STIO networks consist of one or more social 
networks interacting with underlying technological and physical networks.  
 
Our focus here is on global system science, defined provisionally (cite) as follows: Global Systems 
Science develops know-how about global systems like the Internet, the worldwide system of cities and 
many more by combining algorithmic machines with concepts from game theory and a sensitivity to 
narratives.  
 
In other words, global systems can be viewed naturally as global-scale coupled STIO networks. It is 
important to note that global systems as defined not only have a global footprint, but also comprise 
ƻŦ ƳǳƭǘƛǇƭŜ ǎȅǎǘŜƳǎ ǘƘŀǘ ǎǇŀƴ ǘƘŜ ǎƻŎƛŀƭΣ ǇƻƭƛǘƛŎŀƭΣ ƎŜƻƎǊŀǇƘƛŎŀƭ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŘƻƳŀƛƴǎΦ ¢ƻŘŀȅΩǎ 
Internet and interconnected cities constitute excellent examples of global systems. In addition, 
systems built on top of these systems constitute examples of global systems as well. We will give two 
important examples that illustrate the key aspects. The first is system of systems that includes a 
global multi-modal transport network that connects cities and comprising of airline networks, road 
networks, waterways, a logistical system built on top of the transport network and aids the flow of 
individuals, goods and information and business networks that build on top of these networks and 
support trade and commerce between individuals, organizations and countries. 
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A second example is hierarchy of networks built on top of the Internet that really comprises of the 
routers and cables that are connected together to move digital information across the globe. Content 
management and distribution networks such as the one built by Akamai ride on the top of the basic 
Internet and allow efficient, mirroring, caching and distribution of content. On top of this, we have 
the World wide web that comprises of billions or even trillions of web-pages that are linked together 
using hyperlinks. Services such as Google, Bing, etc, provide services over the WWW. We then have 
networks such as Facebook, Myspace, Twitter, Foursquare and Linkedin that provide services to 
support online social networks. We also have informatic platforms such as Ebay, Amazon etc. that 
have built various forms of commerce over the lower layers. Finally, we have systems such as 
Amazon Turks etc, that provide online labour markets. The two examples amply illustrate the key 
components of GSS: global reach and system of systems. 
 
The system of systems are not necessarily hierarchical, but are connected in complex ways 
themselves. 
 
In this white paper, we focus on the role of Big Data and High Performance Computing in developing 
the science and engineering of global systems. We will primarily focus on a synergistic view in which 
the need for developing the scientific and engineering principles of global systems presents new 
challenges for Big Data and HPC. Conversely, the availability of Big data and HPC fundamentally 
change the form and shape of scientific investigations pertaining to the study of global systems. This 
close interplay between the three topics is the primary focus of the white paper. It is important to 
note that BigData and HPC are enabling and transformative technologies; furthermore they are 
evolving and are shaped by new and emerging applications in various spheres of life. 
 
2 BigData 
 
Michael Jordaƴ ǎǘŀǊǘǎ Ƙƛǎ ǇǊŜǎƛŘŜƴǘƛŀƭ ŀŘŘǊŜǎǎ ǘƻ ǘƘŜ .ŀȅŜǎƛŀƴ {ƻŎƛŜǘȅ ώпϐ ǿƛǘƘ ǘƘŜ ǿƻǊŘǎΥ ά¢ƘŜ ŜǊŀ ƻŦ 
.ƛƎ 5ŀǘŀ ƛǎ ǳǇƻƴ  ǳǎΦέΦ Lƴ ǘƘŜƛǊ ƴŜǿ ōƻƻƪ Big Data: A Revolution that will transform the way we live, 
work and think, MayerςScönberger and Cukier write:  
 
The benefits to society will be myriad as big data becomes part of the solution to pressing global 
problems like addressing climate change, eradicating disease and fostering good governance and 
economic development. 
 
{ŜŜ ŀƭǎƻ aŎYƛƴǎŜȅΩǎ ǊŜǇƻǊǘ Big data: The next frontier for innovation, competition, and productivity. 
Large data problems now come from many disciplines. Examples are NEON (National Ecological 
Observatory Network), a project of the National Science Foundation, and GBIF (Global Biodiversity 
Information Facility), an international effort to digitize all information about all living species 
(estimated number: between 2 and 10 million). 
 
The intelligence community has been dealing with big data questions for some time; the Department 
of Homeland Security tries to do so. The financial sector grapples with huge amounts of data. Just 
about every U.S. federal agency that funds science currently supports at least one major national 
initiative on data. Announcing a $ 200 million R&D initiative in big data in March 2012, the White 
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IƻǳǎŜ ŘŜǎŎǊƛōŜŘ ǘƘŜ ǇǊƻƎǊŀƳ ŀǎ ŀ ǿŀȅ ǘƻ ŜƴƘŀƴŎŜ έƻǳǊ ŀōƛƭƛǘȅ ǘƻ ŜȄǘǊŀŎǘ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ƛƴǎƛƎƘǘǎ 
ŦǊƻƳ ƭŀǊƎŜ ŀƴŘ ŎƻƳǇƭŜȄ ŎƻƭƭŜŎǘƛƻƴǎ ƻŦ ŘƛƎƛǘŀƭ ŘŀǘŀΦέ 
 
5ŜŦƛƴƛƴƎ ŀǎǇŜŎǘǎ ƻŦ ά.ƛƎ 5ŀǘŀέ As enunciated by Fred Roberts, Director Emeritus of DIMACS and 
member of the SIAM Committee on Science Policy at a recent meeting6Σ ά.ƛƎ 5ŀǘŀέ ǊŜŦŜǊǎ ǘƻ ŀ 
combination of the following aspects: 

 
Volume: The size of data being generated from various sources is today estimated in 
thousands of exabytes [6] 
 
Velocity: Much of this data is generated dynamically and often needs to be processed in real 
time. 
 
Heterogeneity: Data is of different types - text, audio, video etc. 
 
Unstructured: It is unstructured unlike traditional relational databases. 
 
Complexity: Data is complex and multi-dimensional. 
Store Query Search: Iƻǿ Řƻ ȅƻǳ ǎǘƻǊŜΣ ǉǳŜǊȅΣ ŀƴŘ ǎŜŀǊŎƘ Řŀǘŀ ǿƘŜƴ ǘƘŜǊŜΩǎ ǎƻ ƳǳŎƘ ƻŦ ƛǘΚ 
 
Security Privacy: Iƻǿ Ŏŀƴ ȅƻǳ ǘǊǳǎǘ ǘƘŜ Řŀǘŀ ȅƻǳ ƘŀǾŜΚ Iƻǿ Řƻ ȅƻǳ ŘŜŦƛƴŜ άǘǊǳǎǘέΚ {ƻŎƛŀƭ 
media data is an example ς can Twitter and Facebook data be considered accurate? 
 
Analytics You would like to make inferences and hypotheses from large amounts of data. How 
do you do that? 
 
Big data technologies: Technologies associated with big data can be classified into: (i) storage 
and computing technologies, (ii) data management technologies, (iii) data and visual analytics, 
and (iv) data representation methods. The emerging and popular technologies for each of the 
components is discussed in the Appendix. 

 
3 High Performance Computing 
 
Computing technologies are undergoing a rapid change to support the emergence of Big Data and 
the continual need to develop realistic complex models, business applications in physical, social and 
economics domains, e.g. oil exploration, algorithmic trading, online social media, etc. Peta-scale 
systems have already established a foothold. In the US National laboratories and select NSF funded 
HPC centers e.g. NCSA have already acquired and tested computing systems providing sustained 
peta-scale performance. The next big goal is Exascale computing. Blue prints and road maps for this 
have already been prepared. Exascale computing provides three orders of magnitude performance 
improvement over peta-scale systems. It is widely expected that technological, physical 
considerations will lead to Exascale systems that are likely to quite different than peta-scale systems. 
First, each node will have between a thousand and million cores. An important concept being 

                                                        
6 http://www.siam.org/news/news.php?id=2059 
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investigated is that of co-design. Finally, probabilistic and fault tolerant computing paradigms will 
become an essential feature ς see [9] for a detailed discussion on this topic.  
 
At the other end of the spectrum are clouds, grids and other loosely-coupled computing and data 
management architectures. A new emerging trend is mobile cloud, cloud-like environments 
composed of millions of mobile computing and communication devices such as cell-phones. 
Companies such as Apple, Google and Amazon provide services now that allow user a pervasive 
access to data and services using such environments. 
 
A third emerging trend are embedded sensors. They exists in cars, cell phones and virtually all of the 
appliances and gadgets. These sensors are becoming smarter and many of them are hooked to the 
web via a radio device. They also possess a ŦŀƛǊ ŀƳƻǳƴǘ ƻŦ ŎƻƳǇǳǘƛƴƎ ǇƻǿŜǊΦ CƻǊ ŜΦƎΦ ǘƻŘŀȅΩǎ ǎƳŀǊǘ 
phones are much more than a phone but sensing and a computing device. 
 
 
3.1 Putting this together 
 
²ƘŜƴ ȅƻǳ ǘŀƪŜ ŀƭƭ ƻŦ ǘƘŜǎŜ ǘǊŜƴŘǎ ǘƻƎŜǘƘŜǊΣ ƻƴŜ ǎǘŀǊǘǎ ǘƻ ǎŜŜ ǘƘŀǘ ²ƛŜǎŜǊΩǎ ǇŜǊǾŀǎƛǾŜ ŀƴŘ ǳōƛǉǳƛǘƻǳǎ 
computing vision is turning into a reality. Pervasive computing that allows anytime, anywhere and 
anydevice computing and communication. 
 
These advances imply that we as humans are creating a socially-embedded cyber physical computing, 
communication and information system ς this is a network of smart devices embedded in the society 
and in the physical world. 
 
This has two highly important ramifications: 
 

1. First, humans are an integral part of the global computing and information processing 
network; not only they consume the services but are in fact computing themselves and 
providing the computed results to other humans. In other words, we are moving towards a 
natural and artificial computing and information ecology. Crowdsourcing is an example of this 
phenomenon. 

2. Second, Big Data is now an integral part of this vision and in fact we think a better term is Big 
Information or Big Knowledge. These pervasive socially-embedded systems will produce 
enormous amounts of data and information, that will be constantly processed refined and 
analyzed. This trend towards social sensing and computing will lead to an exponential growth 
in the amount of data that is created and will need to be processed. 
 
 

3.2 The Role of HPC and Big-Data in Supporting GSS and Policy Making 
 
Point 1: Scaling and effective Utilization of Supercomputing resources: Scaling to large machines 
and large instances so as to complete the computations in a reasonable amount of time is necessary 
and now feasible. 
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Supercomputing resources will be critical for modeling global scale systems at detailed spatial, 
temporal and individual level. A simple back of the envelope calculation suggests that an individual-
based representation of such global scale networks will to have 109 agents, with 1011 edges. 
Structural analysis of these networks as well as dynamics over such networks motivates the use of 
current and emerging Supercompuing resources. Developing models that can effectively use 
Supercomputing platforms is challenging. The networks are highly irregular, dynamic and co-evolving. 
The emerging peta-scale and the future exa-scale computing platforms will have 1 Million - 100 
Million+ cores. See [9, 11] for further details.  
 
As an example of recent progress, we just completed a paper to Supercomputing that shows for the 
first time how social simulations (we did this for epidemics in the paper) can be mapped onto 
machines with over 300; 000 cores. This is the largest open machine in the US at NCSA. We can now 
run a single run of epidemic simulation (200 days) for entire US in about 5 minutes. The network has 
300 million nodes and 15 Billion+ edges. Scaling such as this will become critical as we move to 
developing detailed models for GSS. The scaling we are getting to process structural properties (not 
dynamics) is even better. Our goal is to have models that scale to 10 Billion node networks in about 
three years. This will get us ready for addressing the important questions raised in the GSS program 
and support real-time policy making. 
 
Point 2: HPC-enabled methods for immersive user interaction: Social, behavioural and economic 
scientists have traditionally not used HPC resources to solve the computational problems arising in 
their domain. We thus need effective ways for them to use and interact these models without 
becoming computing experts.  
 
The overwhelming use of HPC resources thus far has been to study physical problems. Social, 
behavioural, economic (SBE) sciences have traditionally not used HPC resources in this work. Use of 
HPC resources by SBE scientists thus requires development of easy to use visual interactive 
technologies. Several groups have begun to develop such technologies. There are several issues 
pertaining to this: (i) system response, (ii) simplicity of the UI, (iii) ability to navigate vast amounts of 
data and information in a meaningful way. The work falls under a broad emerging area called Web 
Science. It combines traditional areas of data and visual analytics with distributed computing 
systems. As an example, In a recent article Dean and Barroso [10] have persuasively argued that 
Software techniques that tolerate latency variability are vital to building responsive large-scale Web 
services. In [22] the authors argue that systems that respond to user actions quickly (within 100ms) 
feel more fluid and natural to users than those that take longer. This is only aspect of building such 
systems. 
 
Point 3: HPC-enabled methods for data analytics: The kinds of models that we would like to develop 
for the GSS should be driven by a combination of data and appropriate theories. Data here is meant to 
refer to classical use of data but also procedural information in the form of laws, behaviours and 
policies, as well as networked relationships that capture interactions, causality and dependencies. 
HPC methods are therefore needed to process these data sets to prepare them for ingestion by 
dynamic models. The resulting data all of which is really a part of the synthetic information should 
also be processed to identify important patterns, trends, anomalies, etc.  
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HPC hardware and methods for this are often quite different than the traditional clusters used to run 
large models. A recent trend is the concept of data intensive supercomputing. The new model of 
computation differs from traditional models of computing in that producing, analyzing, processing 
and curating data are integral parts of the computation. Big Data is a related concept and focuses on 
related concepts, including analytics and reasoning. We have recently proposed the concept of 
έƴŜǘǿƻǊƪ ŎŜƴǘǊƛŎ ŎƻƳǇǳǘƛƴƎέ ǘƘŀǘ ŜȄǘŜƴŘǎ ǘƘŜǎŜ ƛŘŜŀǎΦ Lǘ ƳŜƭŘǎ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ Řŀǘŀ ŀƴŘ ŎƻƳǇǳǘŜ 
intensive approaches and also highlights the role of networked data. In network intensive computing, 
HPC resources are used to compute about and over networks; moreover the computation requires 
significant amount of data to synthesize the networks as well as significant computing to process 
these networks. See [21, 1, 4]. 
 
Point 4: Massively Distributed Data collection and Computing: Crowdsourcing, pervasive availability 
of devices and sensor systems all point to the need for a different notion of HPC. In this view we are 
talking about highly distributed, fault tolerant, spatially distributed, bursty data and computation. To 
support citizen politics and decision making as well as real-time data gathering, this form of 
computing will become all the more important in the coming years.  
 
Crowdsourcing of computation can occur at various levels ς from simple collection and dissemination 
of information and data to active computation in which humans are a part of a distributed computing 
process; see See [13, 14, 15] for additional information. Crowdsourcing has played an important role 
in policy making and citizen science already. The role of social media and crowd-sourced methods 
was evident most notably during the recent social revolutions in the middle east under the rubric of 
Arab Spring. Some (non-exhaustive) examples include: 
 

1. Citizen science projects e.g. the ornithology 
http://www2.dnr.cornell.edu/citizenscience/dickinson/Citizen_Science.html; and astrophysics 
projects, http://www.galaxyzoo.org/ and Foldit http://fold.it /portal/ ; 
 

2. Public participation in planning and civics: crowd-sourcing grassroots anti-corruption drives 
e.g. http://www.ipaidabribe.com/, Brabham [21], Aitamurto et al. [18, 17]; 

 
3. Online labour markets e.g. Amazon Turks. 

 
Crowdsourcing and technologies to support can play an integral role in the overall GSS program: (i) 
they can provide an important source of near real-time information, (ii) they can be involved in active 
computation process and  (iii) the technologies can be very useful in framing and assessment of 
policies. Developing such technologies is an ongoing research direction. The continual progress in 
socially-embedded cyber physical computing, communicating and information systems (SECPCI) will 
present new challenges and opportunities. We list some of the important topical areas below: 
 
1. Distributed and Real-time Decision Making 
 

1. Real-time data driven decision making. The availability of data at very fine scales (temporal, 
spatial, social) is prompting individuals, groups and organizations to develop real-time 
decision making abilities. This includes, rapid changes in how resources are brought to bear 

http://www2.dnr.cornell.edu/citizenscience/dickinson/Citizen_Science.html
http://www.galaxyzoo.org/
http://fold.it/portal/
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on a problem, interventions that are analyzed and enacted to reduce the severity of the 
problem, etc. Of course the time scales at which policy making has been done in the past is 
quite different. But one already seems glimpses of this. Examples include response to market 
crashes, pandemics, natural disasters, etc. Of course this creates a tension between the 
expectation of the public at large and businesses, governments and institutions. Decision 
making in such setting is always done with incomplete information and the system is co-
evolving with the decisions. Thus appropriateness of decisions will be questioned; e.g. was the 
response to H1N1 pandemic too slow or too fast, was the response too aggressive, was the 
response to the volcanic eruption over Finland too slow, etc. Global System science will need 
to address how to make faster decisions, how to analyze the massive amounts of data and 
study the possible counter factual and how to convey these decisions to the public.  

2.  Empowering citizens to be decision makers. An important outcome of SECPCI is that 
individuals, small communities and organizations can participate in the entire decision making 
process in a manner that was not possible earlier. This changes the dynamics of global 
systems which were traditionally managed by centralized and hierarchical authorities. GSS will 
need to address and develop protocols and information sharing schemes for networked 
decision making. This includes methods for allowing individuals to convey their preferences, 
thoughts, votes and ideas to traditional decision makers. It also includes the need for methods 
to make information related to the event available to individual decision makers; creating 
online tools for them to effectively interact with other individuals. 
 

2. Exascale-enabled global systems modeling 
 

1. Supporting real-time and distributed decision making will require the development of 
innovative computational techniques to simulate global system of systems. Dynamical 
processes over networks that represent such systems of systems are hard to simulate. The 
networks are irregular, time-varying and extremely large. Moreover, the dynamical processes 
are such that renormalization techniques do not seem to be possible to obtain dimensionality 
reduction. As a result explicit interaction-based simulations over networks with 107 11 
nodes and 109 14 edges remains a challenge.  

2.  Another challenge pertains to developing interactive simulations ς simulations that can ingest 
incoming data and also provide the analyst an opportunity to try out new decisions based on 
the information available from  the model as well as the real world. Interactivity implies that 
simulations such as these should be able to start and stop.  

3. Sensitivity analysis and Uncertainty quantification over these inherently stochastic systems 
presents another challenge for HPC and Big Data. It requires new research in adaptive and 
sequential designs and ability to manage multiple replicates effectively over large computing 
systems. 

 
(References in Section 8) 
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4 Appendix 
 

4.1 Global Contagions Over Co-evolving Networks: A Genuine GSS Challenge 
 
Contagion is used here broadly to mean transmitted phenomena such as diseases, opinions, fads, 
trends, norms, packet diffusion, worm propagation in computer networks, database replication in 
sensor networks, spread of social movements, and influence among peers to purchase music videos 
or go to movies [28, 34, 31, 30, 39, 34, 29, 26]. The spread of contagions across a national population 
is a well known complex problem, and includes: (i) pandemics, such as H1N1 and swine influenza 
outbreaks in recent years, in which the spread of the flu virus is often modelled by stochastic 
processes, such as the SIR process [36, 35, 33], (ii) spread of information on online social media, such 
as Twitter and Facebook [37], which are often modelled by stochastic and threshold based models 
[41], and (iii) the 2003 blackout in Northeastern U.S., and the cascading effects on traffic, 
communication, and other infrastructures that cost $6 billion [32]. A key observation from numerous 
studies shows that the underlying network structure has a significant impact on the dynamics [38, 
42], and as in the case of the 2003 blackout, this could span multiple networks [27]. 
 

1. Often the size and scale of these systems is extremely large (e.g., pandemic planning at a 
global scale requires models with 6 billion agents). Further, the networks are highly 
unstructured and the computations involve complicated dependencies, leading to high 
communication cost and making standard techniques of load balancing and synchronization 
ineffective.  

2.  Individuals are not identical ς this implies that models of individual behavioural 
representation cannot be identical. Behaviordepends on individual demographic attributes 
and the interactions with neighbours [28, 40]. 

3. The contagion, the underlying interaction network (consisting of both human and technical 
elements), the public policies and the individual agent behaviours co-evolve making it nearly 
impossible to apply standard model reduction techniques that are successfully used to study 
physical systems. For instance, in the case of epidemics, as the disease spreads, people cut 
down their interactions, thereby sparsifying the network, which in turns slows the disease 
dynamics.  

4.  Finally, in many cases as we discuss below, we are faced with modeling multiple networks 
that are coupled, with possibly multiple contagions evolving in each network.  

 
Policy making for these large complex systems involves very large counter-factual experiments. 
Moreover, the time to solution is important as well. This makes the problems challenging from a 
computational perspective. From a policy perspective, global scale contagion processes pose very 
interesting challenges. Two important examples: (i) allocating/sharing scarce pharmaceutical 
resource among countries to control the pandemic, social distancing measures such as reduced 
travel, and overuse of antibiotics and resurgence of certain diseases such as TB in a number of 
developing nations; (ii) cyber-attacks, cyber espionage and 
more broadly use of the Internet to promote, control and manipulate individuals and resources in 
another country. 
 
4.2. Big data Technologies 
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1. Storage and computing technologies:  

 
A NoSQL database provides a mechanism for storage and retrieval of data that use looser 
consistency models than traditional relational databases in order to achieve horizontal scaling 
and higher availability. NoSQL database systems are often highly optimized for retrieval and 
appending operations and often offer little functionality beyond record storage (e.g. keyvalue 
stores). The reduced run-time flexibility compared to full SQL systems is compensated by marked 
gains in scalability and performance for certain data models.There are a large number of such 
technologies today, for example Apache Cassandra, HbŀǎŜ ŀƴŘ DƻƻƎƭŜΩǎ .ƛƎ¢ŀōƭŜΦ  
 
Cloud Computing :The ubiquitous availability of high-capacity networks, low-cost computers and 
storage devices as well as the widespread adoption of hardware virtualization, service-oriented 
architecture, autonomic, and utility computing have led to a tremendous growth in cloud 
computing. There is increasing momentum to shift to an approach that takes the computation to 
the data ǊŀǘƘŜǊ ǘƘŀƴ ǘƘŜ ǊŜǾŜǊǎŜΦ !ƳŀȊƻƴΩǎ 9/н ƛǎ ŀ ǇƻǇǳƭŀǊ ŎƻƳƳŜǊŎƛŀƭ ǎŜǊǾƛŎŜΣ ǘƘŜǊŜ ŀǊŜ ŀƭǎƻ 
increasing open cloud initiatives. 
 
Domain Specific Languages Another approach to scaling up methods to big data using the power 
ƻŦ ƳƻŘŜǊƴ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ŎƻƳǇǳǘŜǊ ŀǊŎƘƛǘŜŎǘǳǊŜ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ {ǘŀƴŦƻǊŘΩǎ tŜǊǾŀǎƛǾŜ 
Parallelism laboratory7  through domain-specific languages (DSLs). The idea is to use a layered 
system based on DSLs, a common parallel compiler and runtime infrastructure, and an underlying 
architecture that provides efficient mechanisms for communication, synchronization, and 
performance monitoring.  
 
Google has introduced a scalable infrastructure, named Pregel, to mine a wide range of graphs. In 
Pregel, programs are expressed as a sequence of iterations. In each iteration, a vertex can, 
independently of other vertices, receive messages sent to it in the previous iteration, send 
ƳŜǎǎŀƎŜǎ ǘƻ ƻǘƘŜǊ ǾŜǊǘƛŎŜǎΣ ƳƻŘƛŦȅ ƛǘǎ ƻǿƴ ŀƴŘ ƛǘǎ ƻǳǘƎƻƛƴƎ ŜŘƎŜǎΩ ǎǘŀǘŜǎΣ ŀƴŘ ƳǳǘŀǘŜ ǘƘŜ ƎǊŀǇƘΩǎ 
topology.  
 
GraphLab8  is a graph-based, high performance, distributed computation framework written in 
C++. While GraphLab  was originally developed for Machine Learning tasks, it has found great 
success at a broad range of other data-mining tasks. It has an optimized C++ execution engine 
that leverages extensive multi-threading and asynchronous IO, allows access to r data directly 
from HDFS and has a suit of powerful Machine Learning toolkits.  
 
Apache Mahout9 is an Apache project to produce free implementations of distributed or 
otherwise scalable machine learning algorithms on the Hadoop platform. 

 
2. Data Management technologies.  

 
An active area of research is to develop highly scalable frameworks that can exploit modern 

                                                        
7
 http://ppl.stanford.edu/main/index.html 

8
 graphlab.org  

9
 mahout.apache.org 
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parallel, distributed and heterogeneous computing architectures [1] Apache Hadoop is an open-
source software framework that supports data-intensive distributed applications, licensed under 
the Apache v2 license. It supports the running of applications on large clusters of commodity 
ƘŀǊŘǿŀǊŜΦ IŀŘƻƻǇ ƛƳǇƭŜƳŜƴǘǎ DƻƻƎƭŜΩǎ MapReduce where the application is divided into many 
small fragments of work, each of which may be executed or re-executed on any node in the 
cluster. In addition, it provides a distributed file system that stores data on the compute nodes, 
providing very high aggregate bandwidth across the cluster.  
 
Hadoop Yarn and Storm. It has been widely recognized that MapReduce by itself, isnt sufficient 
for a very wide variety of use-cases. YARN, is the next generating Hadoop framework for generic 
resource-management and distributed applications. Similar to how Hadoop provides a set of 
general primitives for doing batch processing, Storm provides a set of general primitives for 
stream/micro-batch processing. Storm is being integrated into Hadoop YARN for resource 
management. Storm-on-YARN enables Storm applications to utilize the computational resources 
on tens of thousands of Hadoop computation nodes. 

 
3. Big Data Analytics  

 
Machine Learning and Algorithmic Statistics. There have been striking development of new 
techniques in response to the challenges associated with datasets of massive size and 
dimensionality, including settings where the dimensionality of the data is growing faster than the 
number of data points, the soςcalled p >> n problem.These developments have occurred at the 
intersection of traditionally three different fields: algorithms, probability and statistics and 
optimization [2]. Sophisticated new probabilistic models are now developed in the framework of 
probabilistic graphical models [5] and the resulting inference and learning problems are now 
solvable on a large scale due to new methods for convex optimization [3]. Algorithmic techniques 
include sketching, random projections and hashing, large-scale online learning, and parallel 
learning.  
 
Visual Analytics Massive and complex multidimensional data necessitates new approaches to 
visualization and representation of data that allow users to understand the data, the analyses of 
the data, and the potential new information models. A further challenge is to represent streaming 
data and temporal changes to streaming data where no records are or can be kept. 

 
4. Data Representations  

 
Synthetic populations are artificially created populations that are tailored for particular purposes 
of study and spatioςtemporal context, which are statistically accurate representations of the real 
population. Approaches based on synthetic population resources coupled with very large scale 
agent based simulations on high performance computing systems have been a very successful 
tool in addressing sociallyςcoupled systems in transport, public health and city planning. An 
advantage of synthetic populations is that they ensure anonymity and privacy while yielding 
similar aggregate answers, and that they are a means of aggregating information from disparate 
sources such as census studies, geoςspatial maps, social network data etc.  
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Borderless data-driven decision making 

Leo Camiciotti and Ciro Cattuto  

 
The world is experiencing an unprecedented and accelerating socio-economical connectedness 
driven by technological and political changes. As a consequence, the unavoidable challenge of this 
era is to discover, to manage and to exploit complexity in order to advance knowledge, to enable 
informed decision and policy making and to foster a sustainable global growth. Taking up this 
challenge demands a shared research vision and policy-making effort, that defines the core scope of 
άDƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜέΦ 
Complex systems are by definition global. Single components, decisions, actions and behaviours are 
tightly intertwined worldwide and therefore they cross borders between disciplines, sectors and 
policies. A global awareness is mandatory in order to prevent risks, to avoid unintended effects and 
to exploit emergent opportunities. This can be achieved by fostering cross-discipline research and by 
promoting collaborations among apparently uncorrelated sectors. 
 
! ōƻǊŘŜǊƭŜǎǎ ŀǇǇǊƻŀŎƘ ǿƛƭƭ ŀƭƭƻǿ ƭŜǾŜǊŀƎƛƴƎ ǘƘŜ ά.ƛƎ 5ŀǘŀέ ǊŜǾƻƭǳǘƛƻƴΦ LƴŘŜŜŘ ŀ άƳƛǊǊƻǊ ǿƻǊƭŘέ ƛǎ 
being created every day by digital traces produced by humans and machines in every field of activity. 
As a consequence, fragments of potential knowledge are scattered in the digital data landscape: a 
core technical and scientific challenge is to process these pieces of information, interlink them, and 
create meaningful information mosaics by mastering digital input from sensors, infrastructures and 
traces of human actions. 
 
In order to achieve this vision a new category of data researchers and practitioners is strongly 
needed: the data scientists. The Data scientist ideally must be able to master both the knowledge on 
data (statistics, data mining, machine learning, modeling), the techniques to process data (scalable 
computational infrastructures, programming languages and frameworks, APIs, a host of vertical data 
analysis tools) and the languages to communicate data (visualization, narratives), so that they can 
support the development of a full pipeline from data to evidence-based and model-based global 
decisions. 
 
The Data Scientists, able to mix an empirical, theoretical and action-oriented approach will need a 
dedicated education, positioned in the value-adding zone that links universities, scientific institutions, 
public organizations, startups and corporations. By acquiring new skills, through traditional and 
ƻƴƭƛƴŜ ŎƻǳǊǎŜǎΣ ŀƴŘ ōȅ ǘŀŎƪƭƛƴƎ ǊŜŀƭ ŘŀǘŀǎŜǘǎ ŀƴŘ ǇǊƻōƭŜƳǎ ǘƘŜ άƴŜǿέ ǎŎƛŜƴǘƛǎǘǎ ǿƛƭƭ ōŜ ǘƘŜ άǎƳŀǊǘ 
ŎƻƴƴŜŎǘƛƻƴέ ōŜǘǿŜŜƴ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ƛƳǇŀŎǘΣ ŎŀǇŀōƭŜ ǘƻ ŦƻǎǘŜǊ ǎƻŎƛƻ-economical growth and to 
support the creation of sustainable development paradigms and the deployment of smart data-
driven processes. 
 
άDƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜέ Ŏŀƴ ǘǳǊƴ ǘƘƛǎ ǎƻǳƎƘǘ paradigm shift into reality. 
 
A borderless and data-driven approach will establish the added value link between knowledge and 
impact, enabling scientific discoveries to support meaningful policy making and to produce tangible 
effect at global social level. 
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Big data challenges and opportunities in the energy sector 
 
Chris B. Davis and Gerard P.J. Dijkema;  

 
The energy sector is rapidly changing as new technologies are being deployed which are starting to 
have fundamental impacts on the nature of energy supply and demand. Many of these new 
technologies aim to make the grid more intelligent, responsive and adaptive. Indeed, producer and 
consumer devices are already capable of reporting varied data on their status and operation. At the 
same time, there is a great desire to change our the structure and content of our energy systems in 
response to concerns over sustainability. Doing this well requires data beyond status and operation. 
We need data on finance, technology characteristics, investment costs, markets, the weather, 
regulation etc. in order to understand the interplay of technology, policy, market forces, and 
consumer behaviour. We need data on the operation and the evolution of these systems. 
 
We want to be able to manage these systems, but what we are managing is becoming more complex. 
In order to understand the directions in which these systems are evolving, we not only need to amass 
more diverse and complete sets of data, we also need to improve what we already have and can 
mine, in other words the ways in which we collect, manage, curate and interpret the data about 
these systems. 
With respect to the operation of energy systems, as energy companies deploy more smart meters, 
significantly more data is being generated about real-time consumer demand, which can be used to 
improve models of future demand patterns and inform ways to change consumer behaviorthrough 
dynamic pricing or even shifting operation of energy-intensive appliances to reduce demand during 
peak times. Similar opportunities for demand management are arising with electric vehicles and their 
ability to function as both a source and a sink in the power grid. 
 
At the same time, we are seeing new opportunities for data collection arising from non-traditional 
areas and bottom-up initiatives that would not have been economically feasible a decade ago. 
Smartphones have become ubiquitous and essentially function as mobile data recording platforms. 
Currently, phones with barometric pressure sensors are being used to crowdsource data which can 
increase the accuracy of local weather forecasts. Noise mapping of cities is occurring by combining 
microphone readings with GPS coordinates. Augmented reality apps are allowing for people to 
visualize the sources of CO2 from the facilities in their immediate vicinity. For several euros, people 
can buy an attachment that turns their iPhone into a spectroscope to measure the amount of 
particulate matter pollution. 
 
This is not just limited to smartphones, and as the costs of sensors and microprocessors such as the 
Arduino and Raspberry Pi has plummeted, we are seeing the rise of the Internet of Things. For under 
a hundred euros, people are deploying internet-connected pollution sensors. Despite having cheap 
uncalibrated sensors, given enough of these devices distributed in an area, data scientists are able to 
use sophisticated techniques to extract usable signals from the noise. 
 
With respect to the development if not evolution of our energy infrastructure, we need to know what 
is out there, and how the operation effects decisions on new energy technology and investment in 
new systems. In this realm, we are seeing increasing availability of Open Data published by 
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governments, which is being coupled to initiatives such as Linked Open Data which aims to connect 
these data sets together through the use of Semantic Web standards. Through this, new 
opportunities are being opened up as people can freely re-use this data and connect different 
datasets in innovative ways to gain new insights, e.g. on the carbon intensity of a country's electricity 
generators. These developments are laying the foundation for us to get a more complete and 
comprehensive view of energy systems whose properties are documented in distributed databases, 
each published by different agencies. 
 
A fundamental challenge behind these developments is that data is not a single thing and comes in 
many different forms, each of which leads to different challenges. Part of challenge can lie with the 
sheer volume of it, as in the case of Big Data. Here the data is of such a size that it can no longer fit on 
a single computer and sophisticated techniques need to be employed to efficiently search for 
meaningful patterns in it. It can be difficult to create appropriate models that can reproduce and 
explain the underlying phenomena observed. Another issue is that data is available in a range of 
formats from relational databases to raw text on websites or in reports. Each of these formats 
requires different processing techniques which further depend on the type of insights that are 
desired to be gained. A further challenge relates to enabling interoperability of different data sets. 
Data sets differ in terms of the scales, resolution, and accuracy of the data collected. In order to join 
data from different sources, the assumptions and methods employed in the data collection process 
need to be understood, with appropriate translations and interpolations performed to ensure a 
consistent interpretation. Finally, this is not just about having more data, but about understanding 
the context and interdependencies between the different actors, technologies, and policies in the 
energy system, and how this gets reflected in the different slices of data that are available. 
 
 
D{{Υ LŦ ƛǘΩǎ ǎƻŎƛŀƭΣ ƛǘ ƴŜŜŘǎ ǘƻ ōŜ ǘƘŜǊŜ ŦǊƻƳ ǘƘŜ ǎǘŀǊǘ 
 
Merijn Terheggen  

 
! ǘǊŀŘƛǘƛƻƴŀƭ ŀǇǇǊƻŀŎƘ ǘƻ ōƛƎ Řŀǘŀ ƛǎ ǘƘŜ ΨŎƻƭƭŜŎǘ-first and analyze-ƭŀǘŜǊΩ ŀǇǇǊƻŀŎƘΦ ¢ƘŜ ƛƴƛǘƛŀƭ DƻƻƎƭŜ 
search functionality is a great example of collecting the dataset first (web crawling) and analyzing it 
later (building an index and ranking using PageRank). This works well for many projects. However, the 
growth of globally distributed user driven networks, like the enormous adoption of social networks 
like Twitter and Facebook, have shown a post-Google era development in which the network 
propagation and analysis that provides real-time user relevance feedback is critical to the emergence 
of successful user driven (social) networks. 
 
This means that data has to be analyzed as it comes (at Facebook, tens of millions of interactions per 
second) in and the results of the analysis be routed back to the user, that in turn will interact with it 
ŀƎŀƛƴΦ LǘΩǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘƛǎ ǊŜǉǳƛǊŜǎ ŀ Ƨƻƛƴǘ ŜŦŦƻǊǘ ŦǊƻƳ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ŘƛǎŎƛǇƭƛƴŜǎΣ ƛƴǘŜǊŀŎǘƛƻƴ ŘŜǎƛƎƴ ŀƴŘ 
big data software engineering, in creating scalable and real-time data analysis to be part of the core 
application. This is one of the most challenging big-data problems. It also typically requires co-design 
where data-model design and user interaction (UX) design go hand in hand. DJ Patil, ex-Chief Data 
Scientist at LinkedIn and one of the leading big data experts in the world evangelizes the notion that 
user interaction design is a key component of most big data because it drives what data comes in and 
can be by far the biggest multiplier in effect when people are effectively mobilized to interact and 
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ŎƻƴǘǊƛōǳǘŜΦ ²ƛǘƘƻǳǘ ǘƘŜ ǊƛƎƘǘ ¦·Σ CŀŎŜōƻƻƪ ǿƻǳƭŘ ōŜ ƴƻǘƘƛƴƎ ƳƻǊŜ ǘƘŀƴ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭ Ψŀōƻǳǘ ƳŜΩ 
ǇŜǊǎƻƴŀƭ ǿŜō ǇŀƎŜǎ ǘƘŀǘ ǇŜƻǇƭŜ ǳǎŜŘ ǘƻ Ǉǳǘ ǳǇ ƛƴ ǘƘŜ ŜŀǊƭȅ нлллΩǎΦ 
 
After the initial growth of the first social networks (Friendster, MySpace, etc) took place, user 
engagement focused social algorithms have made an enormous difference in adoption of social 
networks by users, making the winners succeed because of the use of scalable algorithms. At Twitter, 
thƛǎ ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ Ŏƻƴǘƛƴǳƻǳǎƭȅ ǎƘƻǿƛƴƎ ¢ǿƛǘǘŜǊ ǳǎŜǊǎ ǿƘŀǘ ƛǎ ΨǘǊŜƴŘƛƴƎΩ ŀƴŘ ǿƘŀǘ ƻǘƘŜǊ ǳǎŜǊǎ ŀƴŘ 
tweets might be relevant (at real-time) to the user based on the information that the user is currently 
viewing. At Facebook, it was achieved by creating a selection from all available events that shows the 
user only the most important items based on his/hers specific social network connections and 
interactions. This means analyzing at real-time what discussions are currently developing and 
growing in the usersΩ ƻǿƴ ǎǳō-ƴŜǘǿƻǊƪǎ ŀƴŘ ŦŜŜŘƛƴƎ ǘƘŀǘ ōŀŎƪ ǘƻ ǘƘŜ ǳǎŜǊ ōŀǎŜŘ ƻƴ ǘƘŜ ǳǎŜǊΩǎ 
interaction patterns with these discussions. 
 
Big data analysis in these types of situations needs to be real-time and continuous, versus the more 
traditional batch-like post-processing approaches used in collect-first analyze-later. The added 
complexity comes from the fact that an application that implements this strategy needs to be 
designed from the ground up to have the analysis and feedback-loop be an integral part of the 
functionality delivered by the application. The collective knowledge of the world is rapidly becoming 
more complex (enormous amount of c-existing perspectives on global issues like climate change that 
can not easily be reduced into a single model like the traditional sciences) and for a large part 
develops in online and asynchronous discussions. Harvesting the knowledge of the crowd using social 
interaction and social network mechanisms requires applications and frameworks to include 
massively scalable data analysis components from the beginning instead of as a post processing step 
ŀŦǘŜǊ ǘƘŜ ŦŀŎǘΦ LŦ ǘƘŜǊŜΩǎ ŀƴȅǘƘƛƴƎ ǘƘŀǘ ¢ǿƛǘǘŜǊ ŀƴŘ CŀŎŜōƻƻƪ ƘŀǾŜ ǎƘƻǿƴ ǳǎ ǘƘŜƴ ƛǘΩǎ ǘƘŜ ŜƴƻǊƳƻǳǎ 
power of complementary user driven data development combined with scalable analysis algorithms. 
¢ƘŜ Ψ{ƻŎƛŀƭ DǊŀǇƘΩ ǘƘŀǘ Ƴŀƴȅ ǇŜƻǇƭŜ ŀǊŜ ŜƴŎƘŀƴǘŜŘ ōȅ ŀƴŘ ǊŜŎƻƎƴƛȊŜ ŀǎ ΨǊŜǾƻƭǳǘƛƻƴŀǊȅΩ ƛǎ ƛƴ ŦŀŎǘ ŀ 
hybrid structure combining both the interaction driven user data and the real-time analysis 
capabilities in a feedback loop. 
 
 
 
Use of Topology to Identify Global Properties in Data  
 
 
Mario Rasetti  

 
General, far reaching methods have been recently developed that allow us to extract global 
topological information from spaces of data of arbitrary complexity, based on three basic steps: 
 
i) The construction of a space of data from the collection of 'points' associated with data themselves. 
Approximation of such space with a family of simplicial complexes parametrized by some 'proximity 
parameter' turns the data set into a global topological object (space). The choice of the parameter 
can be metric independent. ii) The use of topological invariants (homology groups) and their 
persistence under parameter variation to distinguish noise from signal. iii) Encoding of the data set 
persistent homology in the form of a set of topological invariants: Betti numbers. 
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These three steps provide an exhaustive knowledge of the global features of the space of data, even 
though such a space is neither a metric space nor a vector space. Homology is a powerful 
mathematical tool that 'measures' the shape of an object (manifold), encoded in the number and the 
type of holes or other invariants in the manifold: it allows us to devise new methods for data mining 
and the extraction of significant patterns hidden in large amounts of data. 
 
It is suggestive that the relevant methods adopted in this approach are denoted in mathematics as 
'global', in that they indeed refer to properties of the mathematical structure at hand that are shared 
by global systems: complex, combinatorially extremely rich, but ς above all ς universal (i.e., 
independent on the system details, such as metric) and not local (namely depending on the features 
of the system at large, not only the local ones) and representative of ensembles of very large class of 
phenomena (be they natural, societal, technological or other, or a mixture of all of these). 
 
The conventional way to convert a collection of points within a space into a global object is to use the 
point cloud as the vertex set of a combinatorial graph, G, whose edges are exclusively determined by 
the given notion of proximity. This is what is typically done in complex network theory. In case such 
dependence had to do with distance, such distance may be (in fact, should be) a non-metric notion 
(for example, chemical distance, ontological distance, affinity). A graph of this sort, while capturing 
pretty well connectivity data, essentially ignores however a wealth of higher order features beyond 
clustering. Such features are instead accurately discerned by thinking of the graph as the 1-skeleton 
(scaffold) of a different, higher-dimensional, richer (more complex) discrete object, obtained by 
completing G: a simplicial complex, K. K is a piecewise-linear space built from simple linear 
constituents (simplices) identified combinatorially along their faces. 
 
Algebraic topology provides a mature set of tools dealing with objects such as K: for example, 
counting and collating holes and other topological pattern features, both spaces and maps between 
spaces. It is therefore able to reveal, based on the simplicial complex approximation of the space of 
data, patterns and structures not easily identifiable otherwise. As persistent homology is generated 
recursively, corresponding to an increasing sequence of values of the proximity parameter complexes 
grow, naturally identifying the chain maps with a sequence of successive inclusions. Persistent 
homology, image of the homomorphism thus induced, encodes just that precious topological 
information that provides summaries, enabling us to better understand relationships among the 
geometric objects constructed from data (and extracting from them information). The emerging 
geometric/topological relationships involve continuous maps between different objects, and 
therefore become manifestations of functoriality, i.e, imply the notion that invariants can be 
extended not just to the objects studied, but also to the maps between such objects. Functoriality is 
central in algebraic topology because the functoriality of homological invariants is what permits one 
to compute them from local information. 
 
Patterns are derived knowing the set of transformations of data space into itself that preserve its 
topology via correlations. They are the 'picklock' to open the casket of the future. Data, indeed, as 
photographs, the moment they are acquired consign their object to the past, whereas characteristic 
patterns of the system data dynamics allows us to make predictions about the future, without 
violating the unavoidable restriction (a sort of mixture of the second law of thermodynamics with the 
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principle of relativity) that prediction can only be based on the process's past, not on any outside 
source of information. Patterns represented in this way are: robust, because they are derived from 
persistent homology and hence free, to any desired accuracy, of irrelevant noisy components; global, 
as they describe deep lying correlations dictated by the non-local features of the data space 
topology; optimal, based as they are on the inherent variational principles of the theory; flexible, due 
to the freedom inherited from their underlying language theoretic structure. This is why they provide 
strategic directions as how to search the data space. Preliminary results in the area of analysis of MRI 
brain imaging and immune system antibody concentration are extremely promising: the techniques 
can be easily applied to other fields, such as social networks or financial data. 
 
 
Queries and Microblogging for financial data 
 

Guido Caldarelli, Stefano Battiston an d Antoine Mandel  

 

State of art Every day millions of users search for financial information and make financial 
transactions on the web via general and specialized search engines and financial portals. These users 
provide implicit and explicit feedback by clicking onto specific pages and by performing specific 
actions. Twitter and Query-logs have been extensively analyzed in the area of Web usage mining with 
the goal to characterize users and to derive valuable information on their preferences, This analysis is 
of critical importance for performing many of the applications of search engines, including ranking, 
personalization, popular queries and trends, query suggestion, spam detection, presentation of 
search results. This feedback is encoded in the form of a query log that consists of a sequence of 
search actions, one per user query, each describing the following information: (i) terms composing a 
query, (ii) documents returned by the search engine, (iii) documents that have been clicked, (iv) the 
rank of those documents in the list of results, (v) date and time of the search action/click, (vi) an 
anonymous identifier for each session, and more.  
 
Progress We are interested in analyzing queries that are generated by users interacting with financial 
portals, especially those provided by financial websites. It is possible to use query logs for detecting 
financial trends by aggregating the behaviorof large populations of financial actors that interact with 
the portal and correlations between different financial instruments that could be used as a base for 
the analysis of financial distress. For example Bordino et al in 2012 shown how volume of queries is 
related to volume of trading 
 
 
Crowd sourcing and Semantic Web analysis 
 

Guido Caldarelli, Stefano Battiston an d Antoine Mandel  

 
State of art Individuals in society face the daily necessity to have opinions and ultimately make 
decisions and take actions whenever they are able or willing to do so. According to rational decision 
theory, individuals make decision taking into consideration their utility, which includes estimating the 
cost and benefit of a decision [Kleindorfer et al., 1993]. However, it is well known that people 
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systematically violate principles of rational decision depending on how problems are framed or 
perceived [Tversky and Kahneman, 1981] or if low probability events are involved [Camerer and 
Kunreuther, 1989]. 
 
Progress we want to devise A Social Intelligence Network (SIN) that is a new conceptual framework 
that overcomes the limitations of traditional crowdsourcing. The idea is to create a single virtual 
ǇƭŀŎŜ ǿƘŜǊŜ ƛƴŘƛǾƛŘǳŀƭǎΩ ŀŎǘƛƻƴǎ όŜΦƎΦ ǾƻǘƛƴƎΣ ǇǳǊŎƘŀǎƛƴƎΣ ƛƴǾŜǎǘƛƴƎύ Ŏƻ-evolve with their value sets 
and knowledge. In particular, individuals can confront the values to which they subscribe with the 
knowledge they have and the actions they take every day and improve themselves in terms of 
consistency. We refer to this virtual place as the values-knowledge-action concept.  
 
Final remarks 
 
The importance of big data for GSS is perhaps best explained by a double analogy, with flying and 
with speech recognition. For centuries, people dreamed of being able to fly like birds, and sometimes 
experimented with devices that somehow had moving wings. These attempts all failed, but 
eventually a different route proved successful: devices with rigid wings whose geometry would create 
smaller pressure on top than below when the device was moving fast enough. For a much shorter 
time span, computer scientists and linguists have tried to develop devices that can recognize spoken 
language the way humans do. Again, this proved rather elusive, but big data provided an alternative 
approach: huge databases with snippets of spoken language can be searched with Google-type 
algorithms to find correspondences with oral input.  
 
The point of these analogies is that big data can become essential tools to perceive global systems, 
but only if they come with new ways of using them. Mindlessly trying to apply techniques used to 
target individuals when trying to understand global systems will not work; nor can computers be 
expected to form concepts the way humans do in conversations and joint actions. By exploiting the 
relation between models and narratives of globalization, GSS can define practical problems and 
preliminary concepts that can be used to mine big data sets ς often to be obtained by crowd sourcing 
ς in view of the dynamics and structure of global systems. The results can then be used recursively to 
improve problem definitions and concepts, as well as to monitor the intended and unintended 
consequences of policies dealing with global systems. 

 
 
3.1.3 High Performance Computing  
 
Once high performance computing (HPC) moves from well-defined problems in science and 
engineering towards the world of policy-making, mindless computing is an increasingly serious 
danger. In global policy areas like financial markets, climate policy and more, the evidence to be 
provided to policy-ƳŀƪŜǊǎ ƴŜŜŘǎ ǘƻ ōŜ άǊŜŦƭŜȄƛǾŜ ŜǾƛŘŜƴŎŜέΣ ƛΦŜΦ ŜǾƛŘŜƴŎe that comes with an 
assessment of its reliability, validity, and relevance. So far, HPC has rarely, if ever, been used in such a 
spirit. Nevertheless, it holds considerable promise in this regard, e.g. because of the possibility to 
explore large, complex sample spaces of parameter values and boundary conditions. 
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The need for reflexive evidence is not peculiar to global systems science ς by now, the cases where 
decision-makers can safely rely on evidence to be taken, as it were, at face value are the exception, 
not the rule. However, when dealing with global systems the need is particularly urgent, because our 
understanding of and familiarity with those systems is so limited that scientific evidence always 
results from a whole array of non-trivial decisions by researchers. HPC is particularly well-suited to 
produce reflexive evidence under such conditions. 
 
For this purpose, the computational skills required to develop and use HPC must be combined with 
great skills in communication and in assessing the relevance of evidence for addressing specific 
practical issues. Therefore, GSS will systematically embed HPC work in dialogues with scholars from 
the humanities and with practitioners dealing with global systems. 

 
 
Michael Resch  

 
Global Systems Simulation usually requires detailed simulation of the key processes of the system 
that is under consideration or a detailed analysis of data provided to understand such a system. In 
both cases High Performance Computing plays a role as a key enabling technology to achieve 
reasonable and reliable results. 
 
With respect to High Performance Computing there are two main issues that are of importance here. 
The first one is the availability of such resources. The European activity PRACE (Partnership for 
Advanced Computing in Europe) a basic infrastructure for HPC has become available to all European 
researchers over the last years. It is vital for GSS to keep such an infrastructure available and open for 
all European scientists but also to update such an infrastructure continuously to be able to harvest 
the potential of improved systems and turn it into improved GSS results. 
 
Furthermore there is a research part that comes with HPC. As HPC relies on very large scale systems 
based on millions of parts like processors, memory chips and disks, GSS has to master the handling of 
such systems. This includes a number of issues: 
 

¶ First, and foremost the development of scalable models. Existing models were often 
developed with serial computers in mind. New models have to be developed that are scalable 
to the same extent that HPC systems scale. 

 

¶ Second, the development of scalable programming tools to be able to implement the scalable 
models on existing hardware. This includes programming languages, debugging tools, 
performance analysis, and many more. 

 

¶ Third, the development of new and scalable methods to make things visible. 
 
While all of these issues are in principle covered by each of the focussed subjects discussed here 
όƳƻŘŜƭǎΣ Řŀǘŀ ǾƛǎǳŀƭƛȊŀǘƛƻƴΣ ŦƻǊƳŀƭ ƭŀƴƎǳŀƎŜǎΣ Χύ ¢ƘŜ ǎǳŎŎŜǎǎŦǳƭ ǳǎŀƎŜ ƻŦ It/ ǊŜǉǳƛǊŜǎ ǘƘŀǘ ǎŎŀƭŀōƛƭƛǘȅ 
becomes the central feature. Only when scaling all of our efforts to very large systems are we able to 
get the necessary answers to our GSS questions from the European HPC infrastructure. 
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3.1.3.1 GSS, High Performance Computing and Functional Programming 
 
Martin Elsman  

 
A central part of Global Systems Science is for society and decision makers to understand the effects 
of political decisions and societal changes, including, for instance, global climate changes, 
environmental changes, geological changes, sociological changes, financial systems changes, and 
political changes. 
 
Well-justified decisions can only be made by understanding aspects of the past and the present. We 
make models that capture the essential behavioural properties of the systems we are part of and use 
these models to understand the systems and to predict the consequences of decisions. 
 
An essential part of constructing and verifying models is continuously to analyse and extract patterns 
from big data sources. Complementary, for understanding a model, and in particular, for 
understanding consequences of decisions, big computations (e.g., Monte Carlo Simulations) are often 
used. For many of the systems, big data sources need to be analysed quickly and big computations 
need to be run with immediate response time in order for decision makers to respond immediately, 
in real-time. 
Tomorrow's computational platform is much different than Yesterday's, as we start seeing parallel 
architectures getting renewed attention, based on the general purpose usage of parallel 
architectures, as found, for instance, in graphical processing units (GPUs). The renewed attention on 
parallel architectures comes from the fact that engineers have reached a barrier as to how efficient a 
central processing unit (CPU) can compute. On the other hand, MooreΩs law still holds: the amount of 
transistors per silicon area is roughly doubling every 20 months. Thus, the number of parallel 
processing units found in new hardware, such as the graphics cards of a standard gaming PC is 
growing exponentially, leaving an open problem to the software architects: how are we going to 
program these new very parallel architectures. Approaches are of course materializing, for instance, 
in the form of toolkits, such as NVIDIA's CUDA programming platform or the open source 
programming platform OpenCL. But higher-level programming models are needed, as expressed, for 
instance, by Bill Dally, chief scientist at NVIDIA and senior vice president of NVIDIA Research: 
 
άaŀƪƛƴƎ ƛǘ Ŝŀǎȅ ǘƻ ǇǊƻƎǊŀƳ ŀ ƳŀŎƘƛƴŜ ǘƘŀǘ ǊŜǉǳƛǊŜǎ мл ōƛƭƭƛƻƴ ǘƘǊŜads to use at full capacity is [also] a 
challenge. ... We need to move toward higher-level programming models where the programmer 
describes the algorithm with all available parallelism and locality exposed, and tools automate much 
of the process of efficiŜƴǘƭȅ ƳŀǇǇƛƴƎ ŀƴŘ ǘǳƴƛƴƎ ǘƘŜ ǇǊƻƎǊŀƳ ǘƻ ŀ ǇŀǊǘƛŎǳƭŀǊ ǘŀǊƎŜǘ ƳŀŎƘƛƴŜΦέ 

[From http://www.hpcwire.com/hpcwire/2013-04-15/future_challenges_of_large-
scale_computing.html] 

 
Research into the area of high-level parallel programming models is essential to develop, maintain, 
and manage tomorrow's high-performance, parallel systems. The functional programming paradigm 
captures exactly the declarative properties that make it possible to express parallelism at a high level 
and also make it possible to generate efficient high-performance code from the high-level functional 
specifications. In the context of financial IT, the HIPERFIT Research Centre (www.hiperfit.dk) is one 
example of a centre that investigates these research opportunities. 

http://www.hpcwire.com/hpcwire/2013-04-15/future_challenges_of_large-scale_computing.html
http://www.hpcwire.com/hpcwire/2013-04-15/future_challenges_of_large-scale_computing.html
http://www.hiperfit.dk/
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3.1.3.2 GSS in the presence of faults 
 
Sibylle Schupp  

 
Global systems, if they fail, may fail big; it is for that reason that policy makers have a central role and 
responsibility. Whenever policies are backed by simulations, they rely on the results of a computation. 
Yet fact of the matter is that those computations inevitably contain faults. 
 
At present, most faults do not manifest themselves in a way that incurs practical problems. Which 
faults are benign, however, and which ones may seriously impact the result of a simulation, is largely 
unclear and can be said with certainty currently only in hindsight. A fundamental task of the science 
of global systems, thus, is to provide methods for understanding the impact of faults. Specifically, 
metrics need to be defined to describe the magnitude of a fault, qualitative descriptions are 
necessary to capture its semantics, root causes need to be identified, and the dependencies between 
a fault and the healthy part of the system as well as among faults need to be researched. 
 
Big data implies big faults. A large class of faults concerns the logic of the program; those require the 
investigation of formal languages. Yet, other classes of faults exist that go beyond logic, ranging from 
the malicious tampering of a system over physical errors in the environment of the simulation to 
hardware faults in the computational architecture. Those faults can be transient, silent, non-
reproducible, non-deterministic, or random, and are thus hard to detect. They are found in data, 
models, computations as well as networks, storage media, and computational units; and they may 
emerge at the interfaces of software and hardware components that by themselves may work just 
fine. They also are expected to dramatically increase in numbers. 
 
For the future computers for global systems, exascale computers capable of a million trillion of 
ŎŀƭŎǳƭŀǘƛƻƴ ǇŜǊ ǎŜŎƻƴŘΣ ǘƘŜ άaŜŀƴ ¢ƛƳŜ ǘƻ CŀƛƭǳǊŜέ is projected to be so short that useful 
computations are seriously impeded. At the other end of the scale, and indirectly promoted by global 
systems themselves, one can observe already today that malicious intentions grow rapidly and that 
the financial, social, or personal incentives for manipulating simulations to one's own advantage only 
become larger. Both the kind of faults and their mere quantity defeat traditional concepts for 
resilience, reliability, and robustness. One has to fundamentally think over how computations for 
global systems possibly can be protected. 
 
Understanding faults requires first and foremost that one knows _of_ them. That knowledge does 
not exist today since the required infrastructure is completely lacking. At present, faults are hidden in 
regression tests, traces or log files, and even if one had access to those files, neither standards or 
notations exist to describe them nor concepts for evaluating or comparing them. Further, traditional 
recovery mechanisms cease to work. 
 
Classical redundancy in space or time is too expensive---neither can one hold big data twice nor can 
one easily run a large simulation multiple times. Smarter ways are needed than those brute-force 
approaches, and redundancy must be made affordable with respect to energy costs and resources. 
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3.2 Communicating/Framing /Democratising Scientific Evidence  
 
 
3.2.1 Computer Science, Complexity and Narrative: A Research Priority  
 
David Tuckett,  

 

ό¢Ƙƛǎ ŎƻƴǘǊƛōǳǘƛƻƴ ƛǎ ŎƻƳǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ŀ ŘǊŀŦǘ ǇŀǇŜǊ ƻƴΥ ά! ŎƻƳǇǳǘŜǊ ŀƭƎƻǊƛǘhmic 
ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ŎƻƴǾƛŎǘƛƻƴ ƴŀǊǊŀǘƛǾŜǎ ƛƴ ǳƴǎǘǊǳŎǘǳǊŜŘ Řŀǘŀ ǎƻǳǊŎŜǎΦέ ōȅ 5ŀǾƛŘ ¢ǳŎƪŜǘǘΣ wƻōŜǊǘ 
Elliot Smith and Rickard Nyman.) 
 

A conventional valuation which is established as the outcome of the mass psychology of a large 
number of ignorant individuals is liable to change violently as the result of a sudden fluctuation of 
opinion due to factors which do not really make much difference to the prospective yield; since there 
ǿƛƭƭ ōŜ ƴƻ ǎǘǊƻƴƎ Ǌƻƻǘǎ ƻŦ ŎƻƴǾƛŎǘƛƻƴ ǘƻ ƘƻƭŘ ƛǘ ǎǘŜŀŘȅΧǘƘŜ ƳŀǊƪŜǘ ǿƛƭƭ ōŜ ǎǳōƧect to waves of 
optimistic and pessimistic sentiment, which are unreasoning and yet in a sense legitimate where no 
solid basis exists for a reasonable calculation.(Keynes, 1936 p154) 
 
Most important economic and related decisions are made in conditions of ontological uncertainty ς 
that is in situations where the future development of entities and their future relations are 
profoundly unknowable ahead of time. Imagine, for instance, a set of predictions made before the 
development of the wheel, steam engine, transistor, PC, or Internet ς let alone AIDS. 
 
Taking decisions, in other words acting, in these circumstances requires conviction. But the factors 
that create conviction when outcomes are inherently uncertain are neurobiological, social and 
psychological rather than merely calculative. There is growing evidence, in fact, that economic and 
other important decisions that require pictures of the future to be created are subject to the forces 
(in urgent need of good understanding) that produce narrative conviction and narrative truth. 
 
Aggregate behavioris subject to the convergence and sudden co-ordination of shared narratives 
about the future and inherently fragile and unstable. Whereas the state of the world changes rather 
slowly the state of narratives about what is happening in it can alter very sharply and is strongly 
subject to social interaction and influence. Recent events in financial markets have demonstrated this 
proposition forcibly. 
 
¢ƘŜ ŘƛƎƛǘŀƭ ǊŜǾƻƭǳǘƛƻƴ Ƙŀǎ ǇǊƻŘǳŎŜŘ ƭŀǊƎŜ ǉǳŀƴǘƛǘƛŜǎ ƻŦ άōƛƎ Řŀǘŀέ ŀƴŘ ŜǎǇŜŎƛŀƭƭȅ ǘŜȄǘ Řŀǘŀ ǿƘƛŎƘ ǿŜ 
have begun to show can successfully be investigated rigorously using algorithmic methodology to 
capture historical shifts in narrative sentiment which appear to warn about possible future patterns. 
Essentially some topics and projects start to be discussed and pursued with significant alterations in 
the presence within narratives of realistic doubt. 
 
The fact that economics has not adequately taken into account radical uncertainty and the impact of 
human actors being social and sentient interacting units producing complex and unexpected novel 
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outcomes are the two largest weaknesses in current economic thinking, which severely limit its 
usefulness in the finance and macroeconomic spheres. 
 
The new methods that exist to investigate conviction narratives circulating in large datasets produced 
by networked institutions and individuals ς public and private data ς offer a fruitful avenue to 
remedy this lack and to understand the role human emotion and subjective narrative capacity have in 
creating economic and social reality. Linked to conventional social science methodology this new 
technology has massive scientific and policy-making potential. Attention to ensuring access to 
relevant data sources and research on narratives from interdisciplinary teams comprising social, 
brain, humanities and computer scientists should, therefore, be a priority area for scientific 
development. It will assist understanding and modelling (via simulation) such vital areas as the 
complex functioning of financial markets and changing social attitudes to climate change and 
economic policy, among others. 
 
 
3.2.2 Gamification  
 
Web-gaming, social computing and internet-mediated collaboration  
 
Vitorio Loreto  

 
In the last few years the Web has been progressively acquiring the status of of an infrastructure for 
social computing that allows researchers to coordinate the cognitive abilities of users in online 
communities, and to suggest how to steer the collective action towards predefined goals. This 
general trend is also triggering the adoption of web-games as a very interesting laboratory to run 
experiments in the social sciences and whenever the peculiar human computation abilities are 
crucially required for research purposes. There is a wide range of potential areas of interests going 
from opinion and language dynamics to decision making, game-theory, geography, human mobility, 
economics, psychology, etc... For instance Spatial Games (related to traffic, mobility, coordination, 
etc.) are aimed at investigating how people (from literate to non-literate) explore geographical 
spaces and use geographical information in a way that is meaningful and culturally appropriate for 
them. Specific tasks can include coordination, exploration, cooperation, annotation. At the same time 
these games/experiments would allow the collection of sensible information about how people 
perceive their environment, e.g. by evaluating which scale and level of details in imagery is most 
meaningful. This information can be organised in layers, e.g. traffic or pollution in urban 
environments, social interest, landmarks, etc., and made available through suitable interactive 
visualisation tools in order to help people to understand environmental changes, so to facilitate 
informed decision-making. Along the same lines, the Citizen games share the common denominator 
of the management of the commons as well as the monitoring of the environmental changes. 
Interesting activities here include the development of new tools for the sustainable management of 
natural resources (in particular for marginalised communities), a more aware use of them, good 
practices for recycling, food management, mobility, energy consumption, communication, etc. 
 
Behavioural aspects of techno-social systems 
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In social phenomena the basic constituents are not particles but humans, and behavioural and 
cognitive aspects, as well as the way humans take decisions are crucial ingredients that have to be 
taken into account in order to make sensible predictions. It is thus crucial to deepen our 
understanding of the causal link between the level of the individual and the emergent collective 
phenomena. In order to do this one has to parallel the monitoring of emergent phenomena in social 
dynamics with the investigation of the behavioural and cognitive foundations of social interactive 
dynamics in human computation tasks. Relevant objectives include: i) The dynamics of cooperation 
and human computation. Here the problem concerns how to sustain over time collaborative 
behaviorin intelligent tasks, which is fundamental both for the understanding of social dynamics and 
for the design of effective forms of web-mediated collaboration; ii) the role of motivations, incentives 
and mechanism design together with other factors such as social ties, culture and the cognitive 
framing of problems. 
 
 
3.2.3 Need for narratives  

3.2.3.1 Models, stakeholding and narratives 

Ilan Chabay &  J. David Tàbara (and anonymous sources recorded from the first GSS conference 

audience). 

 
GSS will massively rely on computer models, taking advantage of advanced technology to tackle the 
complex multi-scale ς spatial and temporal ς structure of global systems. By their algorithmic 
structure, however, computer models presuppose a set of concepts that are unambiguously given for 
the purpose at hand. While such models can and will surprise the user in many ways, they are ill-
ǎǳƛǘŜŘ ǘƻ ŘŜŀƭ ǿƛǘƘ ǘƘŜ ŀƳōƛƎǳƛǘƛŜǎ ǘƘŀǘ ŀǊŜ ŀ Ǿƛǘŀƭ ƛƴƎǊŜŘƛŜƴǘ ƻŦ ƘǳƳŀƴ ƭƛŦŜΦ CǊƻƳ IƻƳŜǊΩǎ hŘȅǎǎŜȅ ǘƻ 
WƻȅŎŜΩǎ ¦ƭȅǎǎŜǎ ŀƴŘ YǳōǊƛŎƪΩǎ ά! ǎǇŀŎŜ hŘȅǎǎŜȅέΣ ǎǘƻǊȅ-telling is one of the most important and 
fruitful ways for humans to deal with those ambiguities. 
 
Narratives help to crystallize the concepts needed to build suitable computer models, they can help 
to delimit the scope within which a particular model is useful, and to understand what goes wrong 
when it is used beyond that scope. Especially important for GSS is the possibility of using narratives to 
tackle the thorny problem of unintended consequences, both of policies to be analysed, and of using 
the models developed by GSS. In this sense, ICT could play an important role in gathering these 
different perspectives and articulating the various narratives and framings from different parts of the 
world on what GSS ought to be. Narratives can be based on pictures and images, and these can be 
very powerful means to capture complex issues which can be very difficult to communicate 
otherwise. But a challenge is also how to provide the right picture in ways that then it can be used to 
readjust our GSS models. 
   
Narratives are not only stories, they can also be can be images, performances, etc, and they should 
not only be understood a means for communicating but also for engaging publics. We need to realise 
that these narratives emerge in many cases from models and that they are the product of an 
interactive process with the larger community of stakeholders. The existence of these narratives 
depends on the possibility of creating such relationship and a process that goes along the whole he 
generation of models and production of model outputs as well as during [the process or organising 
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and making sense of] the collection and analysis of data.   But: How do we describe the systems in the 
models? This process should not be normative or predictive ςtelling us how things should be or will 
be- but only to provide a series of options about the future which in turn depends on how we act in a 
particular way.  So we need to consider the following questions: Who is asking these questions?, How 
do we create visions on the future?  (so there is a motivation to move it into collective 
behaviorchange), How we analyse the responses? And whether we begin to see changes or not.   In 
addition, we also need to capture both the quantitative and qualitative aspects in the modelling, 
analysis and data in ICT, so ǿŜ ŘƻƴΩǘ ƭƻǎǎ ǘƘŜ ǊƛŎƘƴŜǎǎ ƻŦ ǘƘŜ ǉǳŀƭƛǘŀǘƛǾŜ ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ ƴŀǊǊŀǘƛǾŜǎΦ  
 
ICT plays a substantial role in providing the connectedness across spatial domains and needs and 
equally important as a means of empowering communities and individuals through distributed 
information and knowledge sources and systems. Hence such integrated strategies must be 
developed, tested, and communicated to the community in ways that they can implement them. This 
is not simply a matter of information diffusion, but critically of creating and using narratives that 
provide engaging visions for a sustainable future.  Narrative kernels are the core notion expressed in 
locally appropriate forms that can be effectively communicated and remembered and thus foster 
coherent and cohesive communities of practice and collective action. When coupled with global 
systems science strategies to address specific issues, narrative expressions can empower and 
mobilise people at different levels to engage in the process of global transition and transformation. 
 
Therefore, narratives should not only be understood a means for communicating but also for 
engaging publics. We need to realise that these narratives emerge in many cases from models and 
that they are the product of an interactive process with the larger community of stakeholders. The 
existence of these narratives depends on the possibility of creating such relationship and a process 
that goes along the whole generation of models and production of model outputs as well as during 
the process or organising and making sense of the collection and analysis of data.   
 
We need to involve stakeholders, but if people ARE to make use of GSS then it will be necessary to 
consider societal actors embedded within the many different kinds of institutions which mediate 
their actions. Each of these has their own values, and use particular types of narratives and this is a 
complex issue indeed.  
 
GSS needs to connect information on global systems with models and scenarios in ways which are 
useful for policy making. One possibility to do so could be to develop a process to select first the 
relevant information; next running computer experiments and making use of ITC tools; and then, 
connecting such insights with the lessons learned from the past and for the future so as to adapt and 
create adequate models to do all this ςand its associated narratives.  
 
In particular, the analyses of framings and narratives should help to unveil how we describe global 
systems in the models. This process should not be normative or predictive ς telling us how things 
should be or will be - but only to provide a series of options about the future which in turn depends 
on how we act in a particular way.  So GSS needs to consider: How do we create visions on the 
future?  How motivations can be activated to move it into collective behaviorchange in this regard? 
How we analyse the responses? Can we begin to see any positive changes? Who is asking these 
questions? GSS should capture both the quantitative and qualitative aspects in the modelling, 
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analysis and data in ICT, in ways that we do not lose the richness of the qualitative aspects of the 
narratives.  
 
There are some cultural aspects (e.g. in language development) that need to be taken into account in 
developing and communicating GSS, and in particular when discussing the future of communities or 
how GSS could be useful in other parts of the world (Africa, Latin-America). Thinking about 
characterising global systems we may also need to think about how people in communities in other 
parts of ǘƘŜ ǿƻǊƭŘ ŎƘŀǊŀŎǘŜǊƛǎŜ ǘƘŜ ΨƎƭƻōŀƭΩ - which is what they actually see in those communities. In 
addition, we have global universal problems, but which are manifested in many different ways 
locally. We should consider what is happening in terms of changes at the local level in these places in 
the mode of transition areas, and how these experiences interact with other scales.  Therefore, not 
only we have to create new narratives and visions on GSS but also it is necessary to connect these 
narratives and vision with many other existing ones which are very diverse, which could help people 
learn, to help people understand where they are and we need to listen to them. In this process, ICT is 
to play a central role to support mutual learning.  

3.2.3.2 Narratives for socially sustainable future: participatory process to build narratives for 

action 

 
Filippo Addarii  

 
Indignez vous! The pamphlet by retired German-French diplomat Stéphane Hessel in 2011 inspired 
the establishment the Occupy Wall Street and Indignados movements. This is a case study of how 
narratives emerge and operate. Millions of people across the world found in the pamphlet the 
expression of their anger against the system, the frame to build a shared understanding/identity 
across cultural and geographical boundaries, and a call for joint action against governments and 
financial institutions. 
 
This was not in the intention of the author but it happened. This is just an example amongst many 
but exemplifies the dynamic of narratives. The question is to understand in which conditions 
narratives emerge and if they can be engineered. 
 
¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘƛǎ ƛǎ ƛƳǇƻǊǘŀƴǘ ŦƻǊ Dƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜ ōŜŎŀǳǎŜ ƛǘΩǎ ƴƻǘ ǎǳŦŦƛŎƛŜƴǘ ŦƻǊ ǎŎƛŜƴŎŜ 
understanding how the globalizing world works - the opportunities it generates and the crisis it 
provokes - but needs getting policy makers and the general public to understand as well and change 
their behavioraccordingly. 
 
The process is not just a matter of communication and manipulative techniques as a policy adviser 
Karl Rove would recommend because the level of complexity faced and adaption required is beyond 
any command and control approach. Moreover the public trust in public institutions and science ς 
often even cause of more uncertainty - has plummeted to such a low that the cost of control is likely 
to be unaffordable. 
 
A strategy for engagement and empowering process with policy makers and the large public to build 
a new common value framework is required to get each one to take responsibility and respond to the 
specific challenges of the places they inhabit. Narratives can do the job. 
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Technological advances coming out of internet makes the task even more possible. New technologies 
such as crowdsourcing and social networks allow making this process as genuine collective 
production engaging all sorts of stakeholders across borders and boundaries. 
 
The process does not need to start from scratch. There are also socio-economic trends already 
happening in society such as fair-trade and microcredit that already engage millions of people 
responding to the same needs to understand and build a new vision for a globalizing society. These 
trends could become the tassels for the new narrative underpinned by scientific knowledge. Actually 
science and emerging trends could just reinforce each other. 
 
This strategy should include 3 elements critical for success: shared purpose, sense of belonging, plan 
for action. 
 
This could be the beginning for a narrative suitable to the challenges of the 21st century. It would 
start on Aristotle theory of narrative ie poetics but also build on the new opportunities opened by the 
new century to mobilize people across borders and boundaries towards a socially sustainable future. 
 
3.2.4 Education and Learning  
 
Global Sustainability Learning  and GSS 
 

J. David Tàbara  

 
Integrated ICT can play a decisive role in supporting and consolidating global communities of learning 
regarding the improvement in the understanding and governance of global systems. This can be of 
particular relevance with regard to the articulation of open networks of action organised around 
meeting specific needs and problems that relate to global sustainability ςthat is, societal problems 
which inevitably have a multi-scale, multi-domain, multi-agent complex nature.  

 
The ambivalent nature of ICT means that, on the one hand, the new tools and data available can 
become instrumental in organising knowledge partnerships around specific boundary objects 
constructed within the interface of: 1) science/knowledge integration, 2) policy design and 
transformation, and 3) the engagement with general public. But at the same time, ITC tools also 
increase the complexity and the degrees of freedom in which human action can take place. For this 
ǊŜŀǎƻƴΣ L¢/ ǿƛƭƭ ƴŜŜŘ ǘƻ ƳƻǾŜ ŦǊƻƳ ƛǘǎ ǇǊŜǎŜƴǘ ǊƻƭŜ ŀǎ ŜƴƘŀƴŎŜǊǎ ƻŦ ΨŦƛǊǎǘ-ordeǊ ǎƻŎƛŀƭ ƭŜŀǊƴƛƴƎΩ ςthat 
is, doing more or less the same, but simply by more and faster- to become triggers for a truly second-
order global social learning ςchanging not only the means to do the same but also the goals, the 
values and the cognitive frameworks we use to decide upon such goals.  This massive process of 
global reframing in human perceptions, values and practical tools for understanding and 
transforming reality (e.g. towards non-dualistic worldviews) will necessarily have more aligned with 
the present predicament of global sustainability; and in this respect, it can referred to as 
sustainability learning. In order to move towards this more reflective and empowering role of 
information and knowledge systems, large policy and social efforts ςe.g., to harness innovation and 
ǘƻ ƭŜŀǊƴ ŀƭǎƻ ΨǿƘŀǘ ǿŜ ǎƘƻǳƭŘƴΩǘ ŘƻΩ- will have to be devoted.  
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In particular, an integrated understanding and learning about global systems ought to able to 
unveiling and provide substantive insights on the options for innovation: in global institutions and 
social structures (S), in the change in the quality and quantity of stocks and flows in information and 
knowledge (I; e.g. including the role knowledge erosion derived from globalisation), of energy and 
natural resources (E), and the cumulative and irreversible (often negative) effects on human agents 
interactions in the process of global environmental change (C; the SEIC conceptual model, Tàbara & 
Pahl-Wostl, 2007).  
 
Global sustainability learning will necessarily entail a shift in our collective capacities to represent and 
ǘƻ ŘŜŀƭ ǿƛǘƘ ǘƘŜ ΨƎƭƻōŀƭ ŎǊƛǎƛǎ ƻŦ ŎǊƛǎŜǎΩ in precautionary but also transformative mode. This means 
boosting our abilities to systematically unveil the multiple interactions and interdependencies 
between the various ongoing crises and propose viable system options to deal with them ς including 
those options that entail disruptive changes in existing power arrangements and global inequalities. 
Only by securing that large amounts of people can contribute to such process of knowledge-building, 
and in ways that improve their own conditions and those of future generations, will it be possible 
that GSS plays a significant role in the process of global sustainability learning and transformation.  
 
Last but not least, while it is true that global human dynamics have become increasingly coupled and 
intertwined with those of the natural systems, this is not necessarily true with regard to Human 
Information and Knowledge Systems (HIKS) used by individuals and organisations in their daily lives. 
The basic means of information used to value,  judge and communicate the world about us (e.g. price 
systems, media, etc) do not reflect the kinds of changes occurring in the natural and social world in 
ways that can support fast learning and transformation for sustainability. What is needed is to 
develop multiple learning feedbacks connecting agents at their closest level possible with feasible 
systems options in ways that they can meaningfully contribute to minimise the negative cumulative 
aggregate effects on global systems derived from the unintended consequences of their own actions. 
Mapping out such systems-agents options, and making understandable and supportive by the citizens 
at large is a challenge in which GSS can definitively contribute in the decades to come (Tàbara & 
Chabay, 2013). 
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3.2.5 Participatory Approaches to Knowledge Acquisition  

3.2.5.1 ICT for participatory sensing 

 
Vittorio Loreto  

 
One possible way to respond to the above mentioned societal challenges is that of pushing the 
evolution of ICT so that it can support informed action at the hyperlocal scale, providing capabilities 
for environmental monitoring, data aggregation and mining, and information presentation and 
sharing. Nowadays low-cost sensing technologies are being developed to allow citizens to directly 
assess the state of the environment; social networking tools allow effective data and opinion 
collection and real-time information sharing processes. Through the use of ICT tools deployed to 
gather user-generated and user-mediated information from web-based and mobile sensing devices 
knowledge, the social awareness and understanding of environmental issues and living conditions in 
urban habitats will be enhanced. The possibility to access to digital fingerprints of individuals is 
opening tremendous avenues for an unprecedented monitoring at a ``microscopic level'' of collective 
phenomena involving human beings. We are thus moving very fast towards a sort of a tomography of 
our societies, with a key contribution of people acting as data gathering ``sensors''. Interestingly, this 
participatory sensing also presents challenges regarding quality and cost of sensors, reliability and 
representativeness of collected data, widespread and enduring participation, as well as privacy. 
Participatory sensing data will have to be integrated with pre-existing information. The possibility to 
collect relevant and capillary data about human urban activities can stimulate the development of 
data-driven modelling schemes integrated in ICT-based infrastructures for an empirical, 
computational and theoretical approach to social dynamics processes. In addition new models of 
interaction between citizens, authorities and scientists will have to be developed. Finally, the 
innovative integration of mobile technology, sensors, and socially-aware ICT can contribute to a shift 
towards a green and sustainable economy, which has been seen by many policy makers as one of the 
exit strategies from the current financial and economic crisis. 
 

3.2.5.2 Decisions about the future: !ŎƘƛŜǾƛƴƎ ǎǘŀƪŜƘƻƭŘŜǊǎΩ ŀƎǊŜŜƳŜƴǘ ŀƴŘ ǘǊǳǎǘ ōȅ 
participatory narratives 

 
Ilona Heldal  

 
¢ƻŘŀȅΩǎ Ǝƭƻōŀƭ ǎƻŎƛŜǘȅ ƘŀǾŜ ǘƻ ŘŜŀƭ ǿƛǘƘ Ƴŀƴȅ ŎƻƳǇƭŜȄ ǇǊƻƧŜŎǘǎ ƛƴǾƻƭǾƛƴƎ ŘƛŦŦŜǊŜƴǘ ƛƴǘŜǊŜǎǘ ƎǊƻǳǇǎΣ 
uncertainties, delays and dilemmas during the communication and collaboration regarding decisions. 
The more democratic the intended project is, the greater is the risk for unintended obstacles. The 
communication between the stakeholders can easily be too slow or delayed. Many projects are 
looking for visualization based support for communication and collaboration regarding decisions 
about the future. Virtual and Augmented Reality models can make it possible for all interested parties 
to have access to a common representational medium. This makes it easier to achieve an 
understanding of topics on the basis of their own common sense, i.e. the models can visualize non 
ŜȄƛǎǘƛƴƎΣ ŦǳǘǳǊŜ ƻōƧŜŎǘǎ ŀƴŘ ǇǊƻŎŜǎǎŜǎΦ {ǘŀƪŜƘƻƭŘŜǊǎ ǳǎŜ ǘƻ ŀǇǇǊŜŎƛŀǘŜ ǘƘŜ ΨƴŜŀǊ-to-ǊŜŀƭΩΣ ōŜƭƛŜǾŀōƭŜ 
models as a complement to their other materials. However, believable models are not necessarily 
trustable too. Stakeholders often have difficulties for using the models, fully experiencing them, using 
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them as a communication medium or trusting them and therefore they cannot use them as evidences 
in the decision making processes. 
 
The issue of trust is often based on the ability to follow processes, to have a strategy with the major 
steps through the process. Narratives facilitate following a process from a start to possible outcomes 
and enhancing the relevant structures. For this one has to understand actual patterns and structures 
of complex problems; be able to analyze parts while keep the attention on the whole problem; 
perform systematic data reduction while also focus on essential components. Developing visual 
models based on a storyline can enable stakeholders to test the effect of certain decision(s) regarding 
some interested aspects during the process and contribute to a deeper understanding of the process 
and the ways in which decisions are made and supporting evidences (e.g. documents, calculations, 
developing scenarios) are handled. 
 
This document argues for the benefit of defining new visual models based on narratives, models that 
can support decision making ǇǊƻŎŜǎǎŜǎ ǘƻǿŀǊŘǎ ƻōǘŀƛƴƛƴƎ ǎǘŀƪŜƘƻƭŘŜǊǎΩ ŀƎǊŜŜƳŜƴǘǎΦ Lƴ ǘƘŜǎŜ ƳƻŘŜƭǎ 
the narrative stands for understanding a structure for a whole process within a coherent content. The 
visualization stands for providing visual content for the structure and the main issues in the structure. 
By this more trustable models can be built. 
 
Telling a story with the aim to solve a complex problem and being able to explore issues and their 
consequences visually by the time playing with adjustable timeline, resources, environmental or 
economical impact, and visually showing actual stakeholders involvement, would contribute to 
increased engagement, experiences and trust in the whole process. Playing with simulated decisions 
and making the effects of them more clear and tangible would also contribute to understanding the 
problem. By visualizing potential tensions between requirements or needs can prepare stakeholders 
to earlier deal with the eventually upcoming problems. There are several challenges that need to be 
further investigated in relation to the idea of visual models based on narratives. For example: 
 

- Incorporating different modalities beyond visual models (e.g., by seeing-augmenting, by 
touching, by listening or by smelling). 

- Combining narratives with other methods supporting decision making regarding future issues, 
e.g. with scenario planning. 

- Describing what can be trusted in a narrative and how, e.g. by missing evidences. 
- Combining existing narratives with alternative (possible or impossible) scenarios. 
- Assessing simulations. 
- Considering data, tendencies from the large public. 
- Involving the public, for example by using social media. 
- Making available and calculating possible deviations behind simulations. Visualizing possible 

deviations behind simulations. For example the external stakeholders need to know if a new 
building can be placed closer or far away during the next steps in the building process, and 
within which threshold interval. The threshold interval needs to be available since even small 
changes may influence experiencing of e.g. shadows or air corridors. 

- Considering time related consequences (e.g. visualizing the different effects of a delay). 
- Forming the risk analysis for the entire project. 
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Defining illustrative examples to better understand how ICTs support communication and 
collaboration with the purpose to reach stakeholder agreement 
 
3.2.6 Collective awareness and decision making   
 
Vitorio Loreto  

 
Awareness is very much related to learning. The societal challenges of our rapidly changing world call 
for a need to increase the number of people that are educated and capable of using the technologies 
that will sustain large human societies safely and prosperously. Learning is at the basis of our ability 
to construct models of our reality and take decisions. This is especially difficult when we face the 
complex problems of our interconnected societies. This calls for a commitment of the scientific 
community to generate new concepts and innovative learning schemes through which a much 
needed breakthrough can be obtained. 
 
The access to both personal and community data, collected by users, processed with suitable analysis 
tools, and re-presented in an appropriate format by usable communication interfaces, has the 
potential of triggering a bottom-up improvement of collective social strategies. By providing 
personally and locally relevant information to citizens, i.e., related to their immediate locality rather 
than to the city or region in which they live as a whole, one can hope to stimulate fundamental shifts 
in public opinion with subsequent changes in individual behaviorand pressure on policy makers. The 
integration of participatory sensing with the monitoring of subjective opinions is novel and crucial, as 
it can expose the mechanisms by which the local perception of an environmental issue, corroborated 
by quantitative data, evolves into socially-shared opinions, eventually leading to local and global 
changes. Enabling this level of transparency critically allows an effective communication of desirable 
environmental strategies to the general public and to institutional agencies. For instance fostering 
awareness and improving environmental monitoring could contribute to the reduction of pollution 
and waste of energy or the improvement of biodiversity in urban areas. Fostering the birth of 
environmentally positive communities, stimulating bottom-up participation, collecting public 
opinions and perceptions in a trusted way, are all factors that will empower the general public and 
policy makers with tools to gauge and orient the democratic processes of decision making. 
 

3.3 Coordination Problems  
 
3.3.1 Computational Logic  
 
Logic for GSS methodology 

David Pearce  

 
Logic forms a crucial part of traditional scientific methodology and there is no reason to suppose that 
GSS is in this respect different. The fact that systems studied may be non-deterministic, that 
behaviormay be emergent, or that phenomena may be chaotic does not change this. Logical 
methodology seeks to formalise the reasoning mechanisms involved in the processes of discovering 
knowledge, applying scientific theories and models and judging their success. For much of the last 
century logic was dominated by the classical, deductive paradigm of formal reasoning in the tradition 
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of Frege and Hilbert. It was applied in particular to mathematics and to traditional concepts of 
descriptive methodology, to study concepts like explanation, prediction, and confirmation. However, 
the classical paradigm of mathematical logic has been challenged in recent years from many different 
directions. Modern computational logic has abandoned many assumptions and greatly surpassed the 
boundaries of the classical view. Induction, learning and discovery are now bona fide research topics 
for logic, while the foundations of logic are being enriched by dynamical concepts from information, 
interaction, games and argumentation. GSS is attempting to develop a new scientific paradigm that is 
as yet only partially formed and one of the areas most in need of development and explication is that 
of theory evidence, testing, prediction and forecasting. Whatever the nature of the formal models 
developed within GSS, in logical methodology we are dealing with what inferences can correctly be 
drawn from them and whether and how such inferences can be used for testing and improving those 
models. In other words we are irrevocably working within a logical domain. 
 
Logic for reasoning about GSS and global challenges. 
 
 Logic typically forms the metatheory of the mathematical sciences. While the different disciplines in 
GSS may involve very different styles of laws, models and mathematical structures at the level of 
theory, at a metatheoretical level there may be much more uniformity that logical frameworks can 
reconstruct, analyse and compare. Another issue raised by GSS is concerned with the communication 
of science to stakeholders, decision makers and the wider public. This process is intended to be not 
merely a unidirectional one of communicating scientific results and evidence to a non-scientific 
public, but to be interactive and include active citizen participation through discussion, dialogue and 
debate, possibly supported by social networks and platforms. It has been emphasised that techniques 
such as narratives, games or even art may be important vehicles for expressing evidence and forming 
ƻǇƛƴƛƻƴΦ IƻǿŜǾŜǊΣ ǘƘƛǎ άƘǳƳŀƴ-ŎŜƴǘǊŜŘέ ŀǎǇŜŎǘ ƻŦ D{{Σ ƛƴŎƭǳŘƛƴƎ ŎƛǘƛȊŜƴ ǇŀǊǘƛŎƛǇŀǘƛƻƴΣ ƛǎ ŎƭŜŀǊƭȅ 
concerned with reasoning. Ultimately, in order to ground decisions as rational, equitable or 
otherwise reasonable, we need to examine the reasoning steps that led to those decisions and 
provide their justification. Here again logic may be expected to play a crucial role, along with 
argumentation theory, game theory and other formal methods. 
 
3.3.2 Social and governance p rocesses  

Diana Mangalagiu 

 
Global Systems Science and Global Governance 
 
Since the term governance started to be used in the early 1980s in a policy document by the World 
Bank, its use in both public policy and corporate world more and more focus was put on good 
governance and principles of good governance10. However, such principles, adopted by the World 
Bank to evaluate governments of developing countries on the basis of governance has been widely 
criticized by developing nations and development economics specialists as being a one-sided criterion 
established by industrialized nations. 

                                                        
10 Specifically, good governance refers to enforcement of the rule of law, due diligence, willingness to 
encourage foreign investment, determination to prevent corruption and the ability to formulate and 
implement sound fiscal, economic, monetary, foreign currency and trade policies. 
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¢ƘŜ ƳƻǊŜ ǊŜŎŜƴǘ ŘƛǎŎǳǎǎƛƻƴǎ ŀōƻǳǘ ΨƎƭƻōŀƭ ƎƻǾŜǊƴŀƴŎŜΩ ǎǳŎƘ ŀǎ wƻǎŜƴŀǳ όмффрύ ŀƴŘ aŎDǊŜǿ ŀƴŘ 
Held (2002) are mostly elaborated and focused on Western contexts, which are getting poorer and 
less powerful and attempt to keep their historical advantage. While new players are joining the 
conversation (creation of the G20, OECD opening to BRICS), the dominant pattern remains the same. 
 
What we start to better understand today is that global governance challenges and more largely 
most global challenges are ill-defined problems, so-ŎŀƭƭŜŘ ΨǿƛŎƪŜŘ ǇǊƻōƭŜƳǎΩΣ ǿƘŜǊŜ ōƻǘƘ ǘƘŜ 
problem and the solution are unknown at the outset of the problem-solving exercise (Churchman, 
мфстύΦ ¢Ƙƛǎ ƛǎ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ΨǿŜƭƭ-ŘŜŦƛƴŜŘΩ ǇǊƻblems where the problem is clear, and the solution is 
available through some technical knowledge.  
 
Global Systems Science should build on insights from the environmental experience such as Ostrom 
et al (1999) and Young (1997) in tackling challenges concerning the management of large-scale 
resources and the so-ŎŀƭƭŜŘ ΨƎƭƻōŀƭ ŎƻƳƳƻƴǎΩ ǘƘŀǘ ŘŜǇŜƴŘ ƻƴ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ŎƻƻǇŜǊŀǘƛƻƴΦ {ǳŎƘ ǎǘǳŘƛŜǎ 
ƛƳǇƭȅ ŀ ŘŜǇŀǊǘǳǊŜ ŦǊƻƳ ΨŘŜǎƛƎƴΣ ŎƻƴǘǊƻƭ ŀƴŘ ŎƻƳƳŀƴŘΩ ŀǇǇǊƻŀŎƘŜǎ ǘƻ ƎƻǾŜǊƴŀƴŎŜ ǘƻǿŀǊŘǎ ΨŀŘŀǇǘ 
ŀƴŘ ƴŀǾƛƎŀǘŜΩ ƻƴŜǎΦ ¢ƘŜǎŜ ŀƭso suggest moving from expectations to find local solutions to local 
problems and global solutions to global problems towards a more patchy mix of multi-level solutions 
siting in global contexts. 
 
Global Systems Science has much to contribute to the scoping and framing of global governance, 
which is nowadays taking place. A few examples of questions a GSS research program should tackle: 

¶ How ICT and GSS can help building future-oriented global governance in an inclusive way 
based on multiple worldviews and actors including the usually missing voices?  

¶ How ICT and GSS can help bringing about comprehensive solutions of global governance and 
overcome the sharing power/sharing burdens frame of mind towards win-win coordination 
mechanisms? 

¶ How GSS can help to further understand how the ingredients of global governance interact 
and co-evolve: energy and resources, development, human and cyber security, global 
commons, financial and reserve currencies etc.? How to tackle systemic and emergent risks? 
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Need for Foresight in Global Systems Science 
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Angela Wilkinson and Diana Mangalagiu  

 
Dƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜ ƴŜŜŘǎ ŀ ŘŜƭƛōŜǊŀǘŜ ŀƴŘ ǊŜŦƭŜȄƛǾŜ ŜƭŜƳŜƴǘ ƻŦ ŀŎǘƛƻƴŀōƭŜ ΨƎƭƻōŀƭΩ ŦƻǊŜǎƛƎƘǘ that 
recognizes the contingent nature of an unpredictable future as a motivator for change in the present. 
¢ƻŘŀȅΩǎ ōƛƎ ǇƻƭƛŎȅ ŎƘŀƭƭŜƴƎŜǎ ōŜƴŜŦƛǘ ƴƻǘ Ƨǳǎǘ ŦǊƻƳ ƭƻƻƪƛƴƎ ōŀŎƪ ǘƻ ǎŜŜ ŜǎǘŀōƭƛǎƘŜŘ ǇŀǘǘŜǊƴǎΣ ōǳǘ ƛƴ 
looking forward and imagining different possibilities. They are also increasingly associated with new 
approaches to change, not just developments in systems thinking and complexity science. For 
example, the momentum in collaborative futures, transition management, resilience management, 
sustainable inclusive and green growth initiatives, etc. each, in their own way, recognizes the limits of 
established economic theory (neoclassical economics) and indicate a search for new approaches to 
ŀǇǇǊŜŎƛŀǘƛƴƎΣ ŀŘŘǊŜǎǎƛƴƎ ŀƴŘ ΨƳŀƴŀƎƛƴƎΩ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ƛǊǊŜducible uncertainty and 
complex systems dynamics. 
 
/ƻƴƴŜŎǘƛǾƛǘȅ Ƙŀǎ ōŜŎƻƳŜ ǘƘŜ ƪŜȅ ŘǊƛǾŜǊ ƻŦ ǾǳƭƴŜǊŀōƛƭƛǘȅ ŀƴŘ ǾŀƭǳŜ ŎǊŜŀǘƛƻƴΣ ŀƴŘ ŎǊŜŀǘŜŘ ŀ ΨǇŜǊŦŜŎǘ 
ǎǘƻǊƳΩ ƻŦ ŎƻƳǇƭŜȄ ǎȅǎǘŜƳǎΣ ƘƛƎƘŜǊ ŘŜŎƛǎƛƻƴ ǎǘŀƪŜǎ ŀƴŘ ƛƴƘŜǊŜƴǘ ǎƻŎƛŀƭκǾŀƭǳŜǎ ŎƻƴŦƭƛŎǘǎΦ ¢ƘŜ ŦǳǘǳǊŜ ŀǎ 
probable, possible and preferable is as pertinent today as it was 20 years ago, but the methods to 
engage the role of the future in the present continue to evolve. 
 
Big Data and (better and/or new types of) model-based analysis and simulation might seduce some 
towards renewed predictive confidence. While forging shared and more systemic understanding of 
international and global systems is needed, enabling and sustaining the collective, cross-scale action 
involved in changing established systems dynamics is even more so.  
 
Navigating between narratives, forging new common ground, and attending to the evolution of 
strategic vocabulary open questions of systems boundaries and framing contests. There is also a 
question of ethics: the contingent future as a design challenge and who is designing what and for 
whom? It requires attention to the quality of judgment not just the availability of data ς a sensitivity 
to narratives, to framing contests, to making space for conflict and to managing disagreement as an 
asset within science and within policy making processes.  
 
It requires rethinking the science-policy interface ς Global Systems Science to support a better quality 
of strategic conversation and experimentation not just a better quality of analysis and predict and 
decide approaches. 
 
5ŜǾŜƭƻǇƛƴƎ ΨƎƭƻōŀƭΩ ŦƻǊŜǎƛƎƘǘ ǊŜƭŜǾŀƴǘ ǘƻ ƴŜǿ Ǝƭƻōŀƭ ǇƻƭȅŎŜƴǘǊƛŎ ǇƻƭƛŎȅ ŎƻƴǘŜȄǘ ƛǎ ŎƻǊŜ ǘƻ ǘƘŜ 
effectiveness of Global Systems Science and requires a multi-method modern futures toolkit in which 
rigorous analysis and intuition, numbers and narratives, hard and soft systems thinking have a role to 
play but not at the exclusion of the other. 
 
Iƻǿ Ŏŀƴ Dƭƻōŀƭ {ȅǎǘŜƳǎ {ŎƛŜƴŎŜ ŎƻƴǘǊƛōǳǘŜ ǘƻ ŜƴŀōƭƛƴƎ ΨǿƘƻƭŜ ǎȅǎǘŜƳΩ ƎƻǾŜǊƴŀƴŎŜ ŀƴŘ ƘŜƭǇ ǿƛǘƘ 
institutional innovation that is currently locked out by rigidities of established policy domains, 
structures and lack of interdisciplinary and trans-disciplinary science? What sort of science do new 
practice communities need/are they able to use?  How can policymaking reorganize to attend to 
cross-scale dynamics (not top down vs. bottom up) and connected challenges (rather than issue-by-
issue basis)? How does policymaking enable new value creation not just risk control? 
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Digital anticipation and global understanding 
 
Big Data but what about the future? 

Antoine Mandel, Diana Mangalagiu and David Tuckett  

 
! ǉǳƛŎƪ ǎŜŀǊŎƘ ƻƴ DƻƻƎƭŜ ŀōƻǳǘ ǿƘŀǘ άƳŀŘŜ ǘƘŜ ǿƻǊƭŘ ŦŀǎǘŜǊέ ǊŜǘǳǊƴǎ ŀǎ ŦƛǊǎǘ ǊŜǎǳƭǘǎΥ ǘƘŜ ŎƭƻǳŘΣ 
internet, globalization, technology, wireless communication, the end of the Cold War, machines, 
information technologies. We have begun to design technologies that can take advantage of this 
increase in the speed of information transmission to develop better short-term insights. Some claim 
we can now forecast the spreading of flu pandemics or the volatility of stocks using search query 
data, the results of elections using prediction markets, the demand of new products by tracking their 
adoption by influential characters in social networks, and better manage prevention of and recovery 
from extreme events.  
 
One question to ask is whether we can really do all of that and what might be its limitations. Is the 
availability and rapid analysis of large quantities of big data making societies better or what might be 
the problems? Another question is whether the developments that have increased the speed and 
reach of communication mean that our societies feel better empowered and more confident when 
facing the future? In fact it can seem rather the contrary. A sense of powerlessness is spreading from 
the unemployed, underemployed or less and less relatively well paid workers in Western Europe to 
the nation based policy-makers who have to confront global challenges such as financial and 
economic crises, climate change, or the rebalancing of power and influence at the global scale. In 
ǇŀǊǘΣ ǘƘŜ ǇƛŎǘǳǊŜ ƛǎ ǊŜƳƛƴƛǎŎŜƴǘ ƻŦ άǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ŜŎƻƴƻƳƛŎ Ƴŀƴά ƛƴ ǘƘŜ мфолǎΦ  
 
The sense of empowerment or powerlessness may have to do with how we create narratives and 
visions of the future at an individual or collective level. Recent studies such as Tuckett et al (2013) 
ǎƘƻǿŜŘ ǘƘŀǘ άŀƎƎǊŜƎŀǘŜ ōŜƘŀǾƛƻǊ ƛǎ ǎǳōƧŜŎǘ ǘƻ ǘƘŜ ŎƻƴǾŜǊƎŜƴŎŜ ŀƴŘ ǎǳŘŘŜƴ Ŏƻ-ordination of shared 
narratives about the future and inherently fragile and unstable. Whereas the state of the world 
changes rather slowly the state of narratives about what is happening in it can alter very sharply and 
ƛǎ ǎǘǊƻƴƎƭȅ ǎǳōƧŜŎǘ ǘƻ ǎƻŎƛŀƭ ƛƴǘŜǊŀŎǘƛƻƴ ŀƴŘ ƛƴŦƭǳŜƴŎŜΦέ {ǳŎƘ ǎǘǳŘƛŜǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ōƛƎ Řŀǘŀ ŀƴŀƭȅǎƛǎ Ŏŀƴ 
help to capture historical shifts in narrative sentiment and possibly warn about future patterns. 
 
Most decisions at all levels are made in conditions of ontological uncertainty, which is in situations 
where the future development of entities and their future relations are profoundly unknowable 
ahead of time. While scientific and technical developments seemed to develop better tools for 
prediction and control, if we look longer-term it now seems that could be an illusion. The crises of all 
kinds can be viewed as wake-up calls to remind us of the limits to our anticipatory capabilities and 
the need to consider and improve our capacity to question models and to expect unintended long-
term consequences. 
 
There is a need to reflect on and experiment with how knowledge and foresight are developed and to 
understand how confidence and empowerment appear in multi-level, multi-stakeholder decision and 
policy-making processes. How emerging narratives and visions connect and co-evolve with existing 
ones and what is the role of human emotion and subjective narrative capacity in creating economic 
and social reality? 
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Preliminary questions to be addressed: 
 

¶ In what ways is faster also better and in which ways perhaps not? 

¶ What happens to digital communications and what do we know about their effects? 

¶ Is there a sense of powerless among national decision-makers and, if so, what is the 
connection between that and the new communications systems?  

¶ How can we make sure the short-term and specific issues on which scientists and experts are 
able to say something (e.g. insights on financial markets which suggest new regulations) also 
address longer-term consequences? 

¶ In what ways, if any, can ICT help us to know where we want to go as societies and the 
obstacles facing us? What role for the emerging digital society(ies)?  

¶ ²Ƙŀǘ ƛǎ άōƛƎ ŘŀǘŀέΣ ǿƘŀǘ Řƻ ǿŜ ƪƴƻǿ ŀōƻǳǘ Ƙƻǿ is it being used, what seem to be the 
potential advantages and drawbacks and how can we try to make sure we have more of the 
former than the latter? 

¶ How can large quantities of big data and new digital structures such as social networks and 
source of information help individuals, organizations, communities shape their vision of the 
long-term?  

¶ How do we understand the impact of real uncertainty on us and in which ways do we manage 
it?  

¶ What is a narrative? 

¶ How do narratives of the future get constructed, spread, modify or dissipate and with what 
consequences?  

¶ Can ICT help us to make use of human feelings (such as to be anxious or optimistic and excited) 
and to understand and analyze the effect on us of narratives and visions when we are placed 
in situations of uncertainty? 

¶ How to use multi-tool and multi-method approaches? E.g. combine insights provided by 
traditional social science methods and tools with big data analysis, modeling, simulations, 
foresight methods and tools. 

¶ Where and how to search for futures in the digital spheres (crowd-sourcing, data-mining, 
trend-ƘǳƴǘƛƴƎΣ ǿŜŀƪ ǎƛƎƴŀƭǎΧύΚ  

¶ Given that human decisions are interactively reflexive, what are the implications for drawing 
conclusions from digital communication or creating policies on shifting data? 

 
3.3.3 Computational Decision Support  
 

Michel Morvan and Eric Boix  

 
Being able to model, simulate and show deep results for the understanding of the systems involved in 
the problem is fundamental for the Global Systems Science but is not enough. Indeed, one of the 
main target of this science is to provide concrete tools to decision maker. Therefore, being able to 
couple the modelling and simulation approaches with simple to use demonstration and 
experimentation platforms is of key importance. These platform have to allow decision makers to 
ǳƴŘŜǊǎǘŀƴŘ ŀƴŘ άŦŜŜƭέ ǘƘŜ ƛƴǾƻƭǾŜŘ ǇǊƻŎŜǎǎŜǎΣ ǘƻ ƳŀƪŜ ŘŜŎƛǎƛƻƴǎ ŀƴŘ ǘƻ ōŜ ŀōƭŜ ǘƻ ŎǊŜŀǘŜ ŀ ǎǘƻǊȅ ǘƻ 
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άǎŜƭƭέ ǘƘŜƳΦ ¢ƘŜǎŜ ǇƭŀǘŦƻǊƳǎ ƴŜŜŘ ǘƻ ǇǊƻǾƛŘŜ ǘƘŜ ŀŎŎŜǎǎ ǘƻ ŘƛŦŦŜǊŜƴǘ ǇƻǎǎƛōƭŜ ǾƛŜǿǎ ƻƴ ŀ ǎŀƳŜ 
system/model to allow various experts to find the information they need. 
 

3.3.4 Coordination problems  in markets and Global System Science  

Antoine Mandel 

 
¢ƘƻǳƎƘ ƛƴǾƛǎƛōƭŜΣ ǘƘŜ ŎƭŀǎǎƛŎŀƭ ƘŀƴŘ ǘƘŀǘ ŎƻƻǊŘƛƴŀǘŜǎ ƛƴŘƛǾƛŘǳŀƭǎΩ ǎŜƭŦ-interests can perfectly be 
located: it is tied to the efficient operation of the market. Hence, even within the neoclassical realm, 
ǘƘŜǊŜ Ŏŀƴ ōŜ ŎƻƻǊŘƛƴŀǘƛƻƴ ǇǊƻōƭŜƳǎΣ ƳŀǊƪŜǘǎΩ ŦŀƛƭǳǊŜǎ ŀƴŘ ƛƴŜŦŦƛŎƛŜƴŎƛŜǎΦ ¢ƘŜ ŜƭŜŎǘǊƻƴƛȊŀǘƛƻƴ ƻŦ ¢ǊŀŘŜ 
offers the opportunity to use advances in computer science to overcome part of these failures.  More 
generally, improving institutional design in settings where the rational approximation is valid, offers a 
wide range of challenges at the interface between computer science and game theory.  

 
 The state of the art and the challenges facing Algorithmic game theory are very clearly 
summed-up in Nisan (2009)11: 

¶ At the beginning of the decade there were scattered attempts to model and study issues 
related to the Internet using a combination of computer science with game theory or 
economic theory.  By the end of a decade a full blown academic discipline has emerged.  

¶ Much work during this decade has gone into determining the computational complexity of 
ǾŀǊƛƻǳǎ ǘȅǇŜǎ ƻŦ ŜǉǳƛƭƛōǊƛŀ ƛƴ ƎŀƳŜǎ ŀƴŘ ƛƴ ƳŀǊƪŜǘǎΦώΧϐ aƻǎǘ ƻŦ ǘƘŜ ǇƛŎǘǳǊŜ ƛǎ ǳƴŘŜǊǎǘƻƻŘ ŀǘ 
this point, with the most significant remaining open problem being the computation of 
approximate Nash equilibria. 

¶  Starting with Koutsoupias and Papadimitriou (1999), much attention has gone into the 
analysis of the costs that the game-theoretic point of view levies on computational problems. 
¢ƘŜ ŎŀǘŎƘȅ ƴŀƳŜ άtǊƛŎŜ ƻŦ !ƴŀǊŎƘȅέΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ŎƻƴǾƛƴŎƛƴƎ ǊŜǎǳƭǘǎ ƻŦ wƻǳƎƘƎŀǊŘŜƴ ŀƴŘ 
Tardos (2002) who analyzed these costs in models of network congestion, have been 
extremely influential on the field. 

 
Beyond network congestion, most real-world applications have yet focused on online auction design, 
auction theory being a well-established branch of mechanism design. Theoretically, another low-
hanging fruit is the design of efficient online schemes to finance local or global public goods (e.g 
trying to maximize contributions to climate change mitigation through an update of platforms such as 
http://thecompensators.org). Yet, the most important application of algorithmic game theory might 
be the reduction of transaction costs: first by the design of exchange mechanisms and market 
institutions that leave less room for strategic behavior and that make it easier to detect anti-
competitive practices, second by decreasing the cost of contract enforcement by making the judicial 
process more transparent, its outcome less uncertain and immune to strategic manipulation.  

 
In the negative mode, another potential contribution of algorithmic failures in game theory is to 
indicate what are the likely limits of validity of the rationality paradigm. As the scale of the system 
and the magnitude of feedback increase, in a nutshell when one moves from a market to a system of 
markets, the price of anarchy and the computational complexity are likely to grow beyond what is 

                                                        
11 Reproduced here with the authorôs autorization.   

http://thecompensators.org/
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reasonable. Drawing this limit might involve answering questions like:  what are the limits of 
mechanism design with boundedly rational agents ? What is the optimal level of incompleteness in 
financial markets with error-prone agents (see Blume and Easley 2006) ?   
 
When one reaches the limits of standard game theory, the problems that emerge call for adaptive 
governance technologies rather than a priori institutional design. Numerically, one might have to 
shift from algorithms to interaction (see Wegner 1997).  
Building on insights from the management of the global commons (see Ostrom et al 1999), Global 
System Science can make a core contribution to a better governance of complex socio-economic 
systems by developing intellectual and technological frameworks that foster the coordination and the 
ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ƛƴŘƛǾƛŘǳŀƭǎΩ ƻōƧŜŎǘƛǾŜǎ ƛƴ ŀ ǎƻŎƛŀƭƭȅ ƳŜŀƴƛƴƎŦǳƭ ǿŀȅΣ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ŘŜŎŜƴǘǊŀƭƛȊŜŘ 
implementation of social objectives. 
 
 Thanks to the explosion of information technologies, all citizens of the world are potentially 
only one click away from each other. How can this structure be used to let people recognize common 
objectives and get organized towards their realization ?  On the theoretical side, one needs to 
understand how the evolution of preferences and social conventions through networked interactions 
can help overcoming the impossibility theorems about social choice, how do social networks lead to 
preference distributions that are socially consistent? On the technological side, one must search for 
platforms that allow citizens to coordinate in view of addressing societal challenges. Embedding 
insights from Network Science, ICT and semantic technologies, one must target the development of 
self-provided, data driven and independent tools that allow the emergence of collective opinion and 
action. A major challenge in this respect is to promote self-awareness of groups and individuals while 
protecting privacy. 
 
 Beyond the construction of social objectives, Global System Science can contribute to their 
implementation by increasing knowledge about the socio-economic impact of policy, awareness 
about the impact of individual behavior. At least two fields are wide-open in this area:  the 
development of our perceptive capacities of the socio-economic system thanks to appropriate data-
mining tools, the reconciliation of  economics and simulation in order to develop models of economic 
systems at a scale which is consistent with social reality.  
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4 Concepts  and theory building . An example . 
 

4.1 Uncertainty quantification  
 

Henry Wynn  

 
Uncertainty quantification (UQ) can be seen as one of the newest of the series of encompassing 
themes of the last three decades which have an underlying stochastic nature. The quality 
improvement revolution came to the fore in the early 1980 as response to the competitive edge that 
Japan had gained by selling high quality goods into the US and European markets. The next big theme 
was risk, given an extra boost by threats from disasters of one kind and another various events that 
may affect populations on a large scale: climate change, financial crises, infectious diseases, 
geopolitical risk, and so on. UQ is close to risk, and perhaps one can be seen as containing the other, 
and maybe risk is just the negative of quality. 
 
The special feature of UQ seems to be the realization of the dependence of decision making on large 
scale modeling. Climate change is a canonical example, but also engineering: think of the sheer 
complexity of the modeling that goes into the design of a new aero engine. 
In fact, if there is discipline that started UQ it is engineering or applied mathematics. A list taken from 
the web in the start-up discussion for the new Journal on Uncertainty Quantification includes 
 

¶ Code verification 

¶ Model validation and estimation of structural model error 

¶ Computational error estimation for numerical solutions, e.g., a 

¶ posteriori error analysis 

¶ Data assimilation and model calibration 

¶ Detection and forecasting of high-impact, rare events 

¶ Emulation of computer models and dimension reduction 

¶ Inference with complex multiscale, multiphysics models 

¶ Representation of uncertainty and error, and integration of 

¶ different types of uncertainty, e.g., parameter uncertainty, 

¶ numerical error, and structural model error 

¶ Inverse problems, decision making and optimization under uncertainty 

¶ Treatment of high-dimensional spaces 
 

The absence ƻŦ ǘƘŜ ǿƻǊŘǎ άǎǘŀǘƛǎǘƛŎǎέ ƻǊ άǇǊƻōŀōƛƭƛǘȅέ ƛǎ ǎǘǊƛƪƛƴƎΣ ōǳǘ ƛǎ ǊŜŎǘƛŦƛŜŘ ƛƴ ƭŀǘŜǊ ǾŜǊǎƛƻƴǎΦ Lǘ ƛǎ 
also notable that that SAMSI, the Statistical and Applied Mathematics Sciences Institute, which was 
set up, idealistically, to provide an interface between tƘŜ ǘǿƻ ŘƛǎŎƛǇƭƛƴŜǎΣ ƘŀŘ ŀ ǿƘƻƭŜ ȅŜŀǊΩǎ 
workshop on UQ recently in 2011-12 [1]. Although the area is wide we can attempt a classification. 
 
Sources of uncertainty. 
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Much is made about different sources of uncertainty: model uncertainty, parameter uncertainty, 
observation error and so on. And a distinction is made, between objective and subjective uncertainty 
with the somewhat pompous terms aleatoric (statistical, empirical) and epistemic (knowledge) 
uncertainty. We will not dwell too much on all these distinction here see [3]. 
 
Sensitivity analysis. 
 
This is probably the most universal method of UQ. For computer modeling, particularly finite element 
modeling in engineering, it has a formal meaning as the (partial) derivatives of the output with 
respect to an input or internal parameter. For example this might measure the first order effect of a 
ǎȅǎǘŜƳΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ŎƘŀƴƎŜ ƛƴ ŀ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘȅΦ {ǳŎƘ ǇŀǊǘƛŀƭ ŘŜǊƛǾŀǘƛǾŜǎ Ŏŀƴ ōŜ ŎƻƳǇǳǘŜŘ ǿƛǘƘ 
special methods such as the adjoint method to enable the derivatives to be output at the same time 
as solving for the absolutely output level. The most used method to use pure Monte Carlo (MC): 
randomly changing the inputs or parameters and analyzing the output. Various less costly quasi-MC 
methods of generating input configurations are used such as Latin Hypercube Sampling and low-
discrepancy sequences (Sobol, Halton, nets etc). These methods can be capture under the terms 
error propagation. 
 
One of the most useful methods is that of Sobol indices. These are derived from a form of functional 
analysis of variance, very similar to traditional analysis of variance in elementary statistics, except 
that summation is replaced by integration. The marginal effect of all except k variables is integrated 
out, for various k and various choices of variables [2]. 
 
Polynomial chaos expansions and stochastic simulation 
 
One concern or critique which has led to the growth of UQ is the fact that much scientific modeling 
has historically be deterministic: there was no probability in the input-output equation y = f(x). A 
major attempt to rectify this has been stochastic finite element methods where a stochastic element 
where a serious attempt is made to model randomness. These are either extrinsic in which only the 
input and/or the output are affected or intrinsic in which the mechanism to express randomness is 
built into the actual solver. The best know method is that of polynomial chaos expansions (PCE) 
which are, briefly, polynomials in Gaussian random variables. To obtain the coefficients of the 
expansions, whether they are used extrinsically or intrinsically great attention is paid to integration 
ŀƴŘ ǘǊŀŘƛǘƛƻƴŀƭ Dŀǳǎǎƛŀƴ ǉǳŀŘǊŀǘǳǊŜ ƻǾŜǊ ǎǇŜŎƛŀƭ άǎǇŀǊǎŜ ƎǊƛŘǎέ ŀǊŜ ǳǎŜŘΦ 
 
Both the computer experiments (see below) and the methods of the last paragraph are not very well 
adapted to situation when the quantities being simulated are discrete (counting) variable when, say, 
multinomial or Poisson processes may be more appropriate. There are branches of simulation such as 
discrete event simulation which deserve more attention from a stochastic view-point. 
 
Inverse problems 
 
This is a huge area and, again, has an applied mathematics heritage. The basic aim for a system y = 
f(x) the task is to invert to the input x-space from some behaviorof the output space. A canonical 
example is to find the x-ǾŀƭǳŜǎ ŦƻǊ ǿƘƛŎƘ ȅ ƭƛŜǎ ƛǎ ǎƻƳŜ ǊŜƎƛƻƴ wΦ ¢Ƙǳǎ w ŎƻǳƭŘ ōŜ ŀ άǎŀŦŜ ŘƻƳŀƛƴέ ƛƴ ŀ 
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reliability problem, an extreme value of y in some risk-related area, some design specification target 
or tolerance region and so on. In a nuclear accident one may not have measured the true release of 
radioactive material but can estimate it from the later air or ground readings. In radar one may be 
able to see around obstacles by recreating the image even when it is not in a direct line. This is very 
ƳǳŎƘ ǊŜƭŀǘŜŘ ǘƻ ƛŘŜŀ ƻŦ ŦƛƴŘƛƴƎ ŀ άōƭƛƴŘ ǎƻǳǊŎŜέ ƛƴ ǎƛƎƴŀƭ ǇǊƻŎŜǎǎƛƴƎΦ Lǘ ƳƛƎƘǘ ōŜ ŀǊƎǳŜŘ ǘƘŀǘ ŀƴȅ 
estimation (identification) is a type of inverse problem. Uncertainty arises because of the intrinsic 
difficult of inversion, model inadequacy and because there will often not be an oracle to verify the 
answer. 
 
Computer experiments 
 
There is a host of issues relating to the accuracy of models. A very serious issue with large scale 
modeling is that large models are slow to run. If in addition to the basic modeling one needs to add a 
layer of secondary analysis, sensititivity analysis, inversion etc then, it then size may be prohibitive. In 
climate change change, for example a single experiments may take weeks. The cost pressures in time 
and resources leads to a search for simpler but effective surrogate models. This motivated the area of 
computer experiments in which interpolators are fitted to computer models using statistical 
ǇǊƛƴŎƛǇŀƭǎ ƻŦ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴ ŀƴŘ ŀƴŀƭȅǎƛǎ ώпϐΦ ¢ƘŜǎŜ άŜƳǳƭŀǘƻǊǎέ Ŏŀn be used to carry out any of 
the UQ methods that may have been computational difficult on a more complex and slower 
computer model. This raises the whole issue of which level of resolution of a model provides a good 
trade-off between cost and accuracy. At its simplest one may model in a very elementary way just to 
find out which inputs affect which outputs, a technique often referred to as screening. More 
advanced, subspace methods in various fields from classical principal components to modern 
machine learning methods have the same motivation. 
 
Risk and Robustness 
 
As mentioned, UQ and risk are close in spirit. Risk issues arise, perhaps more, in the case where 
models are used for decision support or, to use another well known terminology, as part of a decision 
support system. Satisfactory is that one can formulate utilities so that negative utilities are losses and 
expected utilities losses are risks. Ideal is that the uncertainty, whether subjective or objective or 
both, can also be captured in this way. Several areas combine the absolute level with the uncertainty 
about the level. Thus a good stock is one with high yield and low volatility, such as in portfolio theory. 
Optimal and robust control and robust design seek to keep on target while minimizing variability. 
These are hard problems precisely because the modeling must take into account the variation in the 
natural environment where the mechanism of interest (share, product etc) must operate. The notion 
of robustness is key. 
 
Risk is a cornerstone of modern statistical theory under the banner of Bayesian methods. There the 
framework of utility is used in the first instance to gauge how well a statistical procedure, such as 
estimation or testing a hypothesis is performing. A great advantage of the methods is their ability to 
update a judgment of uncertainty with objective data, via the celebrated Bayes theorem. 
Importantly, the methods also apply outside formal statistical methods to cover any action which 
may be taken on the basis of the data, not just the statistical modeling actions. Interestingly, 
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Bayesian methods have made great use of advanced Monte Carlo method to perform the necessary 
conditioning and integration which are part of the machinery. 
 
Non-standard methods or representation 
 
Whether Bayesian or more classical in the use of statistical methods in UQ the underlying expressions 
of risk are based on probability theory which has a very firm foundation. However this sometimes 
considered to be too strict a framework. This applies particularly to subjective assessment. Why 
should the rather vaguer feelings that express ones half-knowledge of unknown parameter or future 
events necessarily be best expressed by probability? A number of alternatives have been suggested. 
The two best known are fuzzy logic in which membership of a class becomes to key indicator and 
leads to a special way of manipulating sets and upper and lower probabilities which, as the title 
indicates, give upper and lower set coverage probability rather than probability attach to a set. That 
is to say the sets are random rather the parameter. This method has lead to so-called Dempster-
Schafer belief functions which sit somewhat between Bayesian methods and fuzzy methods. In the 
ƘŀƴŘǎ ƻŦ ŜȄǇŜǊǘǎ ƛƴ άƳŜǘƘƻŘƻƭƻƎȅέΣ ǿƛǘƘ ǎǘǊƻƴƎ ŦƻƻǘƘƻƭŘ in philosophy and economics departments, 
there are many extensions of these ideas, see [5]. 
 
Stochastics 
 
This is the study of stochastics processes and has been mentioned several time but deserves it own 
section. There have been huge developments in the field and UQ cannot ignore them. The largest 
advances has been made within financial mathematics which has lead to a microcosm of UQ and 
where we have seen many of the pitfalls played out. Thus, there is a hazardous and difficult to 
describe economic environment into which advanced mathematical models have been led and which 
have sometimes and catastrophically been found wanting. The risks have been huge. None of these 
failures say that there is anything wrong with the mathematics and, indeed, there have been great 
successes: martingales and asset pricing theories, large deviations, extreme value theory, copulas and 
various theories of risk. The UQ issues are, rather, about model validity, scope, timeliness etc all 
connected with the gap between model and reality. 
 
Big models, big data, big risk 
 
It is difficult to keep up with the sheer volume of activity arising fom access to very powerful 
computers, very extensive data collection, and very large computer models. To make matters even 
harder a long term debatŜ ƛǎ ǘŀƪƛƴƎ ǇƭŀŎŜ ōŜǘǿŜŜƴΣ ǘƻ Ǉǳǘ ƛǘ ƴŀƛǾŜƭȅΣ ǘƘŜ άƳƻŘŜƭŜǊǎέ ǘƘƻǎŜ ǿƘƻ ǘƘƛƴƪ 
that science proceeds by careful data collection via designed experiments and model validation and 
ōȅ ǿƘŀǘ ǿŜ Ƴŀȅ Ŏŀƭƭ ǘƘŜ άōƛƎ Řŀǘŀ ŜƳǇƛǊƛŎƛǎǘǎέ ǿƘƻ ŀǊŜ ƘŀǇǇȅ ǘƻ ƎǊƻǿ ƳƻŘŜƭǎΣ ŀǎ one might a field of 
wild flowers, from the data. For the former the latter are simply unscientific, for the latter the 
modelers are close-minded luddites. Of course, this is just a re-hashing of an old debate which goes 
back to Francis Bacon versus Aristotle: induction versus deduction etc. But these matters will have a 
profound effect on UQ. We see it in climate change: huge deterministic models based on physical 
principals in battle with real weather data. 
One positive benefit of the debate is that the large volumes of data, such as from social networks, is 
leading to new types of model based on mathematical foundation rather different from the big 
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models from engineering which are often based on partial differential equations. These structures 
are more discrete: graphs, networks, combinatorics, geometries, ideas of complexity and hierarchical 
models of various kinds. It is exciting that geometry, algebra and topology, usually considered as part 
of pure mathematics are now being brought to bear on the emergent features in large data sets. 
These also have a stochastic side such as random graph theory. 
 
Conclusions 
 
We briefly summarize some key points 

1. UQ is close to risk as an area whenever there is a decision aspect 
2. Sensitivity analysis of some kind is critical 
3. The range of model types that UQ will need to cover is increasing and should include a 

stochastic elements 
4. Much can be learned from simpler surrogate models 
5. Bayesian methods are valuable but other non-standard methods are useful. 
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4.2 Prediction: Function and Limits  

 
Introduction  

 
J. Doyne Farmer  

 
The question of how much can be predicted using GSS is a matter of considerable debate. On one 
side are those who think that by their very nature complex systems are unpredictable, that forecasts 
are necessarily inaccurate, and focusing on prediction is a waste of time. On the other side are those 
who feel that, without the discipline of making quantitative predictions, it is difficult to distinguish 
good science from nonsense. 
¢ƻ Ǉǳǘ ǎƻƳŜ ǇŜǊǎǇŜŎǘƛǾŜ ƻƴ ǘƘƛǎ ŘŜōŀǘŜ ƛǘ ƛǎ ǿƻǊǘƘ ƴƻǘƛƴƎ ǘƘŀǘ ǘƘŜ ǿƻǊŘ άǇǊŜŘƛŎǘƛƻƴέ ƳŜŀƴǎ Ƴŀƴȅ 
ǘƘƛƴƎǎ ǘƻ Ƴŀƴȅ ǇŜƻǇƭŜΦ {ƻƳŜ ƳƛƎƘǘ ƛƴǘŜǊǇǊŜǘ ƛǘ ǘƻ ƳŜŀƴ άŀŎŎǳǊŀǘŜ ǇǊŜŘƛŎǘƛƻƴέΣ ƛƴ ǘƘŜ ǎŜƴǎŜ ƻŦ 
celestial mechanics, while a seasoned forecaster might interpret it to mean far weaker forms of 
prediction. It is perhaps important to stress that prediction is often (perhaps even typically) not about 
ǘŜƳǇƻǊŀƭ ǇǊŜŘƛŎǘƛƻƴ ƛƴ ǘƘŜ ǎŜƴǎŜ ƻŦ bŜǿǘƻƴΩǎ [ŀǿǎΣ ōǳǘ ǊŀǘƘŜǊ ŀbout understanding relationships 
between different quantities, which may not have any specified temporal relationships. A good 
example being the ideal gas law, which simply states that at a given temperature pressure and 
volume are inversely related. The ideal gas law says nothing about how pressure or volume will vary 
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in time, but rather it allows us to compress information because if we know the pressure, we can 
then predict the volume. 
 
Indeed, according to standard results in machine learning and statistics, the problems of prediction, 
data compression and noise reduction are equivalent. This is not surprising -- if it is possible to 
compress data, then it means that it is possible from a subset of the data to predict the remainder. 
From a quantitative view a model is useful only insofar as it compresses data, and thus any useful 
model has at least some predictive power. 
 
Of course, it can be difficult to quantify the predictive power of a qualitative model. For example, 
most people have models of their close friends, which allow them to predict how they will respond in 
a given situation -- indeed we all use such models for people in general to avoid socially unacceptable 
behaviour. Such models are essential, but their value is hard to quantify. 
 
One of the reasons why GSS has so much potential is that it offers us the possibility to make better 
predictions, at least in the more general sense discussed above. 
 

9ƴŘ ƻŦ 5ƻȅƴŜΩǎ CŀǊƳŜǊ ŎƻƴǘǊƛōǳǘƛƻƴ ƘŜǊŜ 
 
Market Prediction  
 
By Armin Haas 
 
Hayek is famous for his hypothesis that a market is a very efficient device for collecting and 
aggregating dispersed information. In recent decades, the idea of using the wisdom of crowds for 
predicting the outcome of various events or processes spread. The best-known examples are markets 
for predicting election results.  

The idea of setting up artificial markets for predicting the outcome of social processes has a long 
history. Nearly 150 years ago, betting markets were organised for predicting the outcome of U.S. 
presidential elections. On these markets, contracts were defined for each candidate, which paid off a 
fixed dollar amount in the case of the winning of this candidate. All other contracts of the non-
winning candidates would pay zero. These contracts were traded on betting markets. The amounts 
invested in these markets were enormous. The maximum was reached in 1916 with $165 million (in 
2002 $), which was twice the total spending on the election campaign (Rhode & Strumpf 2004). 

Rhode & Strumpf (2004) analysed US presidential elections between 1868 and 1940 and found very 
successful betting markets with a remarkable forecasting performance although the information via 
media was relatively sparse compared to today. In one case, only, the favoured candidate ς one 
month before election ς was not the winner.  

With the rise of polling, these markets became out of fashion. Only in 1988, a modern prediction 
market was conducted for the 1988 U.S. presidential elections (Forsythe et al. 1992). As this market 
performed remarkably welƭΣ ƛǘ ƎŀǾŜ ǊƛǎŜ ǘƻ Ƴŀƴȅ ƳƻǊŜ ƳŀǊƪŜǘǎ ǳƴŘŜǊ ǘƘŜ ƭŀōŜƭ ƻŦ άǇƻƭƛǘƛŎŀƭ ǎǘƻŎƪ 
ƳŀǊƪŜǘǎέ ǘƘŀǘ ǎƘƻǿŜŘ ƎƻƻŘ ǊŜǎǳƭǘǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘǊŀŘƛǘƛƻƴŀƭ ǇƻƭƛǘƛŎŀƭ ŦƻǊŜŎŀǎǘǎ ό.ŜǊƭŜƳŀƴƴ ϧ {ŎƘƳƛŘǘ 
2001). The good performance of political stock markets induced the spread of the concept of 
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prediction markets to topics as diverse as macroeconomic risks, product marketing, political 
instability, and military success (Fucik, 2010). 

Typically, prediction markets concern outcomes that can be observed in rather short time, which is 
necessary in order to determine the pay off of the contracts traded on these markets. Fucik (2010) 
suggested setting up prediction markets for events in the far future, like the outcome of climate 
change in 2100. The Potsdam Climate Exchange (PCX) is a platform for experimenting with such 
innovative prediction markets (http://www.potsdamclimateexchange.org).  
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4.3 An Example of  Theory  Building : Cities  
 

Michael Batty & Denise Pumain  

 
In examining new theories of urban systems, we consider that we should divide our potential 
research directions into a concern for inter-urban location and interactions in systems of cities, and 
then focus on what happens in terms of locations and interactions within the city system, in the intra-
urban context. To an extent this reflects the way research has developed over the last half century, 
and we intend to relax this distinction in this research by examining the extent to which common 
theories can apply to this range of spatial scales. Moreover the dynamics in cities and in systems of 
cities is somewhat different in that systems of cities increasingly display a global dynamics while 
single city systems have their own competitive forces. The challenge of course in global systems 
science is to figure out the extent to which a global dynamics involving all cities influences what goes 
in in individual cities. This would lead to an integration of inter-urban and inter-urban theories. 
 
4.3.1 Systems of Cities  
 
Since their emergence a few thousand years ago cities were always a specific way of inhabiting the 
earth by connecting places of diverse capacities and resources enabling a reduction of local 
uncertainties through exchanges of goods, persons and information. The territories and the networks 
they irrigated became on the whole larger and larger in scale during history with increasing intensity 
and frequency of exchanges that at the same time rendered individual cities more and more 

http://www.potsdamclimateexchange.org/
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interdependent of each other. When observed in consistent territories as nations for instance, these 
άǎȅǎǘŜƳǎ ƻŦ ŎƛǘƛŜǎέ ǎƘŀǊŜ ŎƻƳƳƻƴ ǇǊƻǇŜǊǘƛŜǎ ƛƴ ŘƛŦŦŜǊŜƴǘ ǇŀǊǘǎ ƻŦ ǘƘŜ ǿƻǊld, mainly a strong 
hierarchical differentiation from a large number of small towns to a few huge metropolises; a 
functional specialization following the uneven location of resources and historical path development 
of places; and a pattern of growth rates that are distributed almost evenly in territories having 
homogeneous conditions of demography and economy. As since a few decades the upper part of the 
urban hierarchies of different countries as well as a few specialized cities become more and more 
engaged in a variety of exchanges through globalization networks, new challenges appear for policies 
aiming at monitoring the development of this expanding global system of cities. The first one is the 
growing divergence between urban hierarchies where cities are ranked by their population and the 
one where they are ranked according to their GDP: as the highest accumulations in production value 
and income are still concentrated in the major urban nodes of developed countries that have finished 
their urban transition, the major cities of tomorrow in terms of population concentration are already 
observed in emerging countries, especially in China, India and Africa with many cities of 
unprecedented sizes (many of them above twenty or thirty million inhabitants) and huge 
conurbations (megalopolises) concentrating from fifty to hundred million inhabitants in a continuum 
of urban settlements; a second challenge is about how these cities may accommodate in decent 
living conditions and working places the millions of rural workers and new urban citizens who will 
arrive in mass in the cities without increasing too much the already considerable intra-urban social 
inequalities; a third challenge is linked to the pressure exerted on planetary environment by this 
unprecedented urban growth through resource and energy consumption at world scale. 
 
If the urban dynamics and processes are comparable today all over the world, the qualitative form 
and structure as well as the cultural aspects are still very different according to the region, because of 
the strong historical path dependence effect in the dynamics of systems of cities: for instance, Asian 
cities are ten times more compact than European ones and twenty times more than North American. 
As there exists nothing like any optimal city size or form, different solutions have to be invented (and 
many already are) for meeting locally these global challenges. There is indeed a need for a variety of 
urban realizations that can share the same objectives but perform better adaptation by contributing 
to maintain the urban geodiversity. This intrinsic value of the variety of urban settlements is not only 
linked to maintaining the urban heritage for touristic, geomarketing or patrimonial reasons but as 
well for preserving the global capability of further urban evolution. 
 
Challenges for research at the scale of systems of cities are at first in developing consistent data 
bases for worldwide comparisons. This is indeed a huge task considering the diversity of urban 
definitions and plurality of local systems of administration and governance that make all 
quantification of urban facts a tedious although necessary exercise (still even inside Europe!). The 
ƴŜǿ ǎǘƻŎƪǎ ƻŦ άōƛƎ Řŀǘŀέ Ƴŀȅ ōŜ ƘŜƭǇŦǳƭ ōǳǘ ƘŀǾŜ ǘƻ ōŜ ǘŜǎǘŜŘ ŀƴŘ ƛƴǘŜǊǇǊŜǘŜŘ ǘƘǊƻǳƎƘ ŎƻƴŦǊƻƴǘation 
ǿƛǘƘ ƻǘƘŜǊ ƳƻǊŜ άŎƭŀǎǎƛŎŀƭέ ǎƻǳǊŎŜǎ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴΦ 9ǎǇŜŎƛŀƭƭȅΣ ǘƘŜ ǎǘŜǇ ƛŘŜƴǘƛŦȅƛƴƎ ǊŜƭŜǾŀƴǘ ƭƻŎŀƭ 
urban entities (i.e., the spatial envelope of daily urban activities for a majority of urban citizens) is 
absolutely necessary for modeling in a correct way the dynamics of systems of cities. Second, 
dynamic modeling of systems of cities is necessary for envisaging plausible predictions of the future 
of these open and heterogeneous systems. Knowing the numerous short term fluctuations and the 
several decades duration of trends in the trajectories of individual cities, a reasonably long span of 
time is required for observing and modeling their dynamics. New models that would link the urban 
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and economic growth with scenarios of energy and resource consumption and pollution emissions at 
continental and global scales are necessary for improving these predictions. Obviously, their 
construction requires the collaboration of different sciences that are too rarely connected, including 
all social sciences, engineering, ecology and climatology as well as complexity sciences. Finally, the 
development of global networks has to be analyzed through a close comparison of their local 
anchoring and transnational expansion, together with international regulations. 
 
4.3.2 The City  System  
 
Cities are highly structured spatially usually with a predominant core around which land use and 
economic activities are differentiated according to the extent in which different types can output one 
another for access to the central core, which is often the most accessible point in the city. This 
differentiation can be reflected in concentric zones of various land use types where their density and 
the prices or rents that they can command vary inversely with distance from the centre which is 
usually called the central business district in the modern city. This idealised pattern is explicable in 
terms of a basic model of the urban economy where land use agents maximize their spatial utility 
subject to various budget constraints. In fact the patterns that we see in real cities can be 
considerably distorted from this ideal type and in the last fifty years, the core of the city has 
dispersed with new centres, sometimes called edge cities, appearing within the urban fabric thus 
producing a polycentric spatial organization, which in turn is further complicated by single cities 
joining together in terms of ever larger agglomerations. 
 
The various theories that explain these phenomena have been developed over the last fifty years and 
are cast within a systems approach in which the various components of the city are tied together my 
flows of goods and people which in turn have been modelled using various gravitational relationships 
in which scaling laws are implicit. Many of these approaches however assume that cities are in 
equilibrium and thus more recently there has been a major effort to cast the development of urban 
structure in a dynamic framework, drawing from complexity theory which enable the evolution of 
city forms from the bottom up. Ideas from automata and fractals form the essence of various new 
simulation models of cities that have been developed. 
 
The key problem for explaining how individual cities are influenced spatial in terms of their functions 
and interactions in a global world, is how activities taking place globally influence local spatial 
locations. In large cities, sometimes called world cities, with a large proportion of global financial 
services, decisions made globally impact the local structure and the challenge is to explain and 
produce local differentiation in urban structure as a function of their position in the global hierarchy. 
In short, we urgently require our models to be generalized to take account of the multifarious 
network of global flows involving information, trade, and migration as well as differences in local 
culture and political practice. 
 
The key challenge then of global systems science is to generate new models of how individual cities 
which exist in a series of hierarchical systems of cities all the way from the regional to the global 
level, are able to function interdependently with the differentiation that originally took place within 
individual cities now talking place at multiple levels of hierarchy across the globe. To explain and 
more importantly to predict the global urban future, we need to employ the many new insights in 
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network theory, migration theory, input-output modeling of various kinds, in scaling which focuses 
on the shape and size of cities in this hierarchy, and the way in which city systems evolve towards 
new forms with new problems that traditional styles of planning and management have dealt with. In 
fact we need new forms of planning to address the many problems that a global distribution of cities 
implies, involving questions of aging, migration, relative differences in income and GDP and a whole 
host of global problems that are evident at the scale of cities. One challenge is to find new agencies 
who command the political support to address cities that straddle national boundaries and new 
institutions of planning are needed to address the challenge of the global city. 
Only by employing the tools of global systems science can we get to grips with the problems of the 
global city. In particular, this program will develop new models which will address the 
interdependencies between cities at the world scale, examining how changes in flows which in turn 
are manifested in networks can give rise to structural change which in turn can generate crises of 
migration, trade imbalances, and population growth and decline. We need to build models that 
enable the new properties of the global city system to be reflected in their predictions and we need 
these models to enable us to predict distinct bifurcations and catastrophes in the evolution of the 
global system in terms of cities. This is particularly relevant for Europe because the European system 
of cities is still fast developing with cities finding new roles within the Community and of course 
relating more general to other regions of the world in terms of their specialization and urban growth. 
New urban models enabling such predictions should take account of new ideas pertaining to the 
smart city and of course new data sources (big data) but should be built around the notion that other 
themes and perspectives in the GSS programme involving economic and climate science should be 
reflected in the global urban landscape whose cities represents the key points where such challenges 
an crises work themselves out. 
 
4.3.3 Employing GSS to Establish a Science of Cities  
 

Colin Harrison  

 
It is a central belief of western civilization that we are capable ultimately of understanding the world. 
Our understanding is not, at any given moment complete, but exists to a certain degree. Moreover 
we believe that this degree will improve over time. 
I am mindful of watching a BBC documentary at home with my father in the early 1960s. At that time, 
the UK weather forecasting was based on observations and measurements from a number of 
weather ships stationed well off the coasts in the Channel, the North Sea, the Atlantic, the Irish Sea, 
and so forth. The BBC programme was about some British scientists who had the heretical idea that 
they could use computers to forecast the weather. My father, who was not a particularly religious 
man, was outraged, since as he believed, the weather was whatever God chose to send. 
 
Indeed in the beginning computer-based weather forecasting was worse than the forecasts based on 
the weather ships. But this was a great age of science and engineering and in the coming years the 
weather ships were complemented and finally replaced by satellite observations, by balloon sondes, 
by Doppler radar, and by hundreds of mainland weather stations networked with dial-up modems. 
The power of scientific computers grew dramatically enabling them to deal with ever greater 
amounts of meteorological data and even more complex physical models of the air, the land, and the 
sea. So more data and more computing power begat better models and better models begat better 
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meteorological science and altogether they begat far better and higher resolution forecasts. Thus 
today the 5 day forecast is highly accurate and even the two week forecast is valuable to many 
purposes. 
 
And so weather forecasting was added to the long list of areas of the world that were once viewed as 
beyond human understanding and yet have proven to be understanding at levels that are not 
complete or perfect, but that are nonetheless useful. Others include the solar system, the ultimate 
constituents of matter, the many systems of the human body, and so forth. 
 
We find ourselves today in somewhat the same position as those computing pioneers of weather 
forecasting. Our weather ships, if one may equate Jane Jacobs provisionally to a weather ship, are 
being complemented by floods of information from a vast array of sensors in the natural and built 
environment, by government and industrial statistics, and by the chatter of the social networks. 
Moreover we can now draw on some fifty years of increasingly realistic and accurate methods of 
representing, visualizing, analyzing, and simulating complex natural and human phenomena. This 
body of expertise is gathered under the heading of Global System Science. 
 
We therefore feel emboldened to hypothesise that it may be possible to develop a Science of Cities 
by harnessing Global Systems Science to help us to gain insights from the floods of urban 
ƛƴŦƻǊƳŀǘƛƻƴΦ YŀǊƭ tƻǇǇŜǊ ŘŜŦƛƴŜŘ ǘƘŜ ǎǘŀǘǳǎ ƻŦ ŀ ǘƘŜƻǊȅ ŀǎ άŦŀƭǎƛŦƛŀōƛƭƛǘȅΣ ǊŜŦǳǘŀōƛƭƛǘȅΣ ƻǊ ǘŜǎǘŀōƛƭƛǘȅέ12. 
Until now this benchmark has been beyond our reach, since we had neither the means to observe, 
nor the means to structure (taxonomy) and analyse (test) our hypotheses. But the advent of the 
Internet of Things and more specifically Smart Cities brings us within grasping distance of the 
benchmark of a Science of Cities. 
 
Why should we want a Science of Cities? Because by the end of the 21st century the vast majority of 
human beings will live in urban rather than rural areas. In this century we will construct as much 
urban capacity as has ever previously existed on the planet. Finally the cities that we build in this 
century together with those already existing will probably serve global society for many centuries. It 
is time that we had a Science of cities to enable us to get the design, construction, operation, and 
management of our Cities right so that all citizens, wherever they may live, may have the best 
opportunity for a safe, healthy, prosperous, and sustainable life. 
 
Hypotheses 
 
The problems that GSS proposes to attack across all domains are (relatively) old, of very large scale 
and complexity, are due in large part to human behaviour, and cross many academic disciplines. That 
they have not been solved already is not for want of intellectual effort. A central question that GSS 
must address therefore is why it expects to succeed where so many other methods have failed. We 
give here a number of hypotheses that a GSS research programme must test. 

1) GSS provides methods and perspectives that will allow discovery and definition of formal 
descriptions όǘȅǇƻƭƻƎȅΣ ǘŀȄƻƴƻƳȅΧύ ƻŦ ŎƛǘƛŜǎΦ ¢ƘŜǎŜ ŘŜǎŎǊƛǇǘƛƻƴǎ ǿƛƭƭ ǇǊƻǾƛŘŜ ǘƘŜ ŦǊŀƳŜǿƻǊƪǎ 
for the integration of the large volume of existing knowledge about cities. This line of research 

                                                        
12 Popper, Karl, ñScience as Falsificationò, Conjectures and Refutations (1963). Found as 

http://www.stephenjaygould.org/ctrl/popper_falsification.html 
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will reveal archetypal patterns of structure and processes in cities that have hitherto been 
obscured. We acknowledge that there are many existing typologies and taxonomies of 
cities13. A similar situation prevailed in the early years of genomics and proteomics. One of the 
breakthroughs that accelerated the sequencing of the human genome was the invention in 
Information Science of methods and tools to cross map such information structures thereby 
enabling all researchers to share a much larger body of data. 

2) A crucial aspect of the challenge in Urban Systems comes from the increasing scale of cities 
with Mega-Cities such as Mexico City, Tokyo Metro Region, and Nairobi reaching 20-30 million 
people. GSS will provide a channel for integrating successful methods developed in other 
disciplines for dealing with systems of extreme complexity. For example, GSS might work in 
Computer Science on the design of information flow in large semiconductor chips, where the 
feature count today is measured in billions. The semiconductor design community has 
developed powerful tools for exploring and planning the flows of information in such complex 
semiconductor systems. We anticipate that such cross-disciplinary methods will bring much 
innovation to the application of GSS to these complex problems14. Lest it be objected that 
transistors are deterministic machines, whereas in cities we are dealing with the behaviours 
of millions of people endowed with free will, we note that that at nanoscales the properties of 
individual transistors are probabilistic and yet it is still possible to produce meaningful 
simulations of entire chips. 

3) GSS will foster a positive spiral of interaction between new theoretical structures and new 
experimental methods. The formal structures will provide the frameworks for integrating new 
information emanating from new experimental methods based on Smart City sensors, the 
Internet of Things, social media, and other novel sources of information. This is the modern 
analogue of the weather forecasting anecdote. 

4) As archetypes or references patterns emerge they can be validated across large numbers of 
instrumented cities and from this will emerge the deviations from the norm that endow 
different cities with different characteristics. GSS will begin to identify the pathology of cities, 
diagnostics to determine the pathology of a given city, and eventually methods to remediate 
under-performing cities. 

 
Point of View 

1) We consider a city to be a complex organism that is developed and exploited by its 
inhabitants in order to fulfill their lives. Specifically, we consider a city to be a metaphor for a 
biological system, such as the human body, with sub-systems that scale down to the levels of 
biological cells and atoms. The biological system contains complex infrastructures that 
interact by passing information to perform processes that produce (generally) desirable 
outcomes that serve the various needs of the system and of its external networks. The cell 
consumes resources from its environment and both produces needed synthesized materials 
as well as waste and by-products. The emerging system of systems understanding of the 
structure of biological systems motivates the development of new instrumentation and 

                                                        
13 We acknowledge the body of knowledge produced by urbanists, particularly the New Urbanists, on classifying 

patterns of urban land use and layout and this work will certainly need to be integrated into these studies. However, we 

think here more broadly in terms of a wide variety of structural and functional taxonomies and typologies. 

14 Rentôs Rule, see http://en.wikipedia.org/wiki/Rent%27s_rule. Rentôs Rule falls within Network Theory and 
describes hierarchical relationships between entities that seek to communicate and the types of networks that connect them. 

While it origins go back to the 1960s, it is still releant to the design of modern chips that include several billions of features. 

http://en.wikipedia.org/wiki/Rent's_rule
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experimental method and contributes to the direct understanding of how the biological 
system works. For many centuries most people did not believe that we would ever 
understand how the human body works and indeed there is still much to learn. Many had 
attempted to understand just the circulatory system, but disagreement reigned until the 
experiments of William Harvey proved that the blood flow through the heart and the lungs 
into the arterial and venous systems and returns to the heart. 
By the early 20th century much was understood about mammalian cells, about the <types of 
molecules> found in them and the many thousands of varieties of cells. But the 
instrumentation did not exist until the 1950s and 1960s to begin to discover the architectures 
of cells and even more recently to begin to enumerate the many biochemical processes that 
regular individual cells and in turn influence the regulation of the whole body. We find 
ourselves today suddenly blessed with new instrumentation and new methods for discovering 
the archetypal structures of cities and the processes by which they regulate themselves. 

2) In this analogy, we consider cities to be complexes of natural and built infrastructures. These 
infrastructures support processes that are combined by the inhabitants to perform their 
desired or delegated tasks. We may call these processes Urban Systems or components of 
Urban Systems. The discovery and formal description of the archetypal patterns of 
infrastructures and the resulting Urban Systems are a central goal of Global Systems Science 
in this domain. 

3) The exploitation of these processes consumes raw or processed resources that are extracted 
ŦǊƻƳ ǘƘŜ ŎƛǘȅΩǎ ƴŀǘǳǊal environment, synthesized from such raw resources, or imported from 
ǘƘŜ ŎƛǘȅΩǎ ǘǊŀŘƛƴƎ ƴŜǘǿƻǊƪΦ ¢ƘŜ ŜȄǇƭƻƛǘŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎ ŀƭǎƻ όƎŜƴŜǊŀƭƭȅύ ǇǊƻŘǳŎŜǎ ǿŀǎǘŜ 
or by-ǇǊƻŘǳŎǘǎ ǘƘŀǘ ŀǊŜ ǇŀǎǎŜŘ ǘƻ ŀƴƻǘƘŜǊ ǇǊƻŎŜǎǎΣ ŘƛǎŎƘŀǊƎŜŘ ƛƴǘƻ ǘƘŜ ŎƛǘȅΩǎ ƴŀǘǳǊŀƭ 
enviǊƻƴƳŜƴǘΣ ƻǊ ŜȄǇƻǊǘŜŘ ǘƻ ǘƘŜ ŎƛǘȅΩǎ ǘǊŀŘƛƴƎ ƴŜǘǿƻǊƪΦ ¢ƘŜ ŜȄǇƭƻƛǘŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎ 
contributes value to the Triple Bottom Line. 

4) We may visualize these processes as activities on a set of geospatial layers beginning in the 
natural environment and extending upwards to the layers of Social Systems consisting of 
cultural, economic, and social activities. There may be some hundreds of these layers, 
ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ŎƛǘȅΩǎ ŎƻƳǇƭŜȄ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀǘ ǎǳǇǇƻǊǘ ǘƘŜ ¦Ǌōŀƴ {ȅǎǘŜƳǎΦ {ŜŜ CƛƎǳǊŜ м ŦƻǊ ŀ 
simplified visual representation of this construct. 

5) In addition to resource consuming processes, cities are and always have been Information 
Processing systems that exploit this inherent human capability to create many kinds of value. 
Some Urban Systems may be (almost) purely Information Processing systems. Information 
itself contributes both directly and indirectly to the Triple Bottom Line. ICT adds to the 
inherent human capability for Information Processing many new capabilities for the capture, 
communication, and analysis of information flows within and among cities. 

6) The inhabitants use the Urban Systems by composing choices among those systems that are 
known and accessible to them to complete sets of tasks that they generate themselves or that 
are delegated to them by others, perhaps as part of a job. 

7) The processes whereby the inhabitants individually or collectively make these decisions are 
guided by social norms, municipal policy and laws, and personal preferences. The 
establishment of these norms, policies, laws, and preferences fall outside our competence. 

8) 9ŀŎƘ ƛƴƘŀōƛǘŀƴǘΩǎ ŎƘƻƛŎŜǎ ƻŦ Ƙƻǿ ǘƻ ŜȄǇƭƻƛǘ ǘƘŜ ŀŎŎŜǎǎƛōƭŜ ¦Ǌōŀƴ {ȅǎǘŜƳǎ ŀǊŜ ƳŜŘƛŀǘŜŘ ōȅ 
flows of information and in turn generate further flows of information. In addition to intra-city 
flows of information, we consider also the inter-city flows of information that mediate trade, 
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the flow of human and financial capital as well as modulating the exploitation of the internal 
Urban Systems. These information flows, together with the formal representation of the 
infrastructures, provide a complete description of how the city works. They form a complete 
analogue of the biological cell. 

9) These factors of resources, processes, information flows, types of actors, and others can be 
studied at progressively increasingly levels of detail. As more information becomes available, 
more detail can be extracted about the structures and processes. 

10) There is a very large amount of work to be done to discover the archetypal pattern and 
ǇǊƛƴŎƛǇƭŜǎ ƻŦ ŎƛǘȅΩǎ ŀƴŘ ǘƘŜƴ ǘƻ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ ŀ ǎǇŜcific city deviates from the archetype and 
how these deviations add to or subtract from the Triple Bottom Line. As with biological 
research, the existences of a complete theoretical framework will provide motivation to 
structure and filter the large body of existing knowledge about cities and to develop and apply 
new experimental techniques that will refine and extend this knowledge. 

This Point of View leads us to a high-level process model for the application of GSS to the 
development and application of a Science of Cities as shown in Figure 2. At the heart of the model are 
the flows of information that are increasingly rendered visible through the digital media that 
represent and transport them. Across many cities of varyig typology, this information is captured, 
structured, integrated, stored, and studied for possible structural and behavioural patterns. From 
these patterns the various interested disciplines may conjecture common principles of cities and test 
these hypotheses using the experimental information to test or refute these. 
 
Goals 

1) To establish a foundation of understanding of the common and distinct features of cities 
around the world from the perspective of GSS. 

2) To establish understanding of how observable differences in the structure and operation of 
¦Ǌōŀƴ {ȅǎǘŜƳǎ ǿƛǘƘƛƴ ŀ Ŏƛǘȅ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ŎƛǘȅΩǎ ƻǳǘŎƻƳŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ǘǊƛǇƭŜ ōƻǘǘƻƳ 
line. 

3) To establish understanding of how observable differences in the structure and operation of 
Urban Systems between a city and its environmental, cultural, and economic partners 
ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ŎƛǘȅΩǎ ƻǳǘŎƻƳŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ǘǊƛǇƭŜ ōƻǘǘƻƳ ƭƛƴŜΦ 

4) To develop general diagnostic and predictive tools that can be customized and applied to 
ƛƳǇǊƻǾŜ ǘƘŜ ŎƛǘȅΩǎ ƻǳǘŎƻƳŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ǘǊƛǇƭŜ ōƻǘǘƻƳ ƭƛƴŜΦ 

5)  
 
Programme of Applied GSS Research on Urban Systems 

1) To identify a typology of cities in terms of their size, GDP, or other global characteristics, 
leveraging prior research studies in Urbanism. 

2) ¢ƻ ƛŘŜƴǘƛŦȅ ŀ άǇƘȅǎƛƻƭƻƎȅέ ƻŦ ŎƛǘƛŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ƻōǎŜǊǾŀōƭŜ ¦Ǌōŀƴ {ȅǎǘems phenomena and that 
shows the common features with a given typology, including types of network structures 
found. 

3) ¢ƻ ŘŜǾŜƭƻǇ ǘŀȄƻƴƻƳȅ ƻŦ ¦Ǌōŀƴ {ȅǎǘŜƳǎ ǘƘŀǘ ŜƴŀōƭŜǎ ŀ ŦƻǊƳŀƭ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ŀ ŎƛǘȅΩǎ 
infrastructure in terms of a stack of GIS layers representing different aspects of its natural and 
built environment and so forth as shown in Figure 1. 

4) To develop increasingly detailed descriptions of the hierarchies of processes that exploit the 
resources and sub-processes of these layers to produce Urban Systems and to define a 
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programme for the progressive aggregation, integration and development of various kinds of 
simulations at various scales. 

5) ¢ƻ ŘŜǘŜǊƳƛƴŜ Ƙƻǿ ǘƘŜ ŎƛǘȅΩǎ ƻǿƴ ¦Ǌōŀƴ {ȅǎǘŜƳǎ ƛƴǘŜǊ-connect with those of its network of 
trading partners and to develop archetypal patterns of information flows among cities. 

6) To refine from these observations archetypal patterns of infrastructures, resources, and 
processes that represent an idealized city or sets of such patterns that can cover the observed 
typology of cities. 

7) To apply the patterns and principles emerging from the above work to create common but 
ŎǳǎǘƻƳƛȊŀōƭŜ ǘƻƻƭǎ ŦƻǊ ƳŀǇǇƛƴƎ ŀ ƎƛǾŜƴ ŎƛǘȅΩǎ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜǎΣ ǊŜǎƻǳǊŎŜǎΣ ŀƴŘ ǇǊƻŎŜǎǎŜǎ ǘƻ ǘƘŜ 
archetypal patterns and to analyse how and why the city deviates from these patterns. 

8) To describe the pathology of these deviations and determine how they improve or impair the 
short- and long-term performance of the city in terms of the Triple Bottom Line. 

9) To explore new theories of city governance based on insights from integrated systems studies 
with special focus on governance of Mega-Cities. 

10) To inter-connect these GSS models of Urban Systems with other applications of GSS, for 
example in climate, energy, and finance. 

11) To extend GSS itself by learning from these application to Urban Systems. 
 
 
 
 

 
Figure 1: One way to visualize the organic structure of a city is as sets of activities on a large (order of 
100s) set of GIS layers. These layers extend from the Natural Environment up to the Social Systems. 
Activities on all layers generally draw upon resources emanating in lower layers, pass added-value 
resources upwards and waste or by-products downwards. 
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Figure 2: An illustration of the paths to understanding that can result from a GSS perspective on 
Urban Information Flows as core indicators of the life of a city or urban region. It shows the several 
ǇŜǊǎǇŜŎǘƛǾŜǎ ό¢ŀȄƻƴƻƳȅΧΦΦ¢ȅǇƻƭƻƎȅύ ǘƘŀǘ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ Ǌŀǿ ƛƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ǘƘŜ ŘƛǎŎƛǇƭƛƴŜǎ 
and professions that can then exploit the insights produced from this approach and to create 
collectively a Science of Cities. 
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5 Towards a Research Programme for GSS  
 
 
We begin to have sound elements for a theory of global systems. These systems are multilayer 
networks whose structures change stochastically through time. A promising route of theory building 
identifies some of the nodes in those networks with human ς individual and/or collective ς agents, 
others with artefacts like buildings or computers, and still other ones with elements of the 
environment like the Himalayas or the West-Antarctic ice-shield. Human agents may belong to 
families, nations, occupational groups and other networks. Agents can die and be born, including the 
possibility that lower level agents form coalitions that operate as higher level agents. At a given 
moment in time, an agent has some goals, a limited perception of the overall system, limited memory 
of its past behaviour, an action space dependent on resources of the agent, and possibly an internal 
model of the system as a whole.  
 
The interaction between agents can then be described by means of game theory, with each agent 
playing iterated games with samples of other agents. The outcome of each iteration modifies 
perception, memory, resources and possibly goals and internal models. Agents learn both from their 
own experience and from observing others, with imitation being more frequent than individual 
learning. The topology of the overall network represents the existence of nations as well as of global 
interactions via markets and via other channels, including the global ICT structure. 
 
{ƛƴŎŜ 5ƛƧƪǎǘǊŀΩǎ ǇŀǘƘ-breaking analysis of computational systems with distributed control, much 
progress has been made in analysing the kind of networks sketched above. In particular, work on the 
evolution of conventions has shown how multiple basins of attraction can be identified and 
investigated, including transitions from one basin to another or chaotic trajectories between them. 
By means of algorithmic game theory, speeds of convergence can be estimated and compared to the 
effects of random shocks. Accepting that on actual markets goods trade at prices set by individual 
agents allows to applying this framework to market interactions.  
 
This approach can be used to study computer networks, including the internet as a whole. It can also 
be used to study other global systems, with computer networks themselves becoming possible 
models of global systems in general ς while keeping in mind the challenge of identifying the scope of 
application of models by means of suitable narratives. 
 
In developing these kinds of ideas, there is the challenge of increasing the epistemological awareness 
of the GSS community. Is this community aware of all the different contingencies and partiality of all 
different types and sources of knowledge (social sciences, mathematics, engineering) which need to 
be considered in GSS? And are we aware how this should help GSS practitioners and society at large 
to make sense of the tools that we develop and help us to get the right signals from society and from 
the other scientific community to develop such tools? This is a challenge about how we frame the 
making of GSS, and what we can expect from it.  
 
In Europe many tend to think in terms of civil society versus the state, but this may not be an 
accurate way of thinking the world today. We now live in a more knowledge-based and information 
society, so we need to focus on networks of professionals ς to avoid superstitious ways of public 
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engagement. We can do that in GSS, e.g. in medicine and health insurance. That is it is not enough to 
consider people in their role of citizens, but also as professionals. GSS then can become part of the 
toolkit used by professionals and citizens of the future to gather, organize and use the know-how 
they will need to deal with the global systems that will be pervasive elements of their lives. 
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7 GSS Workshop reports  and additional contributions  
 
 

7.1 Brief report on the Data and Models workshop on GSS  
 
On 7-8 February 2013, 20 experts were convened in Brussels to kick start a collective inquiry on long 
term perspectives of Global System Sciences with particular focus on the role of models and data. 
The workshop was the first of a short series of consultations that will contribute to shape visions and 
research challenges to inform future Horizon 2020 reflections. Digital Futures animated the 
conversation on the first day and will host the content co-created by the experts on its collaborative 
foresight platform Futurium. 
 
Introduction 
 
The European Commission's Directorate General for Communications Networks, Content and 
Technologies (DG CONNECT ) has launched the Digital Futures foresight to prepare for reflections on 
ICT-related policies beyond 2020. 
 
The project's most distinctive feature is the grassroots involvement of stakeholders to define long-
term visions (around 2040-50), anticipate possible challenges and opportunities, and generate ideas 
to inform the policy reflections that will take place in 2014 around the renewal of the European 
Parliament and the Commission. Stakeholders use the online platform Futurium to co-create the 
visions and policy ideas and attach scientific evidence to them through a library of relevant 
references 
 
An event fitting two purposes  
 
The workshop "Global System Sciences: the role of models and data", took place on 7-8 February 
2013. It was hosted by Unit C3, "Digital Science" in DG CONNECT. Thierry van der Pyl, Director 
CONNECT-C "Emerging Technologies and Infrastructures" welcomed the experts on 7 February 
morning and set the context for the Digital Futures workshop in the afternoon and for the day after. 
 
The Digital Futures conversation focused on visions and ideas for possible action, to help 
feeding the foresight content on Futurium.  
 
The meeting on 8 February went deeply on the topics and issues identified during the first day with a 
view to produce on Orientation Paper for Horizon 2020 reflections. 
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Goals of the Digital Futures conversation: 
 
1) Reflect on scientific and technological futures related to global system sciences and their 
possible policy implications.  
2) Reflect on ideas that could be offered as hints to the European Commission to underpin the 
chosen futures. 

 
After a brief "ice-breaker" session to let experts getting into a brainstorming mindset, 
the visions presented during the morning were summarised in a mind map.  
 
Key aspects of a vision for a Global System 
 
Science were initially split into four groups:  
 
1) Science and Technology 
2) Environment and sustainability 
3) Society and economy 
4) Anything that does not fit under the other groups 
 
Most of the ideas emerged around the aspects of models and data, the underlying 
scientific and technological foundations, the enabling infrastructures and the potential 
policy making applications: 
 

ω Computer Science and mathematics for interacting Informational, Techno-logical 
and Social Networks  

ω The role of uncertainty: how to communicate uncertainty in interaction 
with decision makers? 

ω The role of data: How to obtain them? How to validate them? How to sue them 
in policy context?  

 
This short session produced first elements of a GSS vision characterised by: 
 

¶  Active data collection and measurement 

¶  Policy making driven by data and evidence 

¶  Democratic decision making underuncertainty 

¶ Continuous feedback loop between perception and action at a global scale 

¶  Removed language and socio-technological barriers 

¶ Open mindedness everywhere across disciplines, communities, roles 

¶ Stakeholder involvement 

¶ New approaches to move from models to 

¶ Domain Specific Languages 

¶  Unintended behavioural models 

¶ Unprecedented levels of computational power through parallel computing 

¶ Resilience, robustness and affordable redundancy in infrastructures 
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¶ Understanding plausibility of trajectories 

¶ Established science of policies 

¶ Effective domain-ǎǇŜŎƛŦƛŎ ǇƻƭƛŎƛŜǎΣ ŜΦƎΦ ǎǳǎǘŀƛƴŀōƭŜ ŜƴŜǊƎȅΣ ŦƛƴŀƴŎŜΧ 
 

 
What do we imagine life in Europe to be like in 2050? What are the digital futures we 
imagine will allow us to co-create relevant and adaptable policies for Europe with 
citizens, member states, sectors, regions, Europe wide? 
 

 
The process was designed so that the essence of what was happening in the room was 
continually reflected back to the group as the work progressed. 
 
 
Challenges and opportunities stemming from the visions In the workshop, we then looked at the 
challenges and opportunities. Each expert was invited to write on a post-it one "challenge" and one 
"opportunity" and then to exchange their contributions with other experts to allow commenting and 
improvement. This was repeated for three rounds. 
 
The challenges and opportunities emerging from the three round interactions were 
placed on a wall and clustered around groups which were consolidated and 
structured offline: 
 
--π .ǊŜŀƪƛƴƎ ƛƴǘŜǊ-disciplinary boundaries 
--π .ǳƛƭŘƛƴƎ ǘƘŜ ǎŎƛŜƴǘƛŦƛŎ ŦƻǳƴŘŀǘƛƻƴǎ 
--π aŀƴŀƎƛƴƎ ŀƴŘ ƳŀƪƛƴƎ ǎŜƴǎŜ ƻŦ .ƛƎ 5ŀǘŀ 
--π aƻŘŜƭǎ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴΣ ƭŀƴƎǳŀƎŜǎ 
--π LƴŦǊŀǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ǊŜǎƻǳǊŎŜǎ 
--π hǿƴŜǊǎƘƛǇ ŀƴŘ ǊŜƎǳƭŀǘƛƻƴǎ 
--π D{{ ŀƴŘ ǇƻƭƛŎȅ ƳŀƪƛƴƎ 
--π Communicating GSS and engaging society 
 
The complete list of challenges and opportunities can be seen here: http://goo.gl/qWbhG . 
 
What needs to be done to achieve the visions? 
 
With the challenges and opportunities in the background, experts were invited to sit 
around tables. Two rounds of "world café" sessions took place in four small groups to 
elaborate policy ideas, including needs for  Research and innovation investments, to 
underpin the given visions. 
 
The focus of conversation was articulated around four main topics: 
 

¶ policy-making&societal challenges 

¶ languages&interaction 
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¶ expertise, models and data 

¶ foundation & science building & complexity 
 
Emerging policy ideas: 
 

¶ capacity building actions (funding of CSAs, thematic networks and exchanges) 

¶ embedding policy modelling and GSS into policy making 

¶ fostering of multidisciplinarity by Horizon 2020 funding 

¶ stimulating work on societal challenges through specific objectives in Horizon 2020 

¶ continuous work on privacy provisions in big data environments and data anonymisation 

¶ IPR and copyright solutions that do not harm collective needs as well as address the problem 
of collaborative production of such data 

¶ focus on policies (legislation and funding) that stimulate open access to data, models 

¶ and other scientific results of GSS  

¶ investment in infrastructures supporting real-time computing for policy making 

¶ increase participatory approaches to policy making (work on framework 

¶ conditions, 
 
Framing Day 2 
 
Experts were sitting together in a circle to elaborate headlines and big questions to be 
addressed on the second day.  Focus of the second day was to continue the brainstorming but 
focusing more deeply on the topics to be addressed in a possible 
Horizon 2020 context.  
 
The outcome of the discussion of day two will be an orientation paper. The first draft for commenting 
and further contribution is available at: http://ec.europa.eu/digitalagenda/ 
futurium/en/content/visionsglobal- systems-science-models-and-data 
 
Closing the brainstorming 
 
The day was wrapped up with a large circle in which everyone shared with each other what the 
workshop had meant to them and what had struck them the most. This exercise showed that experts 
were willing to share good ideas with each other in an unusual and serendipitous consultation 
setting. 
 
There was a considerable sense of participation and willing to proceed with incremental 
development towards a fully-fledged vision for GSS and the associated ideas for action. 
 
Experts co-creators 
 
The event gathered 20 participants from various disciplines related to global system sciences, 
including Commission officials. Participants were invited by Unit C3 "Digital Sciences". The attendees 
were mostly European with two participants from the United States of America. 
 

http://ec.europa.eu/digitalagenda/
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Getting involved online 
 
Digital Futures has launched an online participatory lab, the Futurium, to engage all who wish to 
participate in shaping the visions, challenges and opportunities, and in identifying the policy ideas to 
be offered as hints for the Commission's next policy framework. You are welcome to join the 
Futurium at http://ec.europa.eu/digitalagenda/ futurium/en 
 
The session was also accompanied by the Twitter backchannel using hashtag #gss13, see the Storify 
summary at:  
 
http://storify.com/katarzynasz/gss-2013-models-and-data-workshop 
 
 
 

 
Mindmap of key issues discussed (downloadable at http://ec.europa.eu/digitalagenda/ 
futurium/en/content/visions -global-systems-science-models-and-data ) 

 
 
Workshop Concept note: 
 
Public policy making, when addressing challenges such as climate change, financial crises, or 
containment of pandemics, suffers from an intrinsic difficulty: these global challenges generate 
strong interdependencies between different social, technological, and natural systems. In dealing 
with them, societies tend to address individual systems, rather than multiple interrelated systems, 
and thereby fail to achieve systemic change. 
 
The vision is to integrate scientific evidence into the social processes leading to policy decisions 
addressing global challenges. The ICT engines driving GSS are large-scale computing platforms to 
simulate highly interconnected systems to make full use of the abundance of data on social, 
economic, technological and ecological systems available today. The unprecedented in scale and 
scope of these data represents a step change in how science is able to address societal questions. 
Equally important are online social media and collaborative ICT platforms that support active 
participation of all stakeholders in the process of gathering and analysing (scientific) evidence and 
thereby in the policy process. 
 

http://ec.europa.eu/digitalagenda/


132 

 

Research Objectives as Two Complementary Strands: 
 

¶ Policy informatics ς scientific evidence-base for policy: ICT tools to provide models and data 
highly integrated across different policy sectors; 

 

¶ Societal informatics ς a society-centered science: ICT tools - presenting model results via 
games or visualising data- integrate the scientific evidence-base in the policy processes. Social 
media and participatory ICT platforms to link better stakeholders in the scientific and policy 
process. 

 
The Visions in Global Systems Science: Models and Data workshop mainly addressed 'policy 
informatics' aspects of GSS, that is the role of data and models. 
Decision makers facing global challenges increasingly use computer models, simulation as well as 
large scale heterogeneous data and try to integrate and make sense of information in order to turn it 
into knowledge available for a future course of action. There is mounting concern that even with the 
use of such simulations and models we do not know enough to make effective decisions in response 
ǘƻ Ǝƭƻōŀƭ ŎƘŀƭƭŜƴƎŜǎΦ ²Ƙŀǘ ƛǎ ƳƻǊŜΣ ǿŜ ŀƭǎƻ ŘƻƴΩǘ ƪƴƻǿ ŜƴƻǳƎƘ ŀōƻǳǘ ƻǳr methods of modeling 
complex systems of this size by computer simulation to be able to effectively operate. A quite more 
rigorous foundation is necessary to comprehend the deep interplay of systems simulations, data from 
various sources and the actual problems we are facing as a society. 
 
Scope of the workshop was to explore role and interest of various computer science and 
mathematical approaches pertinent in this context: from interaction based computing to data 
topology and modeling languages, from high performance computation to novel data mining 
methodologies. In particular, the most efficient methods for specification and analysis of dynamics of 
highly interconnected systems, specification, verification and validation of the computational 
dynamics simulations; formal approach to the analysis of dynamical network abstractions for 
complex system representation. Explicit applications to different contexts were discussed. The aim 
was to propose new viable ways to validate, verify and specify computer-based simulation of highly 
interconnected systems which might help decision makers in a truly interconnected, socio-technical, 
data-driven global society. 
 
Questions 
 
ICT tools and research challenges in GSS: What are the research challenges and obstacles that need 
to be addressed in the two research strands of policy and societal informatics? 
What are the challenges for research in ICT (and beyond) resulting from the GSS vision? What are GSS 
specific challenges and what are challenges shared with other modelling and data research activities? 
 
How can IT infrastructures (HPC, e-infrastructures and cloud, Big Data, and social media) be put to 
use in GSS? What are the fundamental challenges that GSS poses to ICT research? 
What is prediction in this context (given that data and models are presumed to have inherent 
knowledge to be extracted)? Which connections or interfaces with other fields of science do we need 
to translate ICT hard data into soft information for society and politics? 
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Themes 
1. Computer Science for interacting Informational, Technological and Social Networks 
2. The Mathematics and Computer Science of very large systems: not only high performance 
computing, but data-driven science as well 
3. Advanced computing for Network Science Network Science as an integrating framework for real 
world complexity 
4. Network approach for governance and policy tools for societal action in response to global 
challenges. 
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7.2 Report on the EUNOIA urban systems and GSS workshop  
 

1. Purpose, scope and objectives 
 
Globalisation and the resulting increase in interconnectedness and interdependence of people and 
nations create new opportunities, but also new challenges that require policies and measures at a 
holistic level. Global System Science (GSS) intends to address in an integrated manner the 
increasingly global and interconnected nature of challenges facing humanity, with the aim to provide 
scientific evidence in support of policy options. Pertinent elements of GSS in this context are: 
 

¶ the capacity to gather, integrate and correlate large amounts of 'Big Data'; 

¶ the modelling and simulation of large socio-technical systems; 

¶ the interaction with policy makers and society at large; 

¶ the use of modern ICT to engage collective action. 
 

GSS will focus on a few selected areas, urōŀƴ ŘȅƴŀƳƛŎǎ ōŜƛƴƎ ƻƴŜ ƻŦ ǘƘŜƳΦ ¢ƘŜ ǘŜǊƳ ΨƎƭƻōŀƭ ǳǊōŀƴ 
ǎȅǎǘŜƳǎΩ ƳŜŀƴǎ ŎƻƴǎƛŘŜǊƛƴƎ ǳǊōŀƴ ǇǊƻōƭŜƳǎ ŀǘ ŀƴ ƛƴǘŜƎǊŀǘŜŘ ǎŎŀƭŜ ǘŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘ Ƴŀƴȅ ŀǎǇŜŎǘǎ 
of urban life and urban knowledge, with particular focus on the impact of ICT on cities and their 
dynamics. 
 
To address these questions, the European Commission DG CONNECT and the FP7 project EUNOIA 
launched a number of consultations, including a workshop held on 13-14 February 2013 in Brussels 
that brought together a group of about 25 researchers, practitioners and policy makers. This report is 
the outcome of that reflection process.  
 
The objectives of this report are: 
 

¶ to analyse the major scientific challenges associated to urban development from a GSS 
perspective; 

¶ to identify the role that ICT could play in such context in order to develop policy modelling tools 
and bridge the gap between modellers, policy makers and societal actors; 

¶ to contribute to the creation of an interdisciplinary research community at the intersection of 
urban planning, ICT and complex systems science, able to formulate innovative approaches to 
the challenges facing urban development in the 21st century; 

¶ to provide inputs for the European Commission to develop a research agenda in the field of 
'Urban Development and Global Systems Science', with a view to include this thread in the 
future Horizon 2020 work programme. The results of the workshop will be reflected into an 
Orientation Paper for GSS research in Horizon 2020. 

 
 

2. Urban development challenges 
 
2.1 Globalisation and urbanisation 
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It is now estimated that over 50% of world population is living in urban areas, with a yearly growth 
ǊŀǘŜ ƻŦ ŀōƻǳǘ н҈Φ .ȅ нмллΣ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ǿƛƭƭ ōŜ ŀƭƳƻǎǘ ŜƴǘƛǊŜƭȅ ǳǊōŀƴ ŀƴŘ ǿƛƭƭ ƘŀǾŜ 
probably peaked at around 9-10 billion persons. There will be more people, unevenly distributed 
across the world, and migration will become the predominant mode of population change. 
 
Cities and global challenges 
 
The global challenges of economic recovery, poverty eradication, environmental sustainability, 
climate change, or sustainable and secure energy, are all intimately and intricately linked to cities. 
The implementation of solutions to these challenges will, to a very large extent, be implemented in 
cities around the world. The issue of sustainability, which is now on top of the political and societal 
agenda, has a strong urban dimension, increasingly important as the world becomes more urban. 
Urbanisation is unfolding, and wealth is being concomitantly created, but urbanisation might not be 
occurring in a sustainable and resilient way. There is a need for an integrative analytical framework 
that can facilitate the design of policies promoting resilient and sustainable urban development. 
 
The pervasiveness of ICT: impact on spatial dynamics 
 
The pervasiveness of ICT and the coupling of the real world with the virtual (digital) world are having 
an impact on spatial dynamics, e.g. changing microspatial dynamics, which is having a profound 
impact on location and activity patterns in cities. 
 
ICT and globalisation: world cities 
 
In the coming years, most cities will be somehow locked into the global economy if only through the 
fact that their populations will engage in accessing information which is non-place related and 
somewhere in the cloud. In this sense, all cities will be world cities, which will have strong 
implications in terms of their economies, trade, specialisation, or polarisation of communities. There 
will be a new kind of urban dynamics through access to ICT and through new migration streams. 
CiǘƛŜǎΩ Ǝƭƻōŀƭ ŎƻƴƴŜŎǘƛƻƴǎ ǊŀƛǎŜ ŀƴ ŜƴǘƛǊŜƭȅ ƴŜǿ ǎŜǘ ƻŦ ƛǎǎǳŜǎΦ ²Ƙŀǘ ǘƘƛǎ ǿƛƭƭ Řƻ ǘƻ ŎƛǘƛŜǎ ŀƴŘ ǳǊōŀƴ 
planning is largely unknown, but the need to think globally in space and time will be essential.  
 
 
Smart cities 
 
Most smart cities work is what we call intra-urban rather than inter-urban, except of course that the 
larger and the more global the city, the more likely it is to be involved in new ICT. Cities can be 
studied from many different vantage points with respect to ICT, such as embedding ICT into cities, big 
data and real time sensing, urban services optimisation, longer term transportation and land use 
modeling and forecasting, or digital participation. The list is endless. Particularly interesting are new 
kinds of short term dynamics which come out of ǊŜŀƭπǘƛƳŜ ōƛƎ ŘŀǘŀΣ ǎŜƴǎƛƴƎΣ ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ 
databases and that are likely to provide new kinds of longer term data about cities in due course. 
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The economy of cities 
 
New kinds of economic data and the new ways in which economies operate in a global world have a 
major impact on cities, particularly through markets. A new push for an economy of cities is needed 
in terms of understanding how markets are being structured using real time and online data. Capital 
markets are a key issue here, as well as the flow of global capital into different places.  
 
2.2 Challenges for urban development in the 21st century 
 
In the short and medium term, cities are facing the major challenge of overcoming the current 
financial and economic crisis and emerging stronger from it. As a result of the financial crisis of 2008 
and the subsequent economic recession, cities are suffering from high levels of unemployment and 
lower business survival rates, among other effects. Cities act as the main engines of the economy, 
and are therefore crucial for driving economic recovery. In the long term, cities are also facing other 
structural challenges, such as globalisation, climate change, pressure on resources, migrations, and 
demographic change. Some challenges are shared by cities from developed and developing countries 
across the world, but there are also specific factors depending on geographical, structural, political, 
institutional, socio-economic, or cultural differences at different scales (city, country, region, etc.) 
that must be taken into account. The main challenges for urban development in the 21st century 
derive from contradictory trends and forces that are difficult to reconcile.  
 
Managing demographic changes 
 
Cities will have to manage an increasing longevity and declining fertility in developed countries, and 
fast demographic growth in developing countries. Cities will have to adapt to changing family 
structures and migration, and be able to exploit the potential of socio-economic, cultural and 
generational diversity (e.g. the economic and social value of the activities of the elderly) as a source 
of innovation and progress. 
 
Converting quantitative growth to qualitative improvements 
 
Developing countries will have to manage rapid economic urban growth. Developed countries must 
face shrinking demography and lowering rate of economic development: the links between economic 
growth, employment and social progress are weakening, the cuts in public budget are having a strong 
impact on the welfare state, and an increasing number of neighbourhoods are suffering from poor 
housing, low-quality education, unemployment, and difficulties to access certain services, such as 
health, transport, or ICT. Both in developed and developing countries, there is a need to find more 
effective solutions to ensure the provision of essential services and to face rising urban rents and land 
prices while avoiding social polarisation and segregation.  
 
Combining competitiveness in the global economy with geographical diversity  
 
Cities will have to reconcile competitiveness in a globalised world with sustainable local economies by 
developing key competences and resources. The challenge is to improve the quality of urban life and 
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urban environment by sharing emerging solutions at worldwide level, while preserving the 
geographical diversity of urban systems (in terms of size, economic specialisation, architecture, 
culture, etc.), which is essential to maintain and develop urban dynamics. 
 
Ensuring the sustainability of urban ecosystems 
 
There is overwhelming evidence that the current organisation of our economies and societies is 
seriously damaging biological ecosystems and human living conditions in the very short term, with 
potentially catastrophic effects in the long term. In addition to the challenges posed by energy 
scarcity and climate change, cities shall be able to organise urban sprawl while mitigating growing 
pressures on local ecosystems. Soil sealing reduces biodiversity and increases the risk of flooding and 
water scarcity. Land is not only an economic resource, but also one of the most valuable natural 
assets. Urban sprawl and suburbanisation threaten sustainable territorial development, making 
infrastructures and public services more costly and difficult to provide, leading to the 
overexploitation of natural resources, and increasing the energy and environmental cost of transport. 
In developed countries, and increasingly since the advent of the economic crisis, many urban 
planners are advocating a shift in the focus of attention from urban growth to urban regeneration, 
including rehabilitation of industrial sites and contaminated land areas, urban regeneration projects, 
clean urban transport, or energy efficient buildings. 
 
Transition from industrial age centralisation to the distributed systems of the information age 
 
The core principles of the industrial age were the concentration of the means of production; defined 
products and services based on historical demand; the distribution of these products and services to 
an anonymous group of consumers; and the combination of these capabilities by consumers to best 
meet their needs. Though there were good reasons in the past for employing this model, a key 
shortcoming is the disconnection between the design and production of the capability and the actual 
needs of the consumers. In the age of information we have new ways of providing complex 
capabilities, new levels of education, and new methods of capital allocations. Across many domains, 
e.g. media, electrical utilities, and manufacturing, the industrial model is breaking down: broadcast 
media give way to self-selection; electrical utilities realise the need to understand and influence 
consumer behaviour, while consumers implement distributed generation for sustainability and 
resilience; and 3D printing enables individuals and small companies to design and produce complex 
mechanical devices. Perhaps the greatest failure of the industrial model has been in transportation, 
where the private car has largely displaced public transportation. In the coming decades there will be 
significant changes that we may not be fully prepared to face, e.g. the change in the nature of car 
ownership, with the advent of autonomous driving vehicles procured, rather than owned, via 
organisations like ZipCar, weakening our emotional attachment to driving and raising new questions 
such as the role for public transport. Cities will need to be more agile as they are confronted by global 
challenges, which will make it necessary for both public and private institutions to develop new forms 
of governance and management thinking.  
 
Managing new ICT-driven forms of spatial organisation 
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The emergence of new social media and electronic communications are providing more and more 
access to distant information and replacing sense of place and proximity by sense of connectivity, 
leading to profound social and behavioural changes and modifying location and activity patterns in 
cities (more distributed work, new sense of communities, etc.).  
 
Exploiting the opportunities offered by ICT while avoiding a new alienating coupling between 
machines and society 
 
Exploiting new sources of big data will change the way we plan and monitor cities. ICT systems will 
improve information processing at citizen level and enable new forms of planning and governance, 
but they can also orient towards more control. The challenge is to make best use of this opportunity 
while avoiding risks such as threats on confidentiality and privacy, addiction, or dehumanisation 
through machine use, especially in public urban space. 
 
Adapting governance structures and empowering citizens to achieve a better matching between 
global/societal needs and individual needs 
 
There is a tension between existing and future needs and demand from the city users and inhabitants 
and emerging constraints (physical, environmental, social, economic, etc.). For instance, city dwellers 
request more space in and around their housing (hence sprawling), while transport or energy 
constraints push towards more compact cities. A lot can and must be done from the technological 
and policy making perspective, but it is only when people become fully aware of their actual 
environmental conditions and their future consequences that the much needed change of 
behaviorwill truly happen, which requires adapting governance structures for the empowerment of 
urban areas and facilitating widespread citizen participation. 
 

3. Concepts and methods 
 
GSS combines two different, yet complementary paradigms: 

¶ ǘƘŜ ǇǊƻǾƛǎƛƻƴ ƻŦ ǎŎƛŜƴǘƛŦƛŎ ŜǾƛŘŜƴŎŜ ŦƻǊ ǇǳōƭƛŎ ŀŎǘƛƻƴΥ ΨǇƻƭƛŎȅ ƛƴŦƻǊƳŀǘƛŎǎΩΤ ŀƴŘ 

¶ ǘƘŜ ǳǎŜ ƻŦ L/¢ ǘƻ ŎƻƳƳǳƴƛŎŀǘŜ ǘƘŜǎŜ ǎŎƛŜƴǘƛŦƛŎ ŜǾƛŘŜƴŎŜǎ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜ ǎǘŀƪŜƘƻƭŘŜǊǎΩ 
ŜƴƎŀƎŜƳŜƴǘΥ ΨǎƻŎƛŜǘŀƭ ƛƴŦƻǊƳŀǘƛŎǎΩΦ  
 

3.1 Policy informatics: models and data 
 
When studying entities as complex as cities, we face three fundamental, intermingled problems:  
 

¶ the many components of the natural, social, economic, cultural and political urban ecosystems 
are strongly interwoven, giving rise to complex dynamics which are often difficult to grasp. 
Cities can be seen as very large sets of interactions over many layers, including the topography 
of the city; the fixed resources within the region (arable land, minerals, aquifers); the 
renewable resources (air, water, soil, vegetable and animal life); the built environment (major 
infrastructure, housing, workplaces); the public and private capabilities (government, public 
safety, healthcare, utilities, education, transportation, industry, commerce, entertainment); 
and the living systems by which each inhabitant or visitor conducts his or her own life, thereby 
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creating the social and economic systems. The spatial scales for these layers range from one 
meter to several kilometers, and the timescales range from a few seconds to several decades;  

¶ the limited understanding of urban dynamics makes it difficult to anticipate the impact and 
unintended consequences of policy action. The interdependencies within each layer and 
between layers, in many cases not yet fully understood, may have crucial bearing on the 
sustainability and resilience of the city; 

¶ urban development policies are subject to highly distributed, multi-level decision processes and 
have a profound impact on a wide variety of stakeholders, often with conflicting and/or 
contradictory objectives. 
 

The role of modelling 
 
Urban models are mathematical representatioƴǎ ƻŦ ǘƘŜ ΨǊŜŀƭ ǿƻǊƭŘΩ ǘƘŀǘ ŘŜǎŎǊƛōŜΣ ŜȄǇƭŀƛƴΣ ŀƴŘ 
forecast the behaviorof and interactions between different elements of the urban system. Models 
serve various functions, which can help address the three abovementioned fundamental problems:  
 

¶ in a scientific explanatory role, models allow a better understanding of urban dynamics;  

¶ in a predictive and policy design role, they enable virtual experimentation, providing evidence 
of the impact of new policies; 

¶ in a narrative and deliberative role, models are powerful tools to enable collaborative policy 
assessment process, allowing the empowerment and participation of societal stakeholders and 
facilitating the construction of shared visions and objectives. 

¶  
Each of these three purposes probably requires different types of models, but at the same time 
different types of modelling approaches can mutually inform and enrich each other. We believe that 
GSS should adopt an integrative and pluralistic approach, encompassing the three purposes of 
models described above. Recent advances in areas such as network theory, and more generally the 
intrinsically holistic and eclectic approach advocated by complexity science, appear as a suitable 
theoretical framework for the integration of different modelling approaches τ coming from fields 
such as urban economics or social physics τ into a comprehensive toolkit to address the many 
different questions related to urban development. 
 
Scientific explanatory models 
 
There is a general recognition that cities, regardless of their size, geography, time or culture, share 
many underlying organisational, social and economic characteristics, and play similar functional roles. 
! ŎƛǘƛȊŜƴ ƻŦ bŜǿ ¸ƻǊƪ /ƛǘȅ ǿƛƭƭ ǉǳƛŎƪƭȅ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ ¢ƻƪȅƻ ǿƻǊƪǎΦ !ǊǊƛǾƛƴƎ ƛƴ ¢ŜƴƻŎƘǘƛǘƭŀƴ όǘƻŘŀȅΩǎ 
Mexico City) in мрмф ŀǎ ǇŀǊǘ ƻŦ /ƻǊǘŜǎΩ ƛƴǾŀŘƛƴƎ ŀǊƳȅΣ .ŜǊƴŀƭ 5ƛŀȊ ŘŜƭ /ŀǎǘƛƭƭƻ ŦŀƳƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ǘƘŜ 
city as spectacular for its scale (about 200,000 people, one of the largest cities of the time) and 
wealth. But perhaps the true surprise should have been τ given its independent development from 
old world cites τ how familiar it all was, in terms of its roads and canals, its public buildings and 
neighbourhood organisation, and its markets and social life. The same could be said of many 
travellers, emissaries and historians encountering (to them) new cities in (to them) strange locations. 
There is a sense in which human settlements of ancient Mesopotamia and of modern nations share 
ŜƴƻǳƎƘ ŦŜŀǘǳǊŜǎ ǘƘŀǘ ǘƘŜ ǘŜǊƳ ΨŎƛǘƛŜǎΩ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƳŜŀƴƛƴƎŦǳƭƭȅ ǊŜŦŜǊ ǘƻ ŜƴǘƛǘƛŜǎ ǎŜǇŀǊŀted by 
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thousands of years of cultural, social and technological development. All of this suggests (but only 
suggests) that the functional role of cities in human societies, as well as some of the general aspects 
ƻŦ ǘƘŜƛǊ ƛƴǘŜǊƴŀƭ ƻǊƎŀƴƛȊŀǘƛƻƴ Ƴŀȅ ōŜ ΨǳƴƛǾŜǊǎŀƭΩΥ ǘƘŜȅ Ƴŀȅ ōŜ ŜȄǇŜŎǘŜŘ ǘƻ ŘŜǾŜƭƻǇ ŀƴŘ ŜǾƻƭǾŜ 
independently, and display similar dynamics regardless of socio-temporal and locational specificities. 
The endeavour to discover broadly general empirical regularities of urban life is relatively new but 
increasingly possible given the growing availability of more and better data, and a growing interest in 
developing a truly multidisciplinary and scientific understanding of urbanisation.  
 
One approach to building a theory of cities and urbanisation takes the self-similarity of cities as its 
starting point: the hypothesis of urban scaling. In its strongest form it states that essential properties 
of cities in terms of their infrastructure and socio-economics are functions of their population size in 
a way that is scale invariant and that these scale transformations are common to all urban systems 
and over time. Any urban system is ultimately rooted in material resources derived from food, energy 
and other basic materials but it is the connection of these many (smaller) settlements with larger 
cities that drives the system as a whole to greater resource and economic efficiency and productivity, 
and permits increasing returns to the population scale of large cities in terms of innovation and 
wealth creation. These are ultimately the reasons why cities exist and can continue to grow. Yet we 
ǎǘƛƭƭ ŘƻƴΩǘ ƘŀǾŜ ǎƛƳǇƭŜΣ ƻǳǘ-of-equilibrium models that describe satisfactorily the evolution of a city 
and extract generic features and stylised facts. 
 
Another line of progress in academic modelling has been the move from simpler aggregate 
equilibrium models to highly disaggregated models. The dominant trend has evolved towards 
disaggregation of population and employment groups by various socio-economic attributes, and 
there has been a shift towards bottom-up approaches (activity-based and agent-based models) 
relying on data of single households and their members, together with their daily activities and the 
resulting transportation needs. Transport models, for example, have moved from aggregate trip 
based models to disaggregate discrete choice models and more recently to activity-based 
microsimulation models, utilising the exceptional flexibility of microsimulation frameworks and the 
increasing availability and affordability of computing power.  
 
Predictive models 
 
Decision makers need reliable facts to take decisions. In many situations in which decisions cannot be 
taken upon experiences with similar applications in other places, modelling can be a useful 
instrument to forecast the impact of different policy alternatives. However, despite the significant 
progress made on the scientific track, our forecasting ability has not improved much. Many 
researchers in systems science contest whether people can be modelled in a meaningful way. If we 
aspire to relevance in the real world, we must assume that our models will be imperfect in many 
ways, which will require caution and specific expertise in how we interpret our results. Forecasting is 
in many aspects different from explanatory modelling. Where is the limit of modelling for practical 
forecasting purposes? Was Alonso right that simpler models can be as good as or even better than 
very detailed and disaggregated models for the purpose of forecasting? It is surprising how little 
evidence has been gathered to answer this question.  
One of the key elements is the accuracy of the input data, which often implies estimates about the 
ŦǳǘǳǊŜΦ LŦ ǘƘŜ ŦǳǘǳǊŜ ƛǎ ƎƻƛƴƎ ǘƻ ōŜ ǾŜǊȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ǇŀǎǘΣ ǘƘŜƴ ǘƘƛǎ ŦǳǘǳǊŜ άŘŀǘŀέ ƛǎ ƭƛƪŜƭȅ ǘƻ ōŜ 
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much less accurate than current expectations. On the other hand, the emergence of big data is 
opening new avenues. In the frame of the open data movement, public administrations are beginning 
to open up data available in many different formats. In parallel, the increasing penetration of modern 
ICT, such as smart phones, e-transactions, Internet social networks or smart card technologies, allows 
the automatic collection of a vast amount of spatial and temporal data, which combined with more 
traditional, cross sectional demographic and economic activity databases (e.g. census data), can be 
used to extract relevant information. In contrast with hard science, historically we have been heavily 
restricted in the experiments we could undertake on cities, and have had to rely on models based on 
very small samples complemented with partial theories of behaviorand assumptions about the 
permanence of behavioural traits over time. Tomorrow, we will be able to micro-track the effect of 
spontaneous experiments τ fare adjustments, strikes, infrastructure closures, flooding, etc. τ and 
achieve deeper learning from interactions with volunteers. With very large samples at nearly no 
collection cost (processing and analysis is another matter) we will have, for the first time, detailed 
longitudinal data. The first uses of this rich database are likely to adapt it to the needs of current 
models, including agent-based models. However, the type of models that make the best use of this 
fertile data source could be different from the current trends, at least for short and medium term and 
for pragmatic forecasting purposes. 
 
With the emergence of big data, some authors have raised concerns about the risk of focusing on 
descriptive work and predictive, non-explanatory models, abandoning theory. The (sometimes 
contentious) relationship between theorising and empiricism, between model building and data 
collection, between explanatory and predictive modelling, has long animated discussions among 
epistemologists, philosophers of science and scientists themselves. We see an abundance of data as a 
necessary but by no means sufficient condition for developing a thorough understanding of a 
phenomenon, and advocate an integrative approach based on a fruitful interaction between data 
analysis and theoretical modelling. But it remains to be seen whether the explosion of available data 
and new forms of data analysis will inform the development of better urban theories or the scientific 
and forecasting modelling streams will not only not converge, but diverge further.  
 
Models for participatory planning and governance 
 
Cities will only be truly smart if the advances in terms of data and models are properly integrated into 
governance processes. While simulation models have been widely applied in areas like transportation 
planning and traffic engineering, in many other areas, like land use planning, the potential of urban 
models is still largely unexploited. Particularly relevant is the issue of participatory planning and 
governance: while contemporary trends in urban planning τ such as transactive planning, advocacy 
planning, bargaining or communicative planning τ aim at integrating a plurality of interests and an 
active public engagement, it is a fact that there is not much use of models in participative mode 
(except in some enlightened examples), and in many cases, the potential users do not have the skills 
to use such models or are not convinced of the benefits.  
 
The use of models in collaborative planning needs a fresh way of thinking. The development of the 
models needs to be based on a continuous dialogue between modellers and policy makers. New 
forms of information visualisation and visual analytics, which can make model results more 
accessible, can help lower these barriers. Finally, ICT enables new ways ƻŦ ŎƛǘƛȊŜƴǎΩ ŜƴƎŀƎŜƳŜƴǘΣ ōȅ 
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ŎŀǇǘǳǊƛƴƎ ǘƘŜ ƛƴǇǳǘǎ ŦǊƻƳ ǘƘŜ ŎƻƳƳǳƴƛǘȅ όŜΦƎΦ ŀƭƎƻǊƛǘƘƳǎ ŦƻǊ ǊŜŎƻƴǎǘǊǳŎǘƛƴƎ ŎƛǘƛȊŜƴǎΩ ƻǇƛƴƛƻƴ ŦǊƻƳ 
data resources distributed throughout the Internet) and support an increased participation of citizens 
(e.g. through applications that allow citizens to monitor and report the system status in real time). 
User-specific interfaces and tools for the visualisation of policy impacts in an intuitive and graphical 
manner can facilitate multi-stakeholder policy assessment and collaborative decision making 
processes in which societal actors collaborate with experts in the generation and analysis of urban 
policies, bringing together and exploiting the synergies between policy informatics and societal 
informatics. 
 
3.2 Societal informatics 
 
IC¢ ƻǇŜƴǎ ǘƘŜ ŘƻƻǊ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ǿŀȅǎ ƻŦ ŎƛǘƛȊŜƴǎΩ ŜƴƎŀƎŜƳŜƴǘ ƛƴ ǘƘŜ ŘŜǎƛƎƴ ŀƴŘ 
planning of their cities. New scenarios are now possible in which active citizens can help gathering 
sensible data through participatory sensing and social computation activities, with the twofold 
purpose of: (i) stimulating individual and collective awareness and learning; and (ii) providing relevant 
inputs for data analysis, modelling and decision making. 
 
ICT for participatory sensing 
 
ICT can support informed action at the hyperlocal scale, providing capabilities for environmental 
monitoring, data aggregation, and information presentation. The goal is to enhance knowledge, 
understanding and social awareness about urban habitats through the use of ICT tools deployed to 
gather user-generated and user-mediated information from web-based and mobile sensing devices. 
The possibility to collect digital fingerprints of individuals is opening tremendous avenues for an 
unprecedented monitoring at a microscopic level of collective phenomena involving human beings. 
We are thus moving very fast towards a sort of a tomography of our societies, with a key contribution 
ƻŦ ǇŜƻǇƭŜ ŀŎǘƛƴƎ ŀǎ Řŀǘŀ ƎŀǘƘŜǊƛƴƎ ΨǎŜƴǎƻǊǎΩΦ  
Web-gaming, social computing and internet-mediated collaboration 
In the last few years the web has progressively acquired the status of an infrastructure for social 
computing that allows researchers to coordinate the cognitive abilities of users in online communities 
and steer the collective action towards pre-defined goals. This trend is also triggering the adoption of 
web-games as a laboratory to run experiments in the social sciences and whenever the peculiar 
human computation abilities are crucially required. Potential areas of interest include:  
 

¶ Spatial games (related to traffic, mobility, coordination, etc.). These games/experiments are 
aimed at investigating how people explore geographical spaces and use geographical 
information in a way that is meaningful and culturally appropriate for them. Specific tasks can 
include coordination, exploration, cooperation, and annotation. At the same time these 
games/experiments allow the collection of information about how people perceive their 
environment, which can be organised in layers (e.g. traffic or pollution in urban environments, 
social interest, landmarks, etc.) and made available through interactive visualisation tools in 
order to facilitate informed decision-making. 

¶ Citizen games. Interesting activities here include the development of new tools for the 
sustainable management of natural resources (in particular for marginalised communities) and 
good practices for recycling, food management, mobility, energy consumption, etc. 
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Collective awareness and decision-making 
 
The access to both personal and community data collected by users, processed with suitable analysis 
tools and represented in an appropriate format, has the potential of triggering an improvement of 
collective social strategies. By providing personally and locally relevant information to citizens, i.e., 
related to their immediate locality rather than to the city or region in which they live, one can induce 
changes in individual behaviorand pressure on policy makers. The key idea here is that fostering 
awareness will stimulate fundamental shifts in public opinion, contributing to more sustainable 
behaviour, and will stimulate bottom-up participation, by collecting public opinions and perceptions 
in a trusted way and orienting the democratic processes of decision making. 
 
Learning 
 
Learning is at the basis of our ability to construct models of our reality and take decisions. The 
societal challenges of our highly interconnected and rapidly changing world call for an increase of the 
number of people that are educated and capable of using the technologies that will sustain large 
human societies safely and prosperously. ICT tools can be used to generate new concepts and 
innovative learning schemes through which this much needed breakthrough can be obtained. 
 
 
3.3 Complementarity between societal and policy informatics 
 
In social phenomena, behavioural and cognitive aspects, as well as the way humans take decisions, 
are key ingredients that have to be taken into account in order to make sensible predictions. It is thus 
crucial to deepen our understanding of the causal link between the level of the individual and the 
emergent collective phenomena. In order to do this, one has to parallel the monitoring of emergent 
phenomena in social dynamics with the investigation of the behavioural and cognitive foundations of 
such dynamics. The possibility to collect relevant and capillary data about human urban activities can 
stimulate the development of data-driven modelling schemes integrated in ICT-based infrastructures 
for an empirical, computational and theoretical approach to social dynamics processes.  
 

4. Research challenges and opportunities 
 
Globalisation raises a set of issues, both at intracity and intercity level, which are in many respects 
different from those faced in the past decades. These issues require new models and tools, as well as 
more integrated approaches to urban development. At the same time, this need for adaptation is an 
opportunity for new emerging technologies to deliver their full potential and contribute to the more 
liveable, resilient and sustainable cities. We discuss hereafter the main challenges and opportunities 
associated to the different research threads relevant to GSS, organised in four research areas: 
 

¶ data integration and analysis,  

¶ modelling and simulation,  

¶ social computing and collective awareness, and 

¶ policy making and participatory governance. 
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4.1 Data integration and analysis 
 
Data availability and quality 
 
The calibration and validation of urban models require abundant and high quality data. However, 
data requirements are not always met, and modellers usually have to operate in a data-poor 
environment, despite the wealth of information now available. The proprietary nature of certain 
information about urban services (e.g. on water or energy consumption) limits access to data. There 
are also potentially useful data belonging to other types of companies, e.g. phone companies, banks, 
or online social networks, which need to be engaged in the study of cities and in the benefits derived 
from granting access to their data. Large scale systems are being developed for new data sources, 
such as open data initiatives or self-tracing apps employing GPS-enabled smart phones, opening 
promising venues that need to be further explored. An open data policy, and in general a simpler 
access to data, can boost urban research and enable innovative ideas.  
 
Relevant issues related to data collection are: 
 

¶ The way data collection means and system interfaces bias the data we collect. 

¶ Privacy issues. The resolution of many data sources can go down to the single individual. Most 
of the time, this resolution is not needed for the question under investigation, so data can be 
anonymised and aggregated retaining only those aspects that are important. 

¶ Coherence and harmonisation. The format of data also varies across jurisdictions and 
operational domains, and many indicators relevant to urban systems have yet to be agreed 
upon and established at a system-wide level. 
 

Data filtering and integration 
 
For many problems we don't need big data, but the right data. This means that, before big data, we 
ƴŜŜŘ ǘƘŜ ΨōƛƎ ǇƛŎǘǳǊŜΩΦ In many cases, data acquisition is being done indiscriminately without paying 
attention to the real needs. The data can also be noisy and may depend on local particularities; a 
consistent representation of cities is needed, allowing the extrapolation from one city to another and 
the identification of general trends. Local coordination, redundant information and data filtering are 
key issues here. 
Once filtered, different heterogeneous data sources, including conventional as well as new ICT-based 
data sets available in various forms, will have to be coupled into new forms of coherently integrated 
databases. Crossing data from different databases can help to develop synthetic data, the so called 
contextual information or procedural data, which can complete missing information in the databases 
or extrapolate known data to unexplored geographical regions. 
 
Spatio-temporal data analysis 
 
In the present situation, the concept of smart cities is well established and the proliferation of 
ǎŜƴǎƻǊǎ ǇǊƻǾƛŘŜǎ ŀ ƘǳƳƻƴƎƻǳǎ ŀƳƻǳƴǘ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴΦ ²Ŝ ŀǊŜ ƳƻǾƛƴƎ ŦǊƻƳ άŘŀǘŀ ƘǳƴƎǊȅέ ǊŜǎŜŀǊŎƘ 
ǘƻ Řŀǘŀ ŀōǳƴŘŀƴŎŜΣ ōǳǘ ǿŜ ǎǘƛƭƭ ŘƻƴΩǘ ƪƴƻǿ ƳǳŎƘ ŀōƻǳǘ Ƙƻǿ ǘƻ ƳŀƪŜ ǎŜƴǎŜ ƻŦ ǘƘƛǎ ŀōǳƴŘŀƴŎŜ ƻŦ Řŀǘŀ 
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from a behavioural perspective. We need to develop data analysis tools, including filters to reduce 
noise levels and tools to extract system information out of a sea of data. Relevant issues are the 
representativeness of the new data sources (e.g. the representativeness of credit card or social media 
users as a source of survey sample), or the development of spatio-temporal data mining 
methodologies able to uncover mechanisms that operate at different scales. 
 
Until recently, most research efforts for the analysis of spatial data had taken a static view. However, 
as all spatial phenomena evolve over time, temporality is central to our understanding of spatial 
processes. In recent years, the increasing availability of large sets of data referenced in space and 
time has stimulated a great interest in spatio-temporal data mining, which still remains, however, a 
largely unexplored territory. 
 
4.2 Modelling and simulation 
 
While some models of urban systems and processes are intended as tools to improve scientific 
understanding, other models are specifically developed to assist decision making. As already 
discussed, both trends can mutually enrich each other, so we believe that the GSS research 
programme should have room for both types of research efforts. But it must also be acknowledged 
that they have different purposes, which suggests different practices in the commissioning of models, 
the process of their development, and their application. We discuss hereafter a number of research 
challenges related to modelling and simulation. Some of these challenges are more relevant either to 
scientific explanatory models or to models for decision/planning support, while other challenges are 
relevant for both. 
 
A science of cities 
 
A first, fundamental questions is whether there can be a science of cities, i.e., whether a quantitative, 
predictive and falsifiable theory of cities is conceivable.  
In relation to this fundamental question, several other questions arise: 

¶ How well do we currently understand urban phenomena? What do we robustly know and what 
are major lacunae in our understanding?  

¶ To what extent such theory would be based on generic underlying principles that transcend 
history, geography and culture? How temporal and context-dependent are cities? 

¶ Interconnection is not a new element, but why things are connected and why some things are 
more connected than other? Is Tobler's first law of geography true? 

¶ What should a science of cities be able to accomplish? Examples of relevant targets are to 
explain general empirical relations concerning infrastructural and socio-economic 
characteristics, the reasons why cities arose in the first place, or the mechanisms behind socio-
economic development and decay.  

¶ What are we missing in terms of data and theoretical developments?  

¶ How to do it? We believe such an effort would necessarily involve an interdisciplinary effort, 
bringing together researchers from areas like anthropology, urban planning, sociology, 
economics, environmental sciences, ICT, complexity, or political science, among others. 

¶ Would such theory offer practical solutions for the management and planning of cities?  
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Theoretical challenges 
As indicated in section 3, further progress is needed to develop out-of-equilibrium models able to 
describe urban dynamics. Examples of relevant research areas of which we still have a limited 
understanding and that required more theoretical work are: 

¶ Behavioural drivers and social determinants of the observed trends. 

¶ Systematic approach for human modelling, including modelling of partial rationality and 
emotional behavior. 

¶ Coupling between slow and fast dynamics. 

¶ Coupling between intercity and intracity interactions: impact of global trends or urban 
dynamics, and cities contribution to global challenges. 

¶ Path dependence and evolutionary urban theory (integration of the past into the present). 

¶ Identification of critical parameters (key variables), and analysis of tipping points and critical 
transitions. 

¶ Analysis of urban resilience, disturbances and vulnerability 

¶ Impact of the overabundance (and exchange of) of information on urban dynamics. 

¶ Model calibration and validation, including the analysis of how errors and accuracy are affected 
by the level of disaggregation of our models and data.  
 

Adaptation of models to the current socio-economic landscape and new global challenges 
 
The current generation of urban models was developed in an era when urban growth and sprawl was 
in the ascendency. We are now facing a wider variety of urban development models, from shrinking 
cities as Detroit, to fast developments of new metropolis like Songdo or the transformation and 
regeneration of existing metropolis like Rio de Janeiro. In the case of Europe, it is now clear that the 
prosperity generated by the 1st and 2nd industrial revolutions has massively slowed and that the 
recession is having a deep impact on European cities, especially with regard to employment and 
social cohesion. Other trends include aging, migration flows, and the overlay between climate 
change, cities and economy. Particularly relevant is the restructuring of the local economies to 
embrace new varieties of ICT-based services: in the past, people used to accommodate in cities 
according to economic drivers, but this is to some extent changing with ICT penetration, leading to a 
disconnection between information and physical layers that could challenge the urban theories 
developed along the past decades. Urban simulation models need to be refashioned to deal with 
these and other emerging trends, which are in turn being reflected in changes in transport and spatial 
interactions. 
 
New tools for planning and decision support 
 
The availability of new data and the theoretical advances in urban modelling should be exploited to 
develop new tools for urban planning and decision support, both in terms of real-time city 
management and strategic planning tools. Relevant issues are: 

¶ Development of new and more meaningful performance indicators. 

¶ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ΨŎƛǘȅ ŘŀǎƘōƻŀǊŘǎΩ ƳƻƴƛǘƻǊƛƴƎ ǘƘŜ ŎǊƛǘƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ŘǊƛǾŜ ǘƘŜ ŘȅƴŀƳƛŎǎ ƻŦ 
the city  

¶ Improvement of travel demand models  

¶ Improvement of land use transport interaction models. 
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¶ Coupling between different models 

¶ Development of early warning and risk management systems. 
 

Coordination of the efforts of different urban modellers and model integration 
 
In many situations decision makers need models ǘƘŀǘ ŀǊŜ ǊŜŀƭƭȅ ΨƎƭƻōŀƭΩ ŀƴŘ ƛƴǘŜƎǊŀǘŜ ŜƴƎƛƴŜŜǊƛƴƎ 
solutions and scenarios from social, economic and geographical situations. Despite major 
improvements in urban data collection and modelling accomplished in the recent years, there 
remains a huge gap between technical models (for instance transportation models) and physical 
models (for instance about environmental risks), and current models present a series of limitations 
derived from the lack of integration. Many models are aggregation of pre-existing methods and 
packages loosely integrated and adapted for particular situations, rather than being holistic tools 
applied generically as a standard set of integrated methods. More generic models (usually developed 
privately) often present limitations in their capacities of integrating complex set of data.  
Further work is needed to couple different models that differ in their methodology and scale, 
including the development of built-in validation mechanisms to ensure the robustness and coherence 
of the coupling algorithms. Relevant examples are the coupling of GIS-based models of property and 
demographics with models of energy consumption, or the integration of sectoral models, such as 
models of housing choice, retail or public services location, into land use transport integrated 
frameworks. 
 
Multi -level modelling 
 
Urban dynamics exhibits multiple spatial and temporal scales. The increasing sophistication of urban 
models comes at the expense of computational resources and has serious implications for the 
calibration and validation of the models, e.g. the need to reduce the number of sensitivity tests to 
check the plausibility of model behaviour. The identification of the time horizons and spatial 
resolutions relevant for the analysis of different phenomena and the question of the right level of 
ƎǊŀƴǳƭŀǊƛǘȅ ǊŜƳŀƛƴ ƻǇŜƴΦ Lƴ ŀ ǊŜŎŜƴǘ ǇŀǇŜǊΣ ²ŜƎŜƴŜǊ Ŏŀƭƭǎ ŦƻǊ ŀ ΨǘƘŜƻǊȅ ƻŦ Ƴǳƭǘƛ-ƭŜǾŜƭ ƳƻŘŜƭǎΩΣ 
according to which there is an appropriate level of conceptual, spatial, and temporal resolution for 
each question under investigation. 
 
4.3 Social computing and collective awareness 
 
The dynamics of cooperation and human computation 
 
Here the problem concerns how to sustain over time collaborative behaviorin intelligent tasks, which 
is fundamental both for the understanding of social dynamics and for the design of effective forms of 
web-mediated collaboration. Research is needed to enhance our understanding of the role of 
motivations, incentives and mechanism design together with other factors such as social ties, culture 
and the cognitive framing of problems, in order to effectively use ICT as means for mediating 
behavioural change and introducing self-awareness of the citizens within the urban environment.  
Special care must be taken about certain feedback loops. One example is that of satellite navigators 
for cars with information about traffic. If a zone of the city is congested, the navigator may try to 
redirect the user through a less transited route. But if all the navigators act in the same way, the new 
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route will become collapsed. Game theoretical considerations can be useful to address this sort of 
problems. 
Societal informatics gives us the opportunity to pioneer a new type of experimental science, by using 
the web as a laboratory for the social sciences. The challenge here is to develop the means for 
integrating different perspectives to test the limits and potentials of collective knowledge production. 
 
4.4 Policy making and participatory governance 
 
Integration of urban models into multi-stakeholder policy making processes 
Policy assessment and participatory planning are still largely based on qualitative considerations, and 
there is a sense among practitioners that urban models are immature with respect to institutional 
integration and operational use. Interaction between model users and model makers during model 
development remains rare, which often creates a gap between model providers and user needs.  
Potential users include a broad diversity of stakeholders (usually non-experts), which constitute a 
major issue influencing the effectiveness of models in application and their capacity to influence 
understanding and decision making. Typically, model users now include:  
 

¶ technocrats (employed within government or consulting companies) who interface with the 
models and the community at large; 

¶ policy and operations decision makers (elected government officials or advisors to government, 
such as private sector planners and designers); 

¶ the general public (communities with interest in specific issues or places);  

¶ the technical and scientific community (other modellers and urban specialists). 
 

Model users often identify an issue about which they want to be better informed, but may not know 
what they are looking for or what models actually do. They possess a very valuable implicit 
knowledge about the issue under investigation, but do not always understand the limits of models, or 
how data availability influences them. Conversely, modellers make assumptions about how models 
should be applied and may lack the skills to interact effectively in the socio-cultural and political 
domains in which models are used. In addition, they may not have the training (or time) to produce 
models of complex interactions that are comprehensible to non-experts. 
 
The challenge here is to integrate state-of-the-art with multi-stakeholder decision making process, 
bridging the gap between implicit and explicit knowledge.  The development of models and decision 
support tools needs to be accompanied by new forms of user-model interaction and procedures 
facilitating stakeholders' participation in the construction and validation of the models. We need to 
exploit the potential of models to act as a catalyser for integration, interdepartmental collaboration, 
collaboration between authorities and stakeholder involvement. 
 
Transparency and ease of use 
 
As already discussed, urban development policies imply highly distributed decision processes and 
influence a variety of stakeholders. The policies under study often being controversial, models will 
not gain the necessary credibility unless it can be explained in simple terms what they are doing, and 
ǿƘȅΦ ¢ƘŜ ǘŜǊƳ ΨōƭŀŎƪ ōƻȄΩ Ƙŀǎ ƻŦǘŜƴ ōŜŜƴ ǳǎŜŘ ǘƻ ŎǊƛǘƛŎƛǎŜ ǘƘŜ ƭŀŎƪ ƻŦ ǘǊŀƴǎǇŀǊŜƴŎȅΦ aƻŘŜƭǎ ǎƘŀƭƭ ōŜ 
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built according to the question to be addressed, and people need to understand what the models are 
intended for. 
 
Models must also achieve a threshold of usability that makes it possible for model users to use the 
model without excessive support. In particular, models must be consistent with the level of 
competence of the relevant (local) authority. Progress is still needed to conciliate transparency and 
ease of use with the necessary sophistication required for a realistic modelling of a system as 
complex as the city. 
 
User-model interaction - Information visualisation and visual analytics 
 
To bridge the gap between modellers and model users and facilitate user-model interaction, new 
forms of information visualisation and visual analytics have a particularly important role to play. 
Several research challenges can be identified here:  

¶ Development of more intuitive, user-specific interfaces addressing the needs and requirements 
of different communities and enabling a better integration of quantitative and qualitative 
information. 

¶ Real-time interaction and analysis. Big data production rate is growing faster and faster. Real-
time interaction and analysis have to be addressed carefully in order to reduce latency, so that 
the analysis capabilities keep the pace in terms of effectiveness and efficiency. Scalability and 
computational efficiency are key issues here. 

¶ Integration between visualization and analytical functionalities. Visualization is a fast growing 
area, but there is still little integration with data analysis functionalities. Progress is needed in 
terms of combining data mining tools with iterative visualization on top of specific geographical 
representations. 
 

Societal informatics for participatory urbanism 
 
Participatory urbanism, which promotes new styles and methods for individual citizens to become 
proactive in their involvement with their city, neighbourhood, and urban self-reflexivity, also implies 
a different approach to urban models and new research areas at the crossroads between policy 
informatics and societal informatics. Relevant issues are the collection of user-generated and user-
mediated content which can feed in and update models, which will in turn require more flexible 
modelling tools; and the development of tools for more active involvement of citizens in the 
evolution of urban systems. 
 

5. Expected impact and implementation strategy 
 
5.1 Expected impact 
 
A research programme on GSS and urban development would have positive impacts of different 
nature: 
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Scientific and technological impact 
 
The programme will contribute to making progress in the integration and analysis of spatio-temporal 
databases; the understanding of urban location and activity patterns, and the interaction between 
globalisation and urban development; the development of improved urban simulation models; or the 
increased take up of new data sources for urban research. 
 
Impact on policy and governance 
 
GSS can contribute to a more integrated approach to  urban development; lower the barriers for the 
use of state-of-the-art simulation models in policy making; develop better links between modellers 
and stakeholders, and new methodologies for collaborative policy assessment and multilateral 
governance processes; and help design better policies and more efficient provision of public services. 
 
Impact on innovation and competitiveness 
 
There is a growing consensus among the industry that smart city technologies will offer exciting 
market opportunities in the decade ahead. The smart city market being a worldwide market, a global 
approach to cities and an enhanced understanding of global and local urban issues will help Europe 
to be a leader in this market. 
 
Impact on society 
 
The different impacts on science and technology, policy and governance, and innovation and 
competitiveness described above will ultimately revert to society through new products and services, 
better public policies and new and more efficient public services, contributing to the goal of a 
achieving a holistic and integrated model of urban development that is economically efficient, socially 
inclusive and environmentally sustainable. 
 
5.2 Implementation strategy 
 
Different instruments can be applied to ensure the efficiency and effectiveness of a research 
programme on GSS and urban development. We highlight hereafter a number of aspects to which 
particular attention should be paid. 
 
Stakeholder engagement 
Urban research and innovation can significantly contribute to solve the challenges of the future, but 
only if research results are adopted by policy makers, industry, and society. Linkages established 
between researchers and stakeholders during the research process can contribute to end use, 
because useful channels for information exchange are established.  
 
EU funded research in the field of urban and regional development is first of all taking place in large 
interdisciplinary networks representing several countries and cultures. Besides, different research 
institutions and stakeholders are often involved in the urban-oriented research projects in one way 
or another, however sometimes at a late stage of the research process, implying limited value added. 
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For applied research, stakeholders possess important knowledge, so extensive stakeholder 
involvement is particularly relevant to achieve meaningful and useful results. Representatives from 
society, public administration, business and NGOs should be involved in the research application 
from the very beginning. 
 
Further dialogue throughout the research process is in many cases indispensable. However, some 
research may be opposed by stakeholders if it does not serve their interests. Furthermore, research 
should always have the potential for surprise, so the assessment criteria must reward novelty and 
accept that the potential impacts will not be known a priori. 
 
Flexibility and adaptation 
 
In projects of significant policy content, increased flexibility on deliverables is highly desirable. As the 
time that elapses between project contract negotiations and the end of the project is usually 
significant, sometimes a procedure to update what needs to be done is necessary.  
 
Dissemination 
 
Needless to say, further to connections between researchers and end users, publication of research 
results or other forms of dissemination is a precondition for use. More attention should be given to 
local dissemination networks as a multiplier of the messages. Also social media provide for innovative 
engagement of end users in urban research. Observatories set up under the universities and publicly 
financed laboratories with joint participation of regions, metropolitan areas, local councils, 
entrepreneurial associations and trade unions could help bridge the gap between research and end 
users. 
 
 
 
  












































































































































































