Non-linearities and System-Flips

Edited by Nick Winder and Hans Liljenström
With contributions from the COMPLEX Consortium
http://owsgip.itc.utwente.nl/projects/complex/

COMPLEX Final Scientific Report, Volume 2
Non linearities and System Flips
Edited by Nick Winder and Hans Liljenström
With contributions from the COMPLEX Consortium
http://owsgip.itc.utwente.nl/projects/complex/

COMPLEX (EU Project n°: 308601) is a 48-month project. We began
collecting material for this report in Month 38 and started editing it
together in Month 40. This report is a snapshot of the project taken in its
final year. Please check the COMPLEX website for updates, executive
summaries and information about project legacy.

Copyright © 2016 the COMPLEX consortium
Published by Sigtunastiftelsen, Sigtuna, Sweden
Human Nature Series
Editors: Nick Winder and Hans Liljenström
Graphic design: Regina Clevehorn, Sigtunastiftelsen
Printed by Kopieringshörnan I Uppsala AB, Uppsala 2016
ISBN: 978-91-976048-2-6
www.sigtunastiftelsen.se

2

Foreword
The COMPLEX project is responds to a competitive call for
a team to develop “Advanced Techno-economic Modelling
Tools for Assessing the Costs and Impacts of (climate) Mitigation Policies”. Volume I of our report describes our work
with external stakeholders, presenting both the principal
results of out stakeholder engagement work in the various
domains of model application and a series of chapters that
describe our impressions and general insights about work
with external stakeholders. This volume and Volume III,
which follows, both describe some of the Techno-Economic
Modelling Tools we have developed, but with slightly different emphases. Volumes II is primarily about the tools themselves. Volume III focuses more on the case-study work we
have done with them.
Discussions about the format of the present volume suggested two possible strategies. We could either assume the
reader was familiar with the problem contexts in which we
worked and describe the modelling tools, or we could write
for a more general audience by describing the reasoning behind our modelling work. We went for the second option, a
decision that we felt would make the report more accessible
to a general scientific audience, but which results in some
blurring of the boundaries between volumes II and III.
Readers who are looking for an uncomplicated description
of our modelling tools are directed to the project’s website;
particularly to the model repository, where all our models are
described.
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Introduction
This report will focus on the section of the call that reads: …
currently available tools have relevant limitations such as the difficulty
to represent pervasive technological developments, positive feedbacks, the
difficulty to represent non-linearities, thresholds and irreversibility. We
have already dealt in some detail with the problems of innovation-management and stakeholder engagement (see Volume 1), which the 1995 Green Paper, rather tendentiously
defined as “the successful production, assimilation and exploitation
of novelty in the economic and social spheres”.
The word ‘successful’ is a hostage to fortune. Almost every
innovation creates winners and losers. From the loser’s perspective the flip is not generally perceived as successful.
Geo-political catastrophes, for example, if viewed from an
arms-dealer’s perspective, may be the source of many satisfying innovations. Many of the systems modelling methods we
use to explore policy options, for example, use technologies
that emerged from research efforts intended to develop defensive infrastructure for World War II and the Cold War,
for example. In practice it is very difficult to disentangle the
‘successful’ from the unsuccessful features of rapid, irreversible systemic change; unexpected and unwelcome consequences must be expected.
COMPLEX has produced two reports on system-flips and
innovation management. One of these (Volume 1) focussed
primarily on our work with living, breathing stakeholders.
This report deals with theoretical and methodological issues.
It was originally intended that these reports would be melded into a seamless whole, but this proved to be impossible.
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Many institutional actors are deeply committed to stability
and the maintenance of conventional economic and political
modi operandi and are therefore reluctant to countenance
models capable of simulating rapid, unwelcome system flips.
A project like COMPLEX, which must integrate the perspectives, values and insights of many stakeholder communities will inevitably run into difficulties when one stakeholder
community is actively seeking a desirable system flip and
another is equally determined to suppress it.
Researchers who specialise in work with human activity systems have a range of mediation, conflict management and
conflict resolution skills at their disposal. Some use formal
models to elicit information, explore the logical implications
of beliefs about system dynamics and negotiate consensus.
All engage in open-ended programmes of trust-building and
engagement that would be difficult to establish in the context of a fixed-term research project.
COMPLEX has benefitted from the active participation of
researchers who have already done this ground-work and
have established networks of contacts with key stakeholders,
particularly with stakeholders whose domain of expertise is
focussed on a single sector or region. All these specialists
give broadly similar advice: you cannot parachute in to a
problem-domain, grab some data, solve a problem and bail
out again without alienating stakeholder communities. It
takes time to establish and maintain trust.
These space-time constraints have been a significant obstacle
in enabling formal modellers and humanists to work together on human activity systems in which there was substantial
conflict between the advocates of stability (typically institu8

tional actors) and those trying to facilitate change. If formal
modelling methods are required, it is often easier to provide
those services ‘in-house’ than to complicate the situation by
calling in modelling experts from another team.
Accordingly, we have divided our report on non-linear dynamics into two volumes. The first, Volume I, deals with the
experience of researchers working with flesh-and-blood
stakeholders in WPs 2, 3 and 4 together with an experiment
on innovation-management that used the COMPLEX team
and its guests reflexively, as a microcosm of wider stakeholder communities. This report, in contrast, deals more
with theoretical, technical and methodological research on
rapid systemic re-organisation.

9

SECTION I
System Flips and Evolutionary Anthropology
Georges Cuvier’s suggestion that the Almighty had repeatedly created, destroyed and re-created life-forms, though
broadly consistent with the evidence of palaeontology, was
rejected by the biologists of the 19th century and Charles
Darwin famously insisted that evolutionary processes occurred gradually and continuously.
The first scientific writing on rapid, irreversible, systemic
change was produced in the context of Marxian sociology
and Darwinian evolution. Marx elevated the concept of
revolutionary change to the status of a socio-economic law
and Darwin declared rapid, saltatory change scientifically
impossible. By the end of the 19th century some of Darwin’s
strongest supporters, including his defender Thomas Henry
Huxley, were openly declaring that Darwin had got this
wrong. These biologists were not Marxists and would have
abominated Marxian theory; they must have been driven to
this conclusion by hard scientific evidence.
The purpose of this section is to review that evidence and
locate it in the context of 21st century evolutionary biology.
We have been able to do this inexpensively by pooling the
resources of the COMPLEX project with those of
DISPERSE, funded by the ERC. Although our findings are
not directly relevant to the climate system per se, they speak
directly to that part of the call that demand work on ‘the difficulty to represent pervasive technological developments (and) positive
feedbacks, (and) the difficulty to represent non-linearities, thresholds
and irreversibility. They are also directly relevant to political
science and the theory of innovation.
10

1.

Darwin’s Goldilocks Problem

Nick Winder and Isabelle Winder
Charles Darwin’s (1859) theory of evolution used a synergetic
model of fitness that characterised it in respect of an organism’s ‘organic and inorganic conditions of life’. When a
cock-bird attracted a mate or a long-tongued insect found
deep-throated flowers to pollinate they activated dynamic
multipliers that opened new possibility-spaces of future opportunities and challenges. If the co-evolution of deepthroated flowers and long-tongued moths led to an exaggeration of these traits, then conventional pollinators would be
locked out and long-tongued pollinators would thrive. Synergetic fitness can produce evolutionary winners and losers.
During the first half of the 20th century biologists re-defined
evolution as a change in the gene-pool driven by natural
selection (as described by Fisher, 1930). This gene-centred
model is often referred to as the ‘modern synthesis’ (Huxley,
1942). Its success was due, in part, to evidence that falsified
key elements of Darwin’s theory and, in part, to the physicist
Erwin Schrödinger (1944), who saw analogies between genetics and quantum theory and argued for the existence of a
genetic blueprint. Watson and Crick’s (1953) findings about
DNA seemed consistent with Schrödinger’s blueprint theory
and the Darwinian model was set aside. In the modern synthesis, natural selection becomes a filter that punishes failure,
and fitness is an attribute of a gene. The result is a heroic
model of fitness (Landau, 1991) in which genes either have
what it takes to survive or fail.
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From the perspective of policy-relevant science the distinction of heroic from synergetic fitness resonates strongly with
that between neo-liberal economics and socialism. The shifting balance between these socio-economic theories is autocorrelated with cycles of geo-political tension and perestroika in Europe. The emergence of post-war social democracy
in Europe, for example, marked a shift of emphasis from
unregulated competition to a more co-operative modus operandi. The cycle turned again in the course of the late 20th
century, culminating in the crash of 2008, the war against
terror and austerity economics. Since the call to which
COMPLEX responded
Darwin’s enthusiasm for Herbert Spencer’s phrase ‘survival
of the fittest’ suggests he too found heroic models attractive.
He often assumed that the ‘conditions of life’ experienced in
a region would be more or less uniform. Under the assumption of uniformity one can reasonably speak of some organisms being intrinsically fitter or less fit than others, as Darwin often did. The differences between Darwin’s theory and
the modern synthesis become significant, however, when
one tries to connect the two models to later developments in
systems ecology. With Darwin’s theory it is possible to treat
fitness as the upshot of co-evolutionary processes because
selection operates on organisms in a populated neighbourhood. With the modern synthesis there is only the heroic
model and the heroes are not organisms but genes. Ecological synergies are hard to model if natural selection operates
on gene pools.
Evidence that multicellular organisms would not have
evolved at all were it not for evolutionary synergetics
(Margulis, 1970) had little impact on the modern synthesis.
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The systems revolution that focussed attention on synergetic
processes, agency and self-organisation was also ignored.
Recurrent arguments about the modern synthesis itself
(Gould, 1982; Tattersall, 2000; Foley, 2001), sociobiology
(responding to Wilson, 1975), dual inheritance (Boyd and
Richersen, 1982) and studies of human uniqueness (Cartmill
et al, 1986; Cartmill 1990) all suggest a paradigmatic tension
between the heroic and synergetic models in anthropology.
In mainstream biology the modern synthesis is increasingly
portrayed as a ‘special’ theory that has been generalised to
situations where the evidence doesn’t line up. We need a
more general, extended synthesis (Pigliucci and Muller 2010)
that gives proper weight to agency, co-operation, emergence,
trait-mosaics, non-adaptive change, epigenetics and reticulated evolution (Jablonka & Lamb, 2005; Arnold, 2009; Kivell
et al, 2011; Nei and Nozawa, 2011).
At least two special issues of scientific journals have been
produced recently to review the state of art (Vane-Wright,
2014; Noble, 2013). It is not necessary to re-state the case
for an extended synthesis here. This paper is to start bridging the gulf between anthropological and biological ideas by
looking for the antecedents of the extended synthesis in early evolutionary literature, and by formulating a new hypotheses about the evolution of social learning, compassion, cooperation and hereditary disability in our own species.
Early evolutionary theories
Jean-Baptiste De Lamarck’s (1809, 1914) evolutionary theory
argued for a dialectic tension between the need to adapt to
local circumstances and an innate tendency to develop and
13

complexify that was part of the alchemy of protoplasm, as it
were. The innate predisposition drove successive generations
up a ladder of ever-increasing complexity. Adaptation to
local circumstances created side-branches, local deviations
and evolutionary culs de sac. Darwin’s theory eliminated the
innate progressive tendency and explained the whole process
in terms of adaptive dynamics. Darwinian organisms were
agents in the weak sense that they over-produced young,
which were obliged to ‘struggle for existence’. Morphological
and physiological attributes varied between organisms, and
that variation, Darwin told us, was heritable.
Darwin was writing before the disciplines of genetics and
ecology came into being and we must use words anachronistically to describe his work. 20th century biologists used the
word ‘trait’ to describe a heritable attribute. If we map this
term onto Darwin’s thesis, we can say that some types of
organism (defined in terms of their traits) were better able to
attract mates and more likely to thrive. The types that survived and bred were, in effect, selected by nature to transmit
their traits to the rising generation. Darwin’s theory of ‘descent with modification under natural selection’ could not
work if survival were a lottery, or if variability were not heritable, or if traits were selectively neutral. His later work, as
we will see, softened the last assumption, but the trait concept and natural selection remained key ideas.
Darwin needed to convince readers that the struggle for
existence could never winnow populations so thoroughly
that the survivors had no reserves of heritable diversity. He
did this by arguing that heritable variability was universal and
that natural selection could multiply even tiny differences in
a way that separated the fittest from the rest. This argument
14

placed Darwin in a bind that Stephen Jay Gould (2002) described as ‘Goldilockean’. If the wellsprings of heritable diversity were to flow too strongly, then the stream of new traits
could easily become a driver of evolutionary change comparable to Lamarck’s progressive tendency. If supplies of heritable diversity were to run dry, however, natural selection
would have nothing to work with. The flow-rate had to be
just right.
Darwin solved his Goldilocks-problem by asserting that
natura non facit saltum - nature does not make jumps. Evolution was slow and continuous. There need not be much variation, certainly not enough to drive change adventitiously,
because the tiniest variability in a cohort could activate selective multipliers and be bulked up over countless millennia.
Non facit saltum was a fudge that ensured the wellsprings of
heritable diversity never ran dry or burst the banks of scientific materialism. Without it Darwin could not have argued
that natural selection drove an adaptive dynamic that would
create new (unprecedented) traits. If readers of Origin rejected the non facit saltum assumption, Darwin explained, then
they must necessarily reject his theory. Thomas Henry Huxley (1863, 1864) saw non facit saltum as an unnecessary weakness and formulated an alternative saltatory model that allowed for a stick/slip dynamic.
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2.

Saltation, Emergence and Non-Linear
Dynamics

Nick Winder and Isabelle Winder
Darwin’s Goldilocks solution seemed to imply a continuous
scale of heritable variation, so when Hugo De Vries rediscovered the Mendelian model of genetic inheritance, with its
discrete heritable traits, dominance-relations and polymorphisms (TH Morgan, 1916; De Vries 1917), many biologists
saw this as a death-blow for Darwinian theory because
small-scale variability was often not heritable. Heritable variation was quantised and saltatory dynamics were probable.
The modern synthesis provided an empirically defensible
alternative to Darwin’s model, but struggled to accommodate later developments in systems ecology, many of which
revolved around the concept of emergence. For a discussion
of the relationship between emergence and the extended
synthesis see Pigliucci (2014). Again, we will use use language anachronistically to tease out what, to us, appear to be
the key ideas. In 1923 C Lloyd Morgan, one of Thomas
Henry Huxley’s students, wrote a book titled Emergent Evolution. Morgan borrowed the word from the 19th century philosopher George Henry Lewes (1875 Vol. II. Prob. V. ch. iii.
p. 369) who distinguished two broad types of logical relation.
The first, following John Stuart Mill (1843, Bk. III. ch. vi. § 2),
Lewes called resultant.
Imagine an experiment in which a scientist uses a catapult to
launch a small glider. A strong impulse moves the glider a
long way and exposes it to wind currents longer than a weak
impulse, but it seems intuitively obvious that the long flight
can be decomposed, as it were, into a sequence of short
16

flights, which could be executed to much the same effect.
There would be some statistical discrepancies between the
outcomes, but the whole and the aggregate of the parts
would be broadly equivalent. Resultant systems are timesymmetric; their behaviour can be explained ex post and predicted ex ante because it can be decomposed into small steps
and extrapolated, step-wise into the future.
Now imagine a scientist making many of these experiments,
in one of which a dog chases the glider, picks it up and runs
away. The scientist tries to retrieve the plane and the dog
takes evasive action. Two things have happened: first, the
outcome of this particular experiment clearly belongs to a
different ontological class. The scientist/glider system has
self-organised into a completely new type of dynamic. Second, the whole is no longer decomposable into the sum of
its parts and the common-sense assumption of resultance
(we would now say ‘linearity’) must be set aside. Lewes called
these non-linear systems emergent. They are emergent in two
senses: first they are time-asymmetric - past system behaviour is
a poor guide to future dynamics – and second, they defy the
linearity assumptions of continuity and decomposability.
These two manifestations of emergence often correspond to
different space-time perspectives. The winning numbers in a
lottery, for example, are unpredictably emergent when
viewed from an ex ante perspective. Viewed ex post, however,
the effects of the event on those who possessed the winning
ticket can be explained in terms of a self-organisation.
It is relatively easy to push both aspects of emergence into
the background by looking at the same system from a third
space-time perspective. From the lottery organiser’s perspec17

tive, for example, the life-changing experience of winning
the lottery requires no explanation. Lotteries sell very large
numbers of tickets. Laws of large numbers stabilise probability distributions and allow the company to budget for wins
and make a dependable profit. From this aggregate perspective the dynamics of the lottery system broad are broadly
linear and time-symmetric. Its future behaviour can be predicted subject to some statistical uncertainty.
Darwin’s continuous model is an interesting hybrid. The non
facit saltum axiom implies that evolutionary systems are resultant in the sense that any trajectory can be decomposed
into smaller steps that have the same effect. However Darwin believed that these sequences of micro-scale events
could produce new and unpredictable outcomes. Using language anachronistically one might say he was comfortable
with time-asymmetry and unpredictability-emergence, but
not with non-linearity. New types of system had to emerge
from the old gradually.
That is not the impression one gains when looking at emergent phenomena in nature. Georges Cuvier, for example,
had earlier assembled a mass of empirical evidence that geological epochs were punctuated by rapid collapse and reconstruction (discussed by Huxley, 1875-1889). Darwin was
aware of this evidence, but played the taphonomic gambit
familiar to any archaeologist. The fossil record was incomplete and patchy; the absence of evidence for missing links
was not evidence of absence. This empirical blind-spot is all
the more remarkable because Origin contains masses of empirical evidence and pattern descriptions. Unlike Lamarck,
whose evolutionary theory was broadly philosophical, Darwin devoted a lot of space in Origin to evidence-based de18

scriptions of selective interaction between neighbours in
populated neighbourhoods.
Plesionic science, uncertainty and meaninglessness
Origin was the first book written by a reputable ‘man of science’ that treated patterns of interaction between purposeful
neighbours in a physical neighbourhood as a worthwhile
research focus. The work was shaped by Darwin’s own
small-scale observations, his work as a field naturalist cataloguing and describing new species and Wallace’s seminal
contributions to biogeography. These ideas - agency, conflict, co-operation and space-time pattern on many scales are so deeply embedded in the culture of 21st century science
that each discipline has its own words to describe them. We
use the word plesionic, from the Greek plesion meaning ‘neighbour’, as an indicative term to describe this research focus.
Our species has evolved a range of empathic and linguistic
faculties that fitted them for life in highly co-operative social
units, which Darwin called ‘tribes’ and we think of as ‘plesionic systems’. The ability to acquire language and complex
co-operative skills, for example, implies an innate expectation that the neighbourhoods we are born into will contain
agents trying to communicate with us. Our species is so sensitive to agency that we seem to recognise it even in situations where there are no agents. Evolutionary multipliers
have accentuated this predisposition to the point where most
societies have protocols for communicating with supernormal ‘agents’. Institutions like banks, polities and religious
orders emerged as synergetic by-products of this cognitive
predisposition.
19

A bank, a church or a government is not a convincing agent,
nor is it capable of operating as a conventional plesionic
system, but the fact that we humans recognise and interact
with them as if they were agents is ecologically significant
(Winder & Winder, 2013, § 7). It would be perverse, in the
plesionic sciences, to dismiss power struggles between supernormal ‘agents’ and true plesionic systems as ‘delusions’,
when their ecological impacts are so profound. A nationstate with a poor credit-rating, for example, could argue with
some justice that financial institutions are not agents and
credit-ratings are not real, but the effect of that socially constructed consensus on the well-being of its citizens will be
real enough to cause epidemics, poverty and social exclusion.
Research on human – environment interaction is invariably
reflexive in the sense that the research community and the
objects of research both have the same ontological structure;
each ‘reflects’ the patterns manifest in the other. However,
most reflexive research is not plesionic. It operates on statistically stable conjunctures, where laws of large numbers obtain, dynamics are approximately linear and prediction is at
least locally possible. Many social science disciplines, for
example, study, and are funded by institutions and give little
attention to plesionic complexity.
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To qualify as plesionic, a
research programme must
deal with patterns of interaction among purposeful
neighbours in a physical
neighbourhood. This usually
involves studying spacetime patterns on two or
more scales and finding a
dynamic balance between
Figure 2.1. A plesionic system is an interval of synergetic and constraintspace-time (an arena) containing, among other things, based modes of explanaa group of one or more agents (self) working together
to understand and possibly influence an interval of tion. Archaeology, anthrospace-time that contains, among other things, some pology, sociology, economplesionic systems (other).
ics, geography, environmental science and political science have all produced plesionic texts. In practice, however, it is easy for practitioners
in all these disciplines to evade plesionic complexity by stepping up a level of aggregation and working with statistically
large populations of agents coping with institutional or ecological constraints.
Herbert Spencer’s (1864) First Principles, for example, deals
primarily with institutional constraints, conflict and the heroic model. Political Marxism (Marx, 1867) works in a similar
way, ignoring agency and focussing on constraint and conflict in large populations. By ignoring or downplaying smallscale synergies and multiplier effects, Spencer and the political Marxists could argue that the ontology of nations and
power-relations was stable and the past was a good guide to
the future. Human affairs seemed time-symmetric and pre21

diction was possible, subject to some statistical uncertainties
that could be ignored at a first level of approximation.
It is relatively easy, in a reflexive study domain, to translate
familiar patterns into general theories about system dynamics
and use those theories to predict the future. Those predictions can be strengthened by synergetic multipliers that reshape human activity systems in the present by changing
policies or seeming to justify the use of institutional power
to enforce compliance. The result is a dangerous selffulfilling prophecy. This is not a theoretical risk. Archaeologists, biologists, sociologists and economists have, on occasion, been complicit in genocide. The social science wars and
revolutions of the 20th century, for example, were often justified with reference to scientific authorities who had backgrounded plesionic complexity by up-scaling their research.
The consensuses that crystallised around Spencerian liberalism and Marxian dialectic, for example, pitched the world
into a series of heroic struggles that killed on an industrial
scale. As Ernst Schumacher (1973:31) explained: “The greatest danger invariably arises from the ruthless application, on
a vast scale, of partial knowledge.”
The contrast between Marx, Spencer and Darwin is striking.
Darwin’s Descent of Man (1871) is an ex post explanation of
human evolution in which agency is a significant and pervasive feature. Plesionic texts tend to be very sensitive to timeasymmetry and the unreliability of ex ante prediction. The
difference is not that between certainty and uncertainty - all
predictions are uncertain - it is that between meaningful and
meaningless predictions. A prediction of the mean annual
temperature of Britain in 2050, for example, is uncertain but
not meaningless because the land mass and the concept of
22

temperature are unlikely to be changed much by human
agency. To predict the GDP of Britain in 2050, however,
would be meaningless because political and economic institutions can be re-shaped and even destroyed by socially constructed emergents and multiplier effects.
Darwin’s commitment to non facit saltum may have been motivated by his fear of political revolution. By insisting that
the new system emerge from the old gradually, he was effectively distancing himself from the anarchy and chaos of institutional collapse. However the empirical evidence of social
science does not support this axiom. The dynamics of any
human activity system are critically dependent on patterns of
belief, habit and socially constructed consensus. If beliefs
about super-normal agents change, then institutional structures can become vulnerable very quickly. The result is often
a power-struggle between conservative and reforming factions that can de-stabilise whole ecosystems. We humans can
innovate, changing the course of human evolution by changing our minds. The ability to do this accentuates the timeasymmetry of human affairs, often generating cascades of
innovations, each with emergent side-effects that cause collateral damage and trigger new responses. We have become
‘apes in skyscrapers’ (Dupré, 2014), whose co-evolutionary
ecology cannot be understood without reference to agency,
habit, purposeful action and belief (Corning, 2014).
Darwin as anthropologist
There are significant scale-disparities in Darwin’s theory.
Viewed from the micro-scale of demographic events, for
example, species and genera are long-lived, almost static
23

structures. Species, when they change, do so on the mesoscale, where laws of large numbers apply and Darwin’s principle of non facit saltum ensures that they will do so in a continuous, almost linear way. Natural selection is manifest at
this meso-scale as a selective field - comparable to a magnetic or gravitational field - that shapes and re-shapes the destinies of populations. These selective fields go out of focus as
one zooms in on the micro-perspective of demographic
events because laws of large numbers collapse and timeasymmetry becomes significant. Sometimes individuals get
lucky against the odds. Sometimes their luck slides the other
way. Those small-scale deviations between observed and
expected behaviours are often damped out by laws of large
numbers, but may occasionally create new patterns of opportunity and threat, that are amplified by synergetic multipliers to create qualitatively new types of selective field.
These three perspectives form a recurrent theme in evolutionary anthropology and we need some terms to describe
them. Historians of the Annales school, following Fernand
Braudel (1980), refer to them as event-time (histoire événementielle); conjuncture and deep time (longue durée). Event time
presents as a narrative chain of events that can be described
ex post but cannot be predicted ex ante. The synergetic conjuncture is locally time-symmetric and linear, but globally
unpredictable because micro-scale multipliers can restructure the selective field in a way that creates new specieslike patterns. These species-patterns revolutionise the system’s deep-time structure and change system dynamics.
Darwin’s theory required, rather implausibly, that dynamics
at all three levels - event, conjuncture and deep-time - be
smooth and continuous.
24

By the time Darwin was writing Descent of Man, he and Alfred
Russel Wallace were beginning to disagree about human
evolution. Wallace believed evolution was driven by selective
winnowing that eliminated failures and adapted the population to local circumstances. He also believed (Wallace, 1914)
in the existence of a universal intelligence that exempted
some humans and higher life-forms from the struggle for
existence. Wallace drew a sharp line between natural and
artificial selection. Natural dynamics were shaped by the
heroic struggle for existence and the selective constraints
that punished failure. Synergetic dynamics, including human
agency, were super-natural phenomena. Wallace’s universal
intelligence was no divine patriarch, but a necessary corollary
of his ideas about human intelligence and the constraining
nature of natural laws. If humans were agents, then that
agency required a super-natural explanation. Henri Bergson
(1907), also reacting against Darwinian atheism, developed a
similar argument in his book Creative Evolution.
Descent was Darwin’s principal contribution to anthropology.
In it, he felt obliged to back away from some of his earlier
arguments. He acknowledged that too much emphasis had
been placed on natural selection. By now he had adopted
Spencer’s phrase ‘survival of the fittest’ as a punchy alternative to formulations like ‘descent with modification under
natural selection’ and wrote:
“…I now admit … that in the earlier editions of my 'Origin of Species' I probably attributed too much to the action of natural selection or
the survival of the fittest. I have altered the fifth edition of the Origin so
as to confine my remarks to adaptive changes of structure. I had not
formerly sufficiently considered the existence of many structures which
25

appear to be, as far as we can judge, neither beneficial nor injurious;
and this I believe to be one of the greatest oversights as yet detected in my
work.” (Darwin, 1871, Volume 1, p. 152).
This passage is significant because it strengthened Darwin’s
thesis that the wellsprings of heritable diversity would never
dry up. He no longer had to argue that any variability, however small, would be heritable. If some traits were not selected, there would be an un-tapped pool of heritable variation
that could underpin new ways of becoming fit at some time
in the future. The word exaption is sometimes used to describe this phenomenon. Some of these non-selected traits
may have exapted organisms to life-ways that only came into
being as new patterns of plesionic interaction activated synergetic multipliers that selected for new ways of being fit.
Where Wallace had solved the problem of human agency by
making a Cartesian distinction between natural and supernatural domains, Darwin (1871, Volume 1, p. 163-165)
solved it by writing about natural selection operating at the
level of the ‘tribe’, and about peer-pressure - particularly
sensitivity to ‘praise and blame’ within the community. Darwin did not need nebulous god-agents to explain higher
cognition, co-operation and agency. Humans that sacrificed
immediate gain for the well-being of the tribe, though they
appeared to have lost fitness at an individual level, would
have gained compensating benefits by being embedded in a
more cohesive and viable ‘tribe’.
It is important to understand, as one reads this chapter of
Descent, that the group-selection dynamic is not presented as
an alternative to the model in Origin that has the individual as
the locus of selective action. Rather, it introduces a second
26

selective field that shapes the destinies of ‘tribes’. The interplay between these two Darwinian systems, each with its
own space-time signature and selective focus, was sufficient,
Darwin believed, to explain the emergence of pro-social
altruism.
The model Darwin presents in Descent and the later editions
of Origin has a complex structure. Natural selection had become a bridging concept that not only linked dynamics on
three space-time scales but could occur simultaneously in
two separate contexts. There was one three-level system
governing the fates of individuals and another governing the
fates of tribes. Altruism, which can only be valorised at the
event-level as patterns of co-operation between neighbours,
influences the fitness of the social unit as a whole and this
communal fitness (or the lack of it) feeds back to modify the
selective landscape that influences the destinies of individuals.
Darwin clearly believed that the selective field which shaped
the evolution of tribes, and the selective field that underpinned descent with modification at the individual level must
have reinforced each other to act as a synergetic multiplier.
The upshot of this two-level interaction was the emergence
of new species - a smart, sociable altruistic ape. However, it
is equally possible, indeed likely, that the traits which would
enhance the tribe’s fitness would so severely compromise
the fitness of carriers that the two selection pressures would
cancel each other out. Stable, cohesive tribes containing selfsacrificing altruists could only emerge in circumstances
where the two dynamic systems reinforced each other to
generate a congruence of selective interests at the levels of
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the tribe and the individual. If these two types of dynamic
were pulling in opposite directions then the evolutionary
system would have become trapped in a constrained attractor that would punish evolutionary change.
It is relatively easy to read Origin and satisfy oneself that codynamic interaction across two space-time scales (event and
conjuncture) generates emergent, species-like patterns on a
third, deep-time scale. It is also easy to establish that non facit
saltum seems to imply almost-linear dynamics and timeasymmetry. Descent explicitly couples two of these three-level
Darwinian systems, each with a different space-time signature, and uses them to explain the emergence of co-operative
and compassionate behaviour. But we have no reason to
believe Darwin would have found our account of selective
fields, cross-scale lock-in and emergence helpful. He was
certainly not interested in circumstances where evolution
could become gridlocked by cross-scale lock-in and resisted
all attempts to persuade him to relax those continuity assumptions and admit the possibility of stick-slip dynamics at
the meso-scale too.
Thomas Henry Huxley, who by this time was convinced that
non facit saltum had been a mistake, would probably have been
more alive to the possibility that multi-scale dynamics could
become grid-locked in a way that would generate a saltatory
dynamic, but Huxley was no theoretical biologist. He was
scathing in his rebuttal of theory, describing logical consequences as “scarecrows for fools and signposts for wise
men” (Huxley, 1874). His approach to evolutionary dynamics was primarily empirical.
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Darwin and Huxley did not anticipate developments in 20th
century complexity theory, but they had operationalised all
the concepts needed to describe situations where pairs of
evolutionary systems, each with its own pattern of threelevel dynamics could interfere with each other to create a
gridlock of cross-scale constraints or become freed up to
emerge as a new species of dynamic system. However, it
took biologists the better part of 100 years to put all these
pieces together and get the model through peer review and
into publication (Gould & Eldredge, 1977). Once one has
such a model in place, it becomes possible to explore the
scope for locally linear, equilibrium-seeking dynamics punctuated by symmetry-breaking events that allow new types of
system dynamics to emerge in that characteristic, non-linear
way.
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3.

Fit Genes Hide

Nick Winder and Isabelle Winder
Our species produces a substantial proportion of disabled
individuals and seemingly maladaptive traits. Natural selection, the ruthless elimination of unwanted infants and genocidal cleansing have not had the effects the social Darwinists
expected. The heroic model of evolution as a crucible that
burns away the dross of humanity and purifies the race has
been tested thoroughly and refuted. Evolution doesn’t work
that way.
It is possible to argue that some high-functioning disabilities
might have contributed to group fitness in the heroic sense
(see, for example, Nettle (2005) on schizophrenia and related
disorders and Spikins (2009) on high-functioning autism),
but hard to explain the emergence of challenging behaviours
and chronic dependence among primates that did not already possess advanced cognitive skills and high levels of
altruism. Organic evolution remains the simplest naturalistic
explanation for the empirical evidence of modern anthropology, but the modern synthesis is frankly implausible. It
requires us to argue that our ancestors became better
equipped for survival and reproduction than more conventional chimpanzees because they produced hairless, helpless,
congenitally macrocephalous infants.
In human populations, genetic evolution seems to be an
equilibrium-seeking process, creating resilient complexes of
checks and balances that protect deleterious genes from selective winnowing. The ‘fittest’ genes, then, are those that
swim in large gene pools buffered against irreversible change
by laws of large numbers. They hide behind dominance rela30

tions or become incorporated into stable polymorphisms
and, in situations where they are expressed, code for some
benign trait that does not undermine the carrier’s viability.
Probably the fittest genes of all are those that code for nothing. They slip into the junk DNA of a really successful host
species or hitch a ride across species barriers with a virus,
ideally one that never kills its host. They certainly do not go
head-to-head with other alleles in a competition that only
allows the strongest to win through. Fit genes hide from
selective winnowing.
The success of this evolutionary strategy is clear. Even profoundly disabling traits are remarkably hard to eliminate
from the human gene pool. At the time of writing, genetic
engineering holds the best prospect of effecting irreversible
change on the human gene pool, though it is unclear whether gene-focussed therapy will eliminate maladaptive traits
altogether, or provide better palliative care that will hide
them from natural selection more effectively.
If we were to generalise this equilibrium-seeking model of
fitness from genes to organisms, then the fittest offspring
would be those that could cope with the challenges their
parent’s genes and their environment threw at them. The
fittest parents would be those that facilitated these coping
strategies in their own infants. Our upright stance, browless
skulls, short arms, weak teeth, hairless bodies, extended period of infant dependence and feet so straightened that they
can neither grasp nor climb effectively may not have been
adaptive in the heroic sense of the word. Some of these
traits could instead have arisen through symmetry-breaking
events that flushed disabling genes out of hiding, triggering a
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dramatic loss of fitness. These upwellings of genetic diversity would accelerate selective winnowing, flipping the system
from a synergetic to a heroic dynamic that would further destabilise the gene-pool. This epic tale of tragic death and
heroic survival would continue up to the point where viable
coping strategies emerged. Only then could synergetic multipliers come into play that would allow organisms to negotiate new ways of being fit.
The palaeoanthropological evidence, reviewed in detail elsewhere (Winder & Winder, 2014), does not suggest a species
that arose by a process of hierarchic divergence, constrained
by heroic selection that selectively curated adaptive characters and selectively eliminated maladaptive ones. If it did, the
problems of human origins would have been solved long
ago. Rather, the fossil evidence suggests a patchily distributed, genetically open population of great apes organised into
close-knit pro-social units. Populations were probably susceptible to periodic crashes and demographic bottlenecks
that would have flushed deleterious traits out of hiding.
Modern primates sometimes have complicated sex lives.
Hybrids between species and, on occasions, between genera
have been observed, both in captivity and within wild populations. It is easy to see how these traits, complemented with
matings between close kin, would facilitate survival among
tiny plesionic populations driven through demographic bottlenecks. These are situations where conventional mating
strategies and barriers to hybridisation would lead to extinction and it seems likely that a wide range of primate forms
developed. Darwin’s solution to the Goldilocks problem
would not work in these circumstances because upwellings
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of hidden traits would drive the system through cycle after
cycle of emergent re-organisation.
The effect of these upwellings would be to create a metaselection pressure that favoured plesionic systems able to
acquire coping strategies Strong dominance/recessive relations and modifier genes that could prevent the expression
of deleterious traits are common biomolecular coping strategies. However, behavioural flexibility, social learning and the
ability to innovate may also have been significant. There is a
growing body of archaeological and primatological evidence
(Hublin, 2009; Spikins et al., 2010) consistent with the hypothesis that populations which were a little smarter and
more compassionate would be able to mitigate the effects of
natural selection faster and discover new ways of becoming
synergetically fit again.
The last 6-7 million years has seen more positive selection in
the chimpanzee line than our own (Bakewell et al., 2007), a
result consistent with the hypothesis that our ancestors have
passed through many of these flash-floods of genetic variation. The result would have been a braiding stream of crossing and re-crossing lineages that gradually converged and
deepened into a small number of recognisable species, many
of them capable of flexible social learning, pro-social, empathic, and compassionate. The evidence just summarised
would suggest many waves of immigrants into refugial landscapes (Winder, et al, 2013), all seeking flexible coping strategies. If gene flow occurred between these waves, then cascades of physical, behavioural, genetic and ecological emergents would be likely.
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What is the policy-relevance of this work?
The demographies of ancient hominins and modern humans
are strikingly dissimilar. There are now billions of humans
on earth, organised into large, stable ethnic groups connected by a network of low-level gene exchange. Much of our
gene pool has been silenced by natural selection and modern
populations no longer face the challenge posed by those
genetic bottlenecks. Human gene pools have stagnated to
the point where profoundly disabling traits are protected
from extinction by laws of large numbers, dominance relations, polymorphisms and behavioural flexibility. There is no
evidence of irreversible genetic flux in modern human populations.
Over the last few millennia the cognitive skills that helped
our ancestors cope with natural symmetry breaking events
became a de-stabilising force in their own right as humans
began to live in deeply stratified urban units with complex
institutional structures and craft specialisation. Culturally
mediated innovation-cascades have increased the carrying
capacity of the planet from hundreds of thousands to billions. Compassionate impulses that work reasonably well on
a human scale are increasingly defeated by institutional constraints and the sheer complexity of ecosystems that operate
on super-humanly large scales. The compassionate ape has
become the genocidal ape whose actions have entrained
planetary life-support systems. So profound has this reorganisation been that many ecologists speak of it as a new
geological period, the Anthropocene.
Modern urban societies provide a vast range of a priori improbable niches. Anthropologists interested in the history of
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evolutionary ideas are sustained by taxes taken from people
who make plastic whistles for Christmas crackers, priests,
real-estate agents and popular musicians. Our species has
experienced so many symmetry-breaking events since the
end of the Pleistocene that few of us are now capable of
getting our own food, clothes and shelter or, indeed, have
any need of these skills. Our ability to innovate - to change
the course of evolutionary history by changing the way we
think - has become the principal driver of human evolution.
The challenge for policy relevant research in the 21st century
will be to accommodate our understanding of human evolution in ways that accommodate this wondrous complexity.
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SECTION II
Modelling System-Flips
Nature is often expected to respond to gradual changes in a
smooth way. However, studies of climate systems, lakes,
coral reefs, oceans, forests and arid lands have shown that
smooth change can be interrupted by sharp (or catastrophic)
shifts to different regimes (Scheffer et al., 2001). ‘Tipping
points’, ‘thresholds’, ‘regime shifts’, and ‘irreversibility’ — all
are terms that describe the flip of a complex dynamical system from one steady state to another steady state, the socalled catastrophic shift. Catastrophic changes in the overall
state of a system can derive from feedback mechanisms
within it, and from linkages that are latent and often unrecognized. The change may be initiated by some exogenous
shocks. Once set in motion, however, such changes can become explosive and afterwards will typically exhibit some
form of hysteresis, such that recovery is much slower than
the collapse. In extreme cases, the changes may be irreversible.
More specifically, climate change is a complex phenomenon
plagued of uncertainties which are crucial for climate policy.
Some of these uncertainties are related to the existence of
non-linearities, thresholds, and irreversible events. The Stern
report (Stern, 2007) points out three main non-linear changes and threshold effects from climate change. First, global
warning will increase the chance of triggering abrupt and
large-scale changes. Second, melting of polar ice sheets
would accelerate sea level rise and eventually lead to substantial loss of land, affecting around 5% of the global population. Finally, global warming may induce sudden shifts in
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regional weather patterns with severe consequences. In this
context, a critical issue is the definition of mitigation policies
when the possibility for non-linearities, thresholds, and irreversible events is allowed. From the policy perspective, the
existence of uncertainty about thresholds affects the timing
and design of emissions abatement. In this sense, the uncertainty about the thresholds suggests that climate policy
should be ‘‘precautionary’’ in the sense of favoring earlier
and more intense intervention (Pindyck, 2007). However,
due to this same uncertainty, it is not clear the level of precaution that should be adopted.
When it comes to assess the socio-economic impact of climate change and mitigation policies, current impact assessment models are unable to present non-linearities, thresholds and irreversibility or run catastrophe climate scenarios.
Numerous studies have indicated that in the case of nonlinear climate change impacts, optimal abatement increases
substantially (Baranzini et al., 2003; Gjerde et al., 1998; Keller
et al., 2004; Kolstad, 1994; Mastrandrea, 2001; Tol, 2003;
Yohe, 1996; Zickfield & Bruckner, 2003). The potential for
non-linear and low-probability climate responses to anthropogenic greenhouse gas forcing, however, has received little
attention in the climate change damage cost literature to date
(Alley et al., 2003; Higgins et al., 2002; Tol, 2009; Wright &
Erikson, 2003).
Besides climate change impacts irreversibility and nonlinearities are also important characteristics of investment
decisions, consumption preferences and production technologies. Most of the conventional economic models, however, are unable to take full account of biophysical and psy37

cho-social characteristics of consumption and production
(see Dasgupta & Heal, 1974).
This section presents concrete examples of the approaches
to modelling rapid system-flips currently in use. The domains of application range from natural- and life-science
applications through coupled environment-ecology models
and actor-based economics and decision making.
Some of these chapters; 7, 8, 9, 13 and 14, for example, describe domain-specific examples, while others (chapter 10,
for example) try to locate these studies in a coherent theoretical framework.
Since the purpose of this scientific report is to describe the
research we have actually done and make it available for
evaluation, we present these case studies without comment.
We intend and expect that many of the chapters presented in
this section, coupled with material on stakeholder engagement and innovation-management from Volume 1, will later
form the basis of a published book. The co-ordinator has
entered into discussions with a scientific publisher on this
subject.
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4.

Definitions

Iñaki Arto, Iñigo Capellán-Pérez, Tatiana Filatova, Mikel González-Eguinob, Klaus Hasselmann, Dmitry Kovalevsky, Anil Markandya, Saeed M Moghayer, and Meron Belai Tariku
Non-linearities

Most coupled socio-environmental systems (SES) exhibit
nonlinear behaviour (Liu et al., 2007). In general, this implies
that small changes in independent variable(s) or in underlying micro behaviours may cause non-constant effects in a
dependent variable or macro patterns and phenomena. In
complex adaptive systems it is often the case that many interacting agents follow rules that produce complex nonlinear
dynamics at macro-level (Axelrod, 1997). Yet, even when
processes at micro level or within subsystems are rather
straightforward and linear, the interactions and feedbacks
between them may cause non-linear responses resulting in a
change in the trajectory of the system (Walker, 2004). Crossscale interactions and positive feedbacks among system elements, which lead to the emergence of nonlinear system
responses, is a common feature of biological, physical and
economic system (Peter et al., 2004; Levin, 1999; Carpenter et
al., 2011). Thus, nonlinear effects and their macro scale impacts stem from local processes, which shift from one state
to another (Arthur, 1999). A transition between alternate
states often occurs when a threshold level of some control
variables in a system is passed (Walker, 2004), making such
thresholds a common form of non-linearity (Liu et al., 2007).
Emergent nonlinear system behaviour is characterized by
discontinuities (Liu et al., 2007; Huggett, 2005), what makes
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it difficult to predict systems behaviour on various spatial
and temporal scales (Peter et al., 2004). In coupled SES certain positive feedbacks within or between subsystems may
trigger nonlinear increases in economic costs (Chapin et al.,
2000).
Thresholds

Threshold is a critical value of independent variable where a
system flips from one stable state to another (Muradian,
2001; Wiens et al., 2002; Walker & Meyers, 2004; Bennett et
al., 2006; Kinzig et al, 2006). In resilience literature critical
thresholds are called tipping point (Scheffer et al., 2009). In
mathematics thresholds are known as bifurcations (Andersen et al., 2008). Bifurcation refers to a qualitative change in a
steady state of an adaptive system at a faster time scale when
a parameter on slower moving time scale goes through a
critical value that causes the stable state on the fast time
scale to become unstable (Brock, 2004). While mathematics
studies bifurcations as changes to cyclic or irregular transitions, an analysis of SES focuses primarily on a transition
between two steady states (Andersen et al., 2008). As reviewed by (Hugget, 2005) a threshold can be seen as a (1) a
bifurcation point, (2) a boundary in space and time, (3) a
critical value of independent variable, (4) a single point or a
zone – where a “relatively rapid change” between alternate
regimes occurs.
Crossing a threshold results in an abrupt shift of complex
system from one regime to another, and may cause a cascade
of thresholds crossed. Empirical research suggests that the
positions of critical thresholds and chances of crossing them
in one domain or scale dynamically react on the changes in
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other domains and scales creating a phenomenon of a moving threshold (Kinzig et al., 2006).
To some extent crossing a threshold may be used to identify
a regime shift in SES. However, the data for identifying
thresholds is often absent or incomplete (Huggett, 2005).
Moreover, there might be a time lag between the system
crossing a threshold and the reflection thereof in the domain-specific macro-measures of interest.
Irreversibility

While complex adaptive SES are perpetually out-ofequilibrium going through marginal or non-marginal changes, some of those changes in system’s states may be irreversible. According to Folke (2004) irreversibility is a consequence of changes in variables with long turnover times and
a loss of SES potential and interactions between system elements, which are able to help the system to renew and reorganize back in a desired state. A transition, which is not reversible, is called hysteresis (Scheffer et al., 2009). As Brock et
al., (2004) define it: a hysteresis is a change in a system state,
which requires more efforts to shift it back to the previous
desirable state compared to the original forcing that triggered the regime shift. For example, if a system flip was
caused by a slow-moving variable going “up" and crossing a
critical value, it needs to be forced "down" to a level quite
far below the original value, which initiated this critical transition, to be able to "recover" the old state (Brock et al.,
2004).
The three terms – non-linearity, thresholds and irreversibility
– are closely related to the notion of resilience. “Resilience
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reflects the degree to which a complex adaptive system is
capable of self-organization (versus lack of organization or
organization forced by external factors) and the degree to
which the system can build capacity for learning and adaptation.” – a quote from (Adger et al., 2005)
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5.

The Climate System

Iñaki Arto, Iñigo Capellán-Pérez, Tatiana Filatova, Mikel González-Eguinob, Klaus Hasselmann, Dmitry Kovalevsky, Anil Markandya, Saeed M Moghayer, and Meron Belai Tariku
It is no surprise that state-of-the-art Global Climate Models
(GCMs) and their recent extensions – Earth System Models
(EMS) – based on strongly non-linear equations of geophysical fluid dynamics often demonstrate strongly non-linear
behaviour. It should be noted however that already very
simple climate models, like one-dimensional energy-balance
models (EBMs) that were by design unable to resolve atmospheric/ocean dynamics, often demonstrated prominent
nonlinear behaviour, including the existence of possible multiple equilibria (Budyko, 1969; Sellers, 1969). And even simpler zero-dimensional models broadly used as climate modules of Integrated Assessment models to calculate global
mean surface air temperature changes caused by anthropogenic GHG emissions, e.g. the model NICCS (Hooss et al.,
2001), are usually nonlinear (CO2 concentration typically
enters the r.h.s. of temperature dynamic equation under a
logarithm, therefore the CO2 forcing is nonlinear etc.).
It should be noted in this respect that the entire modern
theory of dynamic systems emerged from a seminal threedimensional dynamic model of convection for which a
strange attractor has been discovered by Lorenz (1963).
Thus the modern theory of chaotic systems has its origin in
geophysical fluid dynamics. In a recent review Ghil (2013)
addresses two complementary approaches to modelling
global climate system as a dynamic system – a deterministic
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nonlinear approach, which he calls “the Lorenz approach”,
and a stochastic linear approach, which he calls “the Hasselmann approach” (in the latter the “slow” climate variability is caused by random forcing by “fast” “weather” events
(Hasselmann, 1976)). He argues that the unification of both
approaches towards a stochastic nonlinear climate theory is
necessary to address problems of climate variability and climate sensitivity to external forcing.
An analysis of ocean circulation – an important element of
the global climate system – from the viewpoint of modern
theory of dynamic systems started with a simple two-box
model of the North Atlantic circulation, in which two
steady-state flow regimes were revealed (Stommel, 1961).
These ideas have been significantly advanced in recent years
in the numeric bifurcation analysis of realistic ocean models,
which are able to address features such as the bistable regimes of the Gulf Stream and Kuroshio, or the El Niño –
Southern Oscillation (ENSO) phenomenon (see a comprehensive review in (Dijkstra, 2005)). Finding steady-state solutions of a hierarchy of ocean models of increasing complexity, accompanied by a numeric analysis of their stability and
associated bifurcation diagrams in the model parameter
space, is a promising area for the further development of
more realistic climate models, since the values of many
ocean model parameters, especially with respect to sub grid
dynamic processes, are often not known with sufficient accuracy (Dijkstra, 2005).
Thresholds
Rial et al. (2004) relate the concept of thresholds in climate
system to a question of the balance of amplifying (positive)
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and controlling (negative) feedbacks. They propose a metaphor of a net feedback, arguing that countless feedbacks in
the climate system can be reduced to a net negative feedback
and a net positive feedback, According to this metaphor, in
unperturbed conditions the net negative climate-driving
feedback of the Earth is slightly stronger than the net positive feedback, at least for small values of external/internal
forcing. However if the forcing grows beyond the point at
which the two competing feedbacks are balanced, then the
explosive amplification produced by positive feedbacks leads
to strong nonlinear effects. The point of balance between
the two competing feedbacks defines a runaway threshold.
However, even below this critical runaway level, the negative
impacts of human induced climate change can become so
strong at some critical adaptation threshold that societies are
no longer able to respond to the climate change impacts at
an acceptable cost. Thus mitigation policies should be implemented such that this critical adaptation threshold is not
exceeded. The inevitable uncertainty in the scientific and
socioeconomic determination of the adaptation threshold
has inevitably lead to discussions within the academic community. However, in the Copenhagen Accord (UNFCCC,
2010) this threshold, based on recommendations, among
others, of Bruckner et al. (1999), was set at 2 degrees C. Jaeger & Jaeger (2011) provide an interesting overview of the
history of emergence of 2C target, including a review of the
criticism of this target. Whether the 2C threshold is well
justified as a mitigation policy target or not, there is now
increasing scepticism on the chances of retaining the global
mean surface air temperature at or below this limit (Ander45

son & Bows, 2011; Peters et al., 2013). At the same time,
some recent studies (Mann, 2009; Smith et al., 2009) have
revised the climate change impacts associated with 2C temperature rise above the pre-industrial level towards higher
severity levels. On this basis, Anderson and Bows (2011)
suggest redefining the 2C limit as a threshold not between
“acceptable” and “dangerous” climate change, but between
“dangerous” and “extremely dangerous” climate change.
Irreversibilities
In IPCC AR5 WGI (2013, final draft) abrupt climate change
is defined as a large-scale change in the climate system that
takes place over a few decades or less, persists (or is anticipated to persist) for at least a few decades, and causes substantial disruptions in human and natural systems.
The IPCC AR5 WGI (2013, final draft) defines a perturbed
state as irreversible on a given timescale if the recovery timescale from this state due to natural processes is significantly
longer than the time it takes for the system to reach this perturbed state.
The concept of abrupt climate change is closely related to
the concept of egrodicity (or supposed non-ergodicity) of
the global climate system. The dynamic system is called ergodic if its behavior does not depend on its initial state and
if its statistics as t
does not depend on its initial position
in phase space (Karol, 1988), If the climate system is ergodic,
then for given external conditions there can be only one
climate state; otherwise, dependent on the initial conditions,
the climate system can move to different asymptotic regions
in the phase space, so that multiple climate states may be
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possible for single given external conditions, the actual climate depending on the history of the system. Lorenz (1976)
called ergodic climate systems “transitive” and non-ergodic
climate systems “intransitive”; referring to paleoclimate evidence, he also proposed a hypothesis of “almostintransitivity” of highly nonlinear climate systems. According
to this hypothesis, the phase space of the global climate system is divided into separate regions. The trajectories of the
climate system remain within a certain area over a finite time
interval, but from time to time they move from one region
to another. Lorenz (1976) provided an example of “almostintransitive” dynamic system.
It should be noted that abrupt climate changes can be defined not only in the time domain (as above), but also in the
frequency domain, where they can be manifested as changes
in dominant oscillations or shifts in the phase between different climate signals (Lohmann, 2011). One example, suggested by modelling studies (e.g. Timmermann et al., 1999) is
a possible change in El Niño events caused by global warming
Irreversible changes in the climate system may be triggered if
the forcing exceeds certain thresholds. E.g. a recent modelling study by Robinson et al. (2012) suggests that an irreversible decay of the Greenland ice sheet (that would lead to
6 to 7 m sea level rise) could start when the global average
temperature exceeds 1.5C above preindustrial level (with a
range of 0.8 to 3.2degrees C); These estimates are substantially lower than those reported previously in IPCC AR4
Other model simulations suggest that not only the level of
the forcing matters, but also its rate of its change (Stocker,
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1999). For instance, simulations with a coupled climate
model reported in (Stocker & Schmittner, 1997) produced
irreversible changes of the Atlantic thermohaline circulation
at CO2 concentration of 750 ppm if CO2 increases by 1%
per year, while at a slower rate of only 0.5% per year the
system withstands the increase of CO2 concentration up to
the same level. The sensitivity to the rate of increase of the
CO2 concentration is governed in this case by the rate increase of the heat uptake of the ocean.
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6.

Socio-Ecological Systems
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Ecosystems often do not respond smoothly to gradual
change (Gunderson & Pritchard, 2002), The nature and extent of the feedbacks can produce a change of direction of
the trajectory of the system itself (Walker, 2004). Biodiversity changes and ecosystem processes are likely to cause nonlinearity, particularly when thresholds of ecosystem resilience
are exceeded (Chapin et al. 2000).
The most basic models of ecosystem dynamics in general
and of population ecology in particular are substantially nonlinear. For instance, a model of population growth of organisms under limiting environmental constraints proposed by
Verhulst in the 19th century (the logistic growth equation)
has an S-curve as a solution, and the predator-prey LotkaVolterra model (dated back to 1920s) describing the population dynamics in an ecosystem consisting of two interacting
species is an interesting example of a conservative nonlinear
system exhibiting periodic, strongly non-linear oscillations
(Lorenz, 1993; de Vries, 2013).
Nonlinear dynamics in socio-economic systems
Economic systems, like many natural systems, are complex
systems with non-linear dynamics, interactions and feedbacks loops. Among first studies of complexity in economic
systems are Schumpeter and Hayek, and Simon. Indeed,
with the recent explosion of interest in nonlinear dynamical
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systems, in mathematics as well as in applied sciences the
fact that simple deterministic nonlinear systems exhibit bifurcation routes to chaos and strange attractors, with ‘random looking’ dynamical behaviour, has received much attention in economics (see for example Brock & Hommes, 1997,
1998). The complex economic modelling paradigm was
mainly developed by economists as well as natural scientists
and computer scientists within multidisciplinary fields of
research.
‘Tipping points’, ‘thresholds’, ‘regime shifts’, and ‘irreversibility’ — all are terms that describe the flip of a complex
dynamical system from one steady state or equilibrium to
another alternative state or equilibrium, the so-called catastrophic shift. Catastrophic changes in the overall state of a
system can ultimately derive from how it is organized —
from feedback mechanisms within it, and from linkages that
are latent and often unrecognized. The change may be initiated by some exogenous shocks. Once set in motion, however, such changes can become explosive and afterwards will
typically exhibit some form of hysteresis, such that recovery
is much slower than the collapse. In extreme cases, the
changes may be irreversible. For financial institutions, the
Wall Street Crash of 1929 and the Great Depression are
examples of such a shift.
In mathematical terms, this means that the system can undergo a catastrophic shift that is a small changes in certain
parameter values of a nonlinear dynamical system can cause
equilibria to appear or collide or disappear, or to become
stable or unstable. This could lead abrupt and sudden changes of the behavior of the system or mathematically speaking
can cause dramatic changes in geometrical qualitative struc50

ture of the system. It can be said that catastrophe theory is a
special case of bifurcation theory, part of the study of nonlinear dynamical systems (cf. Kuznetsov, 2004). Bifurcation
theory is widely argued to have been developed first by the
great French mathematician, Henri Poincaré, as part of his
qualitative analysis of systems of nonlinear differential equations (1880-1890). The other principal figure in this field
was, Christopher Zeeman (1977), who was responsible for
coining the term catastrophe theory.
The economic dynamics is mainly concerned with modelling
fluctuations in economic and financial systems, such as prices, output growth, unemployment, interest and exchange
rates (see for example Brock & Hommes, 1998). These dynamics can be also concerned with modelling coupled natural-socio-economic systems such as ecological-economic and
climate-economic models (cf. Wagener, 2003; Moghayer &
Wagener, 2008). Regarding the main source of economic
fluctuations there are two main conflicting views. The linear,
stable view in which it is argued that these fluctuations are
driven by random exogenous shocks to consumer preferences, technology, firm’s earning, dividend, etc. This view,
which dates back 1930’s by Frisch, Slutsky, and Tinbergen,
does not offer an economic explanation to those fluctuations, but rather exogenous forces to linear stable economic
systems. In the nonlinear view, however, the economy may
be unstable and even in the absence of external shocks, fluctuations in economic variables can arise.
Earlier studies of non-linearity in economic dynamics were
conducted by Goodwin, Hicks, and Kaldor who developed
non-linear, endogenous business cycle models in the 1940’s
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and 1950’s. However, this view was criticized especially with
regards to the law of motion in these models that are considered ad-hoc and that the agent’s behavior was considered
irrational. The latter was triggered by the rational expectations revolutions in 1960’s and 1970’s (cf. Muth (1961)).
New classical economists developed alternatives within general equilibrium framework, characterized by optimizing
behaviour of consumers and firms, market clearing for all
goods in each period and all agents having rational expectations. An example of such models is Dynamic Stochastic
General Equilibrium Models (Clarida et al., 1999), which is
currently a dominating tool for policy analysis.
Zeeman (1974) was among the first application of critical
transition theory or catastrophe theory in economics to
study nonlinear economic dynamics. This paper models
bubbles and crashes in stock markets. Debreu (1970) set the
stage for doing so in regard to general equilibrium theory
with his distinction between regular and critical economies,
the latter containing equilibria that are singularities. Discontinuous structural transformations of general equilibria in
response to slow and continuous variation of control variables can occur at such equilibria. Analysis of this possible
phenomenon was carried out using catastrophe theory. Bonanno (1987) studied a model of monopoly in which there
were non-monotonic marginal revenue curves due to market
segmentation. Multiple equilibria can arise with smoothly
shifting cost curves, which he analyzed using catastrophe
theory. Beside these theoretical contribution, there have
been a few empirical studies of catastrophic changes in economics. Fischer and Jammernegg (1986) was among few
efforts to empirically estimate a catastrophe theory model in
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economics that was of a model of inflationary hysteresis
involving a presumably shifting Phillips Curve.
Large numbers of economic models with critical transition
can be seen in the urban and regional economics among
them are Mees (1975), Wilson (1976), Dendrinos (1979), and
Beckmann and Puu (1985). A good example in transport
economics is Andersson (1986) that modeled “logistical revolutions” in interurban transportation and communications
relations and patterns as a function of long run technological
change using a fold catastrophe. In finance, Krugman’s
(1984) of multiple equilibria in the demand for foreign currencies could rather easily be put into such a framework
following along the lines of the Varian (1979) approach can
be seen as application of catastrophe theory. Many models
are now studied of multiple equilibria in foreign exchange
rate models, with many of these taken very seriously given
the numerous foreign exchange crises that have occurred in
recent years.
Another important application of catastrophe theory or critical transition can be seen in the ecologic-economic systems
focusing on the abrupt changes in biological populations and
the state of ecosystems, including collapses to extinction as a
result of interaction with human activities. Indeed, whenever
human activity influences the state of an ecosystem, usually
through some form of pollution that is a by-product of some
kind of production activity, the difficult problem arises of
assessing the relative interests of producers affecting the
ecosystem and producers and consumers enjoying it.
In the next section, a recent research on the economics of
lakes will be reviewed, presenting the results in critical transi53

tion and catastrophe theory and bifurcation form. The aim
of this section is two-fold: first, to provide and illustration
example of all the terms and definitions discussed in the
previous sections; second, to provide a prototype example of
a stylized non-linear coupled economic- environmental
model that exhibits non-linearities, thresholds and irreversibility in the presence of environmental tipping points1.

The presented model and results are based on a recent research program carried out by
Saeed Moghayer (authour of this report), and Florian Wagener in the Center for Nonlinear
Dynamics in Economics and Finance at the University of Amsterdam (cf. Moghayer, 2012
).

1
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7.

Lake Systems

Iñaki Arto, H. Boonman, Iñigo Capellán-Pérez, T.G. Husby, Tatiana Filatova, Mikel González-Eguinob, Klaus Hasselmann, Dmitry
V Kovalevsky, Anil Markandya, Saeed M Moghayer, L. Niamir,
Meron Belai Tariku and Alexey Voinov
Nature is often expected to respond to gradual changes in a
smooth way. However, studies of lakes, coral reefs, oceans,
forests and arid lands have shown that smooth change can
be interrupted by sharp (or catastrophic) shifts to different
regimes (Scheffer et al., 2001; Carpenter, 2003). One of the
best-studied catastrophic shifts is the sudden loss of transparency and vegetation observed in shallow lakes, i.e. lakes
with a depth less than 3 meters, as a result of human activities. Initially shallow lakes have clear water and a rich submerged vegetation. However, nutrient loading may change
this. For instance nutrients arrive in the lake as a result of the
use of artificial fertilizers on surrounding land; they are
washed into the lake by rainfall.
Due to heavy use of fertilizers, at some point lakes might flip
from a clear state to a turbid state that is caused by a dominance of phytoplankton. Lakes are hard to restore to the
clear water state in the sense that the nutrient loads have to
be reduced far below the level where the flip occurred before the lake returns to a clear state. In this case the lake is
said to show hysteresis. In some cases the turbidity of the lake
is even irreversible. The positive feedback through the effect
on the submerged vegetation is one explanation for this hysteresis effect. The critical points at which the system flips
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(shifts) in a way that is not instantly reversible (or irreversible) are called tipping points.
The lake model that is used in this study gives a very simplified representation of these complex ecological feedback
mechanisms that are active in a shallow lake. Indeed, the lake
model in this study should be viewed as a metaphor for general ecological systems with tipping points, thresholds, nonlinearities, and irreversibilities so that the analysis developed
here will have a wider applicability (cf. Scheffer, 2009).
Lake Dynamics
The dynamics of a lake, which was described above, can be
modeled as a single non-linear difference equation
xt ut (1 b) xt 1 h( xt 1 )
Here, xt is the concentration of phosphorus, one of the main
nutrients, in the lake. Artificial fertilisers containing phosphorus are used on the fields surrounding the lake. The
phosphorus is washed into the lake by rainfall, yields a net
inflow, ut of phosphorus. The parameter, b denotes the
sedimentation rate at which phosphorus leaves the water
column and enters the sediment at the bottom of the lake.
The last term models the internal production of phosphorus
in the lake, e.g. through re-suspension of the sediment, and
is assumed to be an S-shape function that has its inflection
point at the point,
x = 1:
h(x)
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xq
1 xq

The exponent, q, the responsiveness of the lake, is proportional
to the steepness of h(x) at x = 1. Thus, steeper function h
(resulting from higher q values) creates stronger hysteresis.
For a constant pollution loading, ut = u for all t, the fixed
points of the lake are solutions of the equation
xq
1 xq
which is illustrated for b = 0.6, q = 2 and q = 4 in Fig. 7.1.
u

g x

bx

Figure 7.1. Location of fixed points for constant pollution streams

ut = u for all t, plotted for b= 0.6 , and for (a) weakly (q = 2) and
(b) strongly responsive lakes (q = 4). Indicated are stable (solid) and
unstable fixed points (dashed).

For both values of q there is a range of u-values such that
there are multiple steady states. However, the range is bigger
for q = 4 than for q = 2. If the system starts in a low pollution steady state, and if u is then raised very slowly past the
first critical value it switches to a high pollution steady state.
A small subsequent decrement of u will not move the system
back to the clean branch of steady states. For this, the pollu57

tion flow has to be lowered significantly, below the second
critical value.
There is a value, b = b*, such that for b < b* the lake can be
trapped in the high pollution steady state of phosphorus.
This happens if the first flip, which occurs at u = u, is irreversible. The critical value is b 0.57 for q = 4 and b 0.5
for
q = 2 (see Fig. 7.2 for the case q = 4 ). In that case, only
after a change in the value of b the lake can be restored to a
clear state.
The sedimentation parameter is set the sequel of this section,
it is assumed that the b 0.6 so that the lake displays hysteresis but a flip to a low pollution steady state is reversible.

Figure 7.2. Irreversibility; location of fixed points for constant pollution streams ut = u for all t, plotted for b 0.57 and q = 4.
Indicated are stable (solid) and unstable fixed points (dashed).
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Economics of lakes: optimal pollution management
In the ecological literature, management of shallow lakes is
mostly interpreted as preventing the lake to flip or, if it flips,
as restoring the lake in its original state. However, in this
study the economics of the problem is analyzed in the sense
of the trade-offs between the utility of the agricultural activities, which are responsible for the release of phosphorus,
and the utility of a clear water lake (cf. Maler et al., 2003).
When the lake flips to a turbid state, the value of the ecological services of the lake decreases, but there is a high level of
agricultural activities. It depends, of course, on the relative
weight attached to these welfare components whether it is
better to keep the lake clear or to use it as a waste dump.
Note that if it is better to keep the lake clear, it is very costly
to let the lake flip first because of the hysteresis. The complexity
of the lake optimal management problem derives from the
non-linear dynamics of the lake that leads to a non-convex optimal control problem featuring several system parameters.
The lake optimal management problems therefore have a
rich structure that is the existence of tipping points. In such
problems, depending on the values of these parameters,
there may exist multiple steady states that are the long-run
outcome of an optimal management policy. Also, the structure of optimal solutions may change if parameters are varied. In this study the bifurcation analysis developed
Moghayer (2012) is used to classify the qualitative characteristics of the set of optimal solutions for different values of
the model parameters.
In the lake pollution management problem, a social manager
has to weigh the interest of the farmers that derive income
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from the use of artificial fertilizers against that of the lake
users that suffer from pollution damage to the lake. Following Maler et al. (2003), the social utility functional is modelled
as
J

log ut

cxt2 1 e

t

1

Here, c is the social preference parameter, and > 0 the
discount rate. The social manager tries to optimally manage
the phosphorus pollution stream
u

{u t }t

1

that originates from the use of artificial fertilisers given that
the concentration of xt phosphorus in the lake follows the
lake dynamic. The optimization problem is to maximize
J

log ut

cxt2 1 e

t

1

subject to the lake dynamic
xq
xt ut (1 b) xt 1
1 xq
State space and control space are given as X = U = (0, ),
respectively.
The discrete Pontryagin function is

P log u cx 2

y u (1 b) x

xq
1 xq

Where y is the co-state. The necessary condition
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,

P
u

0

P
u

0

1
u

y
takes the form
Solving for u yields that u = -1/y. Substituting out u, the
discrete Hamilton function is obtained as

xq
1 xq

log( y) cx 2 y (1 b) x

H

The necessary conditions read as

H
y

xt

e yt

H
x

1

1
yt

2cxt

1

(1 b) x t

1

xtq 1
1 xtq 1

xtq 11 ^2
yt (1 b) q(
)
1 xtq 1

Solving the second equation for yt and substituting into the
first yields the phase map, which
determines the state-costate dynamics by:
zt

( xt , yt )

( xt 1 , yt 1 )

(zt 1 )

where

(x, y)

g '(x)
e y 2cx
g (x),
e y 2cx
g '(x)

with
xq
g (x) : (1 b) x
1 xq .
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Solution structure and qualitative changes
In the rest of the section, the value of
is fixed to
=
0.03. For b 0.6 and q = 4 , in Fig. 7.3(f) fixed points and
their stable and unstable manifolds are plotted for a range of
values of the cost parameter, c ; for all these values, the
phase map has two saddle fixed points Z_ and Z+ .
s

Recall that the stable manifold of a fixed point z , W z , is
the set of all points whose forward iterates converge to z :

Wzs {z

2

: lim

t

t

(z) z }

u
Analogously the unstable manifold of z , Wz , consists of
s
the points backward asymptotic to W z :

Wzu {z

2

: lim
t

t

(z) z }

In Moghayer and Wagener (2008) it is shown that for every
x0
, the problem to optimise
J

log ut

cxt2 1 e

t

1

subject to the lake dynamic
xq
1
1 xq
has a solution. Moreover, the state-co-state trajectory of
Ws Ws
such a solution is either on z or z .
xt
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ut

(1 b) xt

Fig. 7.3(d) shows the bifurcation diagram of the lake system
in the (b,c)-parameter space. The dashed curve represents
saddle-node bifurcations, separating the region of values of
the parameters for which the phase map has a fixed point
from the region of multiple fixed points. Solid lines indicate
indifference-attractor bifurcation curves, separating three
parameter regions: low pollution region for which the clean
steady state is globally optimal, (ii) the high pollution region for
which the turbid steady state is globally optimal, and (iii) the
dependent on the initial state region for which both the clean
steady state and turbid steady state are locally optimal.
For the values of the physical parameters b and economic
parameter c in the unique equilibrium region the phase map
has a unique fixed point. This is a saddle, see Fig. 7.3(a). The
long run pollution level depends then on the values of the
parameters c and b, changing within the region. If the pair
(b, c) corresponds to a point of the dependent on the initial state
region, the phase map has always two saddle fixed points
characterized by respectively low pollution and high pollution (see Fig. 7.3(c))Figure 7.3. The clear state of the lake
corresponds to a high level of water services and a low level
of agricultural activities, whereas the turbid state corresponds to a high level of agricultural activities and a low
level of water services. Depending on the initial pollution
load, the social planner steers the lake to the clear or to the
turbid steady state. If the pair (b, c) is in the low pollution region the optimal policy steers the lake to the clean steady
state independently of the initial state of the lake; the clear
state of the lake is globally optimal (see Fig. 7.3(a)Figure 7.3.
If (b, c) is in the high pollution region, see Fig. 7.3(e &f), the
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optimal orbit lies on the stable manifold of the polluted
equilibrium. Regardless of the initial state of the lake, the
optimal policy steers the lake to the turbid state, that is the
turbid steady state is globally optimal.
For a pair (b, c) in the dependent on the initial state region, there
exist an indifference threshold, see Fig. 7.3(c)). If the initial
state is below the threshold then the clean steady state is
optimal, whereas if the initial state is above the threshold
then the turbid steady state is optimal. Therefore, for a pair
(b, c) in the dependent on the initial state region the lake is
steered to the clear state only if it is initially not very polluted, otherwise it is steered to the turbid state. Note that at the
indifference threshold, two different policies are radically different and non-equivalent, one corresponding to high agricultural activity, high pollution and convergence to the polluted
steady state, whereas the other is characterized by lower pollution and convergence to clear steady state.
Conclusion
In this section, outcomes of the lake pollution problem and
the long-term interest conflicts of the lake users have been
presented, in the context of dynamic social planning. A
characteristic feature of this problem, and of pollution problems in general, is the qualitative dichotomy in possible outcomes in the presence of tipping points: the lake (or the
ecosystem, or the climate) ends up in either a clean or in a
polluted state, both of which, if attained, is stablised by some
kind of feedback mechanism.
This results to a qualitative aspect in socio-economic outcomes: the decision maker has to decide for or against pro64

duction, for or against conserving the ecosystem. This qualitative distinction between the possible socially optimal outcomes enables us
to present the outcome of the analyses in the form of a bifurcation diagram presented in the last subsection, which
gives a graphical overview of the qualitative characteristics of
the solutions, depending on the parameters of the problem.
The most critical region in these bifurcation diagrams is the
"history dependent" region: in these cases, neglect by an
actual decision maker that allows the ecosystem to flip can
lead to large irrecoverable welfare losses.
The lake pollution problem is a prototype of a non-linear
ecological-economic problem with multiple equilibria,
thresholds, and irreversibility. Indeed, lake system, as mentioned in Scheffer (2009) is “a subtle twist on the Greek’s
view of our mind that is Mikos-Kosmos reﬂecting the entire
world”. It is also extensive enough to harbor many scales of
complexity therefore served our purpose to present it as an
illustration example that covers most of the definition, concepts and notions which were discussed in the previous sections of this report.
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Figure 7.3. Plot (d) shows the bifurcation diagram of the lake system. The

dashed curve represents saddle-node bifurcations, separating the region of values of
the parameters for which the phase map has a fixed point from the region of multiple fixed points. Solid lines indicate indifference-attractor bifurcation curves Solid lines indicate stable manifolds, dotted lines unstable manifolds; optimal solutions are marked by thick lines; the vertical line through the indifference threshold
is dashed. At the top of the graph, the optimal dynamics are indicated; attractors
are marked by a circle, the indifference threshold by a diamond.

66

8.

Climate Mitigation Policies

Iñaki Arto, H. Boonman, Iñigo Capellán-Pérez, T.G. Husby, Tatiana Filatova, Mikel González-Eguinob, Klaus Hasselmann, Dmitry
V Kovalevsky, Anil Markandya, Saeed M Moghayer, L. Niamir,
Meron Belai Tariku and Alexey Voinov
Climate change is a complex phenomenon plagued of uncertainties which are crucial for climate policy. Some of these
uncertainties are related to the existence of non-linearities,
thresholds, and irreversible events. The Stern report (Stern,
2007) points out three main non-linear changes and threshold effects from climate change.
First, global warning will increase the chance of triggering
abrupt and large-scale changes. These abrupt and large-scale
changes could potentially destabilise regions, generating
mass migrations and increasing regional conflicts. For example, the thermohaline circulation of the North Atlantic
ocean, suggests the existence of thresholds, multiple equilibria, and other features that may result in episodes of rapid
change (Stocker & Schmittner, 1997). While there is still
uncertainty over the possible triggers for such changes, the
latest science indicates that the risk is more serious than
once thought. Fig. 8.1 shows the consequences of climate
change against increases in global mean temperature (°C)
after 1990. Each column corresponds to a specific “reasons
for concern’’ identified by the Third Assessment Report
(TAR) of the IPCC (McCarthy et al., 2001) and represents
additional outcomes associated with increasing global mean
temperature. The color scheme represents progressively increasing levels of risk (Smith et al., 2009). The left hand side
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of the figure shows the risks as reported by the TAR while
the right hand side reflects the update impacts associated to
an increase in global mean derived from the Forth Assessment Report (AR4) of the IPCC (Parry et al., 2007).

Figure 8.1. Risks from climate change, by reason for concern—
2001 compared with updated data. Source: (Smith et al., 2009)

Second, melting of polar ice sheets would accelerate sea level
rise and eventually lead to substantial loss of land, affecting
around 5% of the global population. As temperatures rise,
the world risks crossing a threshold level of warming beyond
which melting or collapse of these polar ice sheets would be
irreversible. This would commit the world to increases in sea
level of around 5 to 12-m over coming centuries to millennia, much greater than from thermal expansion alone, and
significantly accelerate the rate of increase. A substantial area
of land and a large number of people would be put at risk
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from permanent inundation and coastal surges (Rahmstorf,
2007; Stern, 2007).
Finally, global warming may induce sudden shifts in regional
weather patterns with severe consequences. The strongly
non-linear nature and variability of some climatic systems,
suggests that they may be particularly vulnerable to abrupt
shifts. For example, recent evidence shows that an El Niño
with strong warming in the central Pacific can cause the Indian monsoon to switch into a dry state, leading to severe
droughts (Kumar et al., 2006). These types of shifts are temporary, but in the past, there is evidence that climate changes
have caused such shifts to persist for many decades. If such
abrupt shifts were replicated in the future, they could have
severe impacts.
In this context, a critical issue is the definition of mitigation
policies when the possibility for non-linearities, thresholds,
and irreversible events is allowed. On the one hand, nonlinear phenomena characterize all aspects of global change dynamics: inputs and outputs are not proportional, change is
often episodic and abrupt, rather than slow and gradual, and
multiple equilibria are the norm (Rial et al., 2004). Accordingly, the damage caused by climate change does not increase
linearly with the level of emissions/concentration of GHGs.
Thus, damage functions tend to be highly nonlinear, with
insignificant damages for low levels of pollution which turn
to be severe or even catastrophic once some uncertain
thresholds are reached. Similarly, the cost/benefits of climate mitigation may be very low for the abatement of low
levels of emissions and extremely high for higher levels.
However, as we will show in the following sections, most
69

modelling approaches ignore these catastrophic events when
assessing the cost of climate change. To some extent this is
due to the fact that there is not enough direct quantitative
evidence on the impacts at higher temperatures (Stern,
2007). For instance, (Hitz & Smith, 2004) found increasingly
adverse impacts for several climate-sensitive sectors but
were not able to determine if the increase was linear or not.
Indeed, in most cases the shapes of the damage functions
are unknown (see Table 8.1).
The issue of non-linearity is essential for the definition of
optimal mitigation and adaptation strategies, and is especially
relevant in the presence of a threshold or ‘‘tipping point’’ at
which the impact climate change could become extremely
severe, but we do not know where that point is (Pindyck,
2007). The implications of the existence of these critical
thresholds have been widely addressed in climate science
(Schellnhuber et al., 2006). Some climate researchers have
argue that GHG emissions should be abated to avoid the
high costs derived from exceeding climate thresholds
(Rahmstorf, 1999), while others suggest that the trade-off
between uncertain future climate damages and certain present costs for controlling emissions justify only low abatement levels (Tol, 1997). This discrepancy is close related to
the parameter uncertainty about the threshold speciﬁc damages and the emissions level triggering a threshold (Keller et
al., 2004).
Irreversibility is also a major problem for the design and
implementation of climate policy. There are two major
sources of irreversibility relevant for climate policy (Pindyck,
2007, 2000). On the one hand, emissions abatement policies
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usually impose sunk costs on society in the form of discrete
investments expenditure flows. In either case, if future costs
and benefits of the policy are uncertain, these sunk costs
create an opportunity cost of adopting the policy, rather
than waiting for more information about expected impacts.
Consequently, traditional cost-benefit analysis would be biased toward policy action. On the other hand, environmental
damage is often partly or totally irreversible. For example,
GHGs accumulate in the atmosphere for long periods; thus,
Table 8.1. The types of relationship between rising damages and
sectoral impacts. Source: (Stern, 2007).
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were drastically reduced, it would take many years to reduce
the concentration levels in the atmosphere. Carbon dioxide
is removed from the atmosphere by terrestrial vegetation or
by the oceans, but this is a long process (Fisher, 2003). Further, many climate impacts such as the damage to ecosystems may be permanent. This means that adopting a policy
now rather than waiting has a sunk benefit, that is a negative
opportunity cost. This implies that traditional cost-benefit
analysis will be biased against policy adoption (Pindyck,
2007).
These two kinds of irreversibilities (sunk costs associated
with an environmental regulation, and sunk benefits of
avoided environmental degradation) interact with two kinds
of uncertainty (over the future costs and benefits of reduced
environmental degradation, and over the evolution of ecosystems) affecting optimal policy timing and design
(Pindyck, 2000).
All these uncertainties are aggravated by the long time horizon of climatic change. The costs and, especially, the benefits from an environmental policy can extend for a hundred
years or more. This long time horizon exacerbates the uncertainty derived from non-linearities, thresholds and irreversibilities.
From the policy perspective, the existence of uncertainty
about thresholds affects the timing and design of emissions
abatement. In this sense, the uncertainty about the thresholds suggests that climate policy should be ‘‘precautionary’’
in the sense of favouring earlier and more intense intervention (Pindyck, 2007). However, due to this same uncertainty,
it is not clear the level of precaution that should be adopted.
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Policy and governance literature
The issue of a non-linear transition from fossil-fuel based to
low-carbon economy, which goes through thresholds and
exhibit irreversibilities, attracts the attention of policymakers.
Firstly, policy discussion is structured around the fact that
climate-energy-economy systems exhibit non-linear behavior
with thresholds and irreversible pathways. Majority of climate mitigation policies worldwide are formulated using a “2
degrees Celsius” threshold as a target (McKinsey & Co,
2009). It is widely accepted that if global warming is held
below this threshold, humanity will avoid irreversible climate
change with catastrophic non-linear impacts on all sectors of
economy. In addition to the “2 degrees Celsius” threshold
the World Bank (2012) considers a “4 degrees Celsius”
point, which if crossed will lead to irreversible catastrophic
consequences in 2060 or 2100.
The EU Roadmap 2050 (European Commission, 2011) outlines an action plan to enable EU to achieve greenhouse gas
reductions up to 80 to 95% agreed target by 2050 to avoid
irreversible climate change. While policy discussions are often focused around non-linearities in climate system due to
economic pressure, there is also a growing about non-linear
changes in social and economic sphere systems due to
changes in climate or our attitudes towards it. (Medhurst &
Henry, 2011) highlight that economic systems are constantly
undergo changes. However, while some changes can be incremental and smooth, others are unpredictable sharp
changes in trajectories driven either by external events or
gradual changes and amplified by feedbacks. This non-linear
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dynamics, which has been also associated with long-term
economic cycles such as Kondratieff waves, should be considered when exploring transitions to green economy. According to IHDP (2012) a successful transition to lowcarbon economy is possible only when society moves “beyond incremental technological change toward system innovation”. Thus, business-as-usual with gradual improvement
of energy technology and efficiency is not enough to achieve
a green economy.
Due to path-dependency complex climate-energy-economy
systems are difficult to change, i.e. they are likely to be irreversible when on a certain development trend (Liu et al.,
2007). Thus, a transition to low-carbon economy is likely to
undergo through a non-linear process of a system innovation and a paradigm shift (IHDP 2012). IHDP report highlights that a paradigm shift – a “change in the underlying
social habits, beliefs, and assumptions that drive our behavior” – may break a traditional development path based on
fossil-fuel-based economy. This systemic paradigm shift
requires a deviation from the massive carbon-based production (energy supply side) as well as consumption (energy
supply side).
Secondly, one of the most often discussed mechanisms that
lead to non-linear responses in economic systems is emergence and diffusion of new low-carbon technologies. The
Europe 2020 Strategy (European Commission, 2010) sets up
a goal to reduce GHG emissions by at least 20% compared
to 1990 levels through an increase the share of renewable
energy sources in the final energy consumption to 20% and
through a 20% increase in energy efficiency. Thus, technological measures are at the core of the transformation to a
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low carbon economy. European Commission (2011) highlights that future modelling efforts should better represent
penetration of low-carbon technologies and improvements
in resource efficiency. These two may lead to non-linear
impacts on economy and CO2 footprints. Naturally, it is
expected that break-through technological innovation occur
spontaneously and lead to “unforeseeable structural change”.
This rarely happens in a gradual way, which is used to justify
marginal economic thinking in existing models.
Thirdly, another underlying mechanisms of non-linear response of socio-economic system frequently discussed in
policy documents is behavioural change. In addition to supply-side effects driven by emergence and diffusion of lowcarbon technologies, the demand-side effects also receive
attention in policy documents. The implementation of the
Energy Efficiency Directive of 2012 in EU relies on a
change in consumer behaviour, in particular in energy consumption practices (EEA 2013). Behavioural changes at
household level are expected to bring about 6% (4 GtCO2
per year) of the required GHG emission reduction by 2030
(McKinsey & Co 2009). Yet, as McKinsey report highlights,
this is a very low bound of estimate, which inherits a lot of
uncertainty and would be higher if considered before the
implementation of technical measures. Behavioural changes
that make a difference in terms of GHG emission reduction
include cutting on travel, reduction of domestic heating and
cooling, reducing appliance use and meat consumption
(McKinsey & Co 2009). Yet, the impacts of major lifestyle
changes have not been systematically quantified and are still
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beyond the capabilities of the quantitative modelling tools
for climate mitigation (European Commission, 2011).

Figure 8.2. Impact of various forms of behavioural change on
GHG emission reduction. Source (McKinsey&Co 2009).

Such behavioural changes at individual level are gradual. Yet,
their impact on a societal level can experience social amplification effect, which is fuelled by social interactions and shifting social norms regarding energy use, leading to thresholds
and eventually non-linear transitions. A difference between a
discrete technological change within one regime (carbonintensive economies) and a shift to a qualitatively new regime
(low-carbon economies) lays in acceptance of new norms by
a massive range of actors and institutions (IHDP 2012). This
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said, practice shows that path-breaking regime shifts to a
low-carbon economy start small and have roots at the local
level (IHDP 2012). Thus, many incremental changes cumulatively may lead to a regime shift.
Faber and colleagues (2012) distinguish two types of behavioural change with respect to reducing GHG emissions: habitual actions and intended behaviour. The former include
frequently-repeated actions, i.e. habits. The latter is the outcomes of a planning process and conscious decision-making,
e.g. a purchase of domestic appliances, and is usually a
choice that does not occur on a daily/monthly or even annual basis. The impact of behavioural changes in routines as
opposed to changes in one-time strategic choices on GHG
emissions can be different. Fig. 8.3 presents a quantification
of the impact of the first category of behavioural change on
GHG reduction.
Behavioural changes would require energy-awareness programs supported by the governments and potentially economic stimuli. The EEA (2013) argues that active engagement of a consumer would require a range of changes in
energy markets, including its form of functioning and possible changes in their regulation. Persistent change in energy
consuming behaviour relies on long-term programs (educational, price, awareness, etc.) and should be studied in a dynamic way accounting for heterogeneity among households.
As highlighted by EEA (2013) households and their behavioural change are not driven exclusively by economic reasoning. In contrast socio-demographic factors (age, education)
as well as social norms, belief systems and cultural traits –
which are changing over time – are prevalent. Quantification
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of the impact of a diffusion of 'green' beliefs and corresponding choices through society are vital.

Figure 8.3. Maximum mitigation potential for some categories of

behavioral change for EU GHG emission mitigation targets, assuming all households adopt it (Mt CO2). Source: (Faber et al. 2012).
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While considering behavioural change in a larger system of
transition to low-carbon economy, Jevons Paradox (i.e. rebound effect) also requires attention (McKinsey & Co, 2009;
EEA, 2013). Improvements in energy efficiency and emergence and diffusion of technological innovations may be
bounced back by a behavioural response: as a unit of energy
becomes cheaper and less harmful for the environment, a
natural human response is to use more. This negative behavioural effect may reduce savings due to technical energy efficiency measures. Such feedbacks between technical and behavioral measures in coupled climate-energy-economy systems are likely to produce non-linear dynamics.
Lastly, another important factor, which is important when
discussing potentially non-linear transitions to green economy, is impacts of transition for various economic sectors and
their detailed representation in decision-support models. The
feedbacks across sectors which may lead to non-linear economy pathways. The EU Roadmap 2050 (European Commission, 2011) underlines that changes in technology may lead
to structural changes, which require detailed specificities of
sectors and their interactions. Moreover, as any structural
change, a (non-linear) transition to green economy driven by
emergence and diffusion of low-carbon technologies is expected to impose benefits and costs of transition. As with
majority of economic cycles, e.g. Kondratieff waves, an economic system will experience short-term costs of transition
(e.g. bankruptcies of carbon-intensive businesses, unemployment in corresponding sectors) in exchange for longterm benefits (slow down of climate change, healthier environment, green jobs, opportunities to develop in an energy79

efficient way etc.) (Medhurst & Henry, 2011). Costs and
benefits will be unevenly distributes across sectors, demanding detailed representation of direct and indirect impacts of a
transition to green economy. Some creative destruction as
costs of transformation of energy use in various sectors,
encourages path-dependence and attachment to the current
fossil-fuel-based economy trend, which is difficult to reverse.
Yet, a critical threshold on the expected future benefits and
accumulating social commitment help to shift a system to a
different trend (Medhurst & Henry, 2011).
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9.

Coupled Environment-Ecology Modelling

Iñaki Arto, H. Boonman, Iñigo Capellán-Pérez, T.G. Husby, Tatiana Filatova, Mikel González-Eguinob, Klaus Hasselmann, Dmitry
V Kovalevsky, Anil Markandya, Saeed M Moghayer, L. Niamir,
Meron Belai Tariku and Alexey Voinov
In various disciplines regime shifts (Folke 2006; Biggs et al.,
2009; Carpenter et al., 2011), critical transitions (Scheffer,
2009), non-marginal changes (Stern, 2008) are the terms,
which are used to denote an abrupt structural change
(Andersen et al., 2009). Such a non-linear systemic change
may occur either due to a incremental change in some underlying variable(s) which gradually crosses a threshold, due
to an external shocking event, or due to a combination of
the two. While understanding of the nature of non-linear
abrupt changes is essential for the proper estimate of cost
and benefits of various policy actions, especially in the domain of climate change mitigation where impacts are intergenerational, the quantitative modelling of regime shifts in
coupled CEE system is challenging. The literature on modelling coupled human-environment systems experiencing such
non-linear dynamics identifies several critical issues (Filatova
& Polhill, 2012; Schlueter et al., 2012). They require a careful
consideration when designing a software model, which is
able to endogenously grow or capture non-linear responses
of one of the subsystems or of a coupled system. On a model design stage it is vital to consider:
the sources of regime shifts (endogenous or exogenous, originating in natural or social system, from a
gradual change or a shocking event),
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the type of feedbacks between human and environmental systems (which could either amplify or absorb non-linear dynamics),
methods for detecting and characterizing nonmarginal change, a regime shift, and
complexity aspects (thresholds, non-linearities and
scales, including temporal scales to show if a phenomena is reversible or not).
The latter group is particularly relevant for this report. In
what follows we review how various modelling approaches,
which are most commonly used to design CEE models, treat
the issues of non-linearity, thresholds and irreversibility. In
particular, we look at Integrated Assessment Models (IAMs)
including General Equilibrium Models, System Dynamics
Models (SDs) and Agent-Based Models (ABMs).
Modelling non-linearities
Non-linear responses are strongly related with the feedbacks
included in the modelling2; ultimately, all dynamics arise
from the interaction of just two types of feedback loops,
reinforcing (or positive) and balancing (or negative) loops.
Among the high-resolution IA models the dominant approach has been the sequential (linear) representation from
socioeconomic inputs to emission and climate impacts without considering feedbacks (Damage Function) to the “Human Activities” or “Ecosystem” modules (see Figure ). In
these models (e.g. MiniCAM/GCAM, POLES, MESSAGE)
2 In welfare optimization models, the inclusion of non-linearities is in close relationship
with the discount rate used.
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feedbacks are usually restricted to the “Human Activities”
module.

Figure 9.1: Sequential characterization of IAMs.

However, damage functions are implemented in some highaggregated models such as DICE, FUND, PAGE, MERGE,
etc. Damage functions have the form of non-linear equations mostly based on damage estimates related to doubling
the CO2 concentration from the pre-industrial level that are
usually below the 2% of global GDP. The uncertainty on the
damage functions currently used in IA models is extremely
high (Arigoni & Markandya, 2009) and subject to concerns
such as the degree of arbitrariness in the choice of parameters or the functional form which limit models’ ability to
portray discontinuities (Ackerman et al., 2009; Pindyck, 2013;
Stanton et al., 2009; Stern, 2013).
Some models distinguish between economic impacts and
non-economic impacts; only the former are included directly
in the GDP (e.g. FUND, PAGE-09). However, many valuable goods and services (e.g. human health effects, losses of
ecosystems and species) are not included in conventional
national income, which suggests that usual damage functions
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may underestimate the damage costs of climate change. As
an example, DICE, and a majority of its descendants, assumes that the exponent in the damage function is 2 –that is,
damages are a quadratic function of temperature change: no
damages exist at 0 ºC temperature increase, and damages
equal to 1.8% of gross world output at 2.5 ºC (Nordhaus &
Boyer, 2000; Nordhaus, 2008) (Figure ). On the contrary,
(Stanton et al., 2009) review of the literature uncovered no
rationale, whether empirical or theoretical, for adopting a
quadratic form for the damage function.3 This is a key issue
in IAM, since the results are significantly sensitive to this
parameter (Dietz et al., 2007; Roughgarden & Schneider,
1999).
Feedbacks to the socioeconomic variables are not considered by IA models. For example, large scale population
movement with likely associate conflict could happen at high
levels of climate impact, being surely unreasonable to assume that we can be confident that this scale will be very
small and invalidating, for example, the regional population
exogenous projections (Stern, 2013).
Also, very few models explicitly assess the relationships between climate and ecosystem services, although modelers
and policy makers have recognized that climate change
problems have to be solved in harmony with other policy
objectives such as economic development or environmental
This practice is endemic in IA models, especially in those that optimize welfare (e.g.
DICE-family, MERGE, WITCH but also from other disciplines such as System
Dynamics: ANEMI)PAGE2009 (Hope, 2011) uses a damage function calibrated
to match DICE, but makes the exponent an uncertain (Monte Carlo) parameter.
3
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conservation (e.g., nonlinear impacts of temperature on crop
yields (e.g. (Rosenzweig et al., 2013)).4 In this sense, IMAGE
and AIM can be considered among the most prominent
models incorporating ecosystems services. These modes
display a great spatial resolution in their ecosystem modules
and have participated in all the IPCC Assessments and in the
Millennium Ecosystem Assessment (MEA, 2005). In the
case of IMAGE 2.4 (Bouwman et al., 2006), it includes the
Nitrogen cycle and a Biodiversity module as well as changes
in climate (precipitation and temperature) impacting crop
and grass yields. Also, the Carbon cycle model includes different climate feedback processes that modify Net Primary
Productivity (NPP) and soil decomposition (and thus NEP)
in each grid cell (0.5 by 0.5 degree resolution).5 However,
even in these models climate feedbacks to ecosystem services have a partial scope, they do not consider explicitly
fundamental impact feedbacks related with the albedo-effect,
the increase in climate extremes or sea-rise impact in coastal
zones.
System dynamic models represent real-world applications
of the formal mathematical theory of nonlinear dynamic
systems, and thus, by definition, are designed to represent
non-linearities. Coupled climate–socioeconomic system dy-

4

For an overview of IAM shortcomings in this field see (Calvin et al., 2013).

Also, the IIASA Integrated Assessment Modeling Framework (including
MESSAGE-MACRO model) includes some feedbacks in terms of changes in
agricultural production (Tubiello and Fischer, 2007) or in the corresponding changing
water needs for agricultural production (Fischer et al., 2007).
5
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namics models applied to the study of the economics of
climate change include numerous non-linearities both in the
economic modules (e.g. economic crises, bubbles on asset
markets etc.) and in the climate modules (e.g. abrupt climate
change). As example, a simple climate-socioeconomic system
dynamic model by Kellie-Smith and Cox (2011) integrated
for a very long term (from year 2000 to year 3000) generated
under certain scenarios pronounced persistent low-frequency
nonlinear oscillations of climate and macroeconomic variables.
Some system dynamic modelling studies suggest that the
pronounced non-linearity of the real-word climate system
(and supposedly even more pronounced non-linearity of
real-world socioeconomic system) could surprisingly be beneficial for global mitigation policies. For instance, simulations with actor-based system-dynamic model MADIAM
(Weber et al., 2005) revealed a strong non-linearity of the
model towards properly designed mitigation strategies: revenues from a moderate carbon tax, when re-circulated into
the economy in the form of investments in endogenous carbon and energy efficiency improvement, had a more than
linear impact in slowing down the global warming and accelerating the transition to a sustainable economy.
ABMs are designed to model complex adaptive systems
evolving along a non-linear path. Due to their technical ability to be implemented on a variety of spatial and temporal
scales, they are naturally sited to be coupled with natural
science models. In application to economics is it often realized either through technology diffusion on the supply side
of a market or behavioural change on the demand side.
Thus, ABMs have a high potential to simulate non-linear
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dynamics and responses in coupled CEE systems. Yet, it is
not suited to model climatic systems, thus only non-linear
response in socio-economic systems and energy markets can
be considered. Abrupt shifts in climatic systems as a results
of dynamics in energy and economy systems are never modelled with ABM.
While in other domains both technology diffusion and behavioural change have been studied, the applications of
ABM to energy or climate mitigation, which also demonstrate non-linear response, are at their initial stage of development. A recent review of energy ABMs (Gerst et al., 2013)
concludes that existing models can be divided into 4 groups:
(1) ABMs focusing on technology diffusion in a single market with little or no feedback to macro-economy, (2) ABMs
having a broader focus on the electricity market or overall
energy use with little or no macroeconomic feedback, (3)
ABMs of entire macro-economy of a country or the world at
the costs of omitting technological detail and household
behaviour, (4) ABMs modelling interactions among countries with little or no feedback between domestic actors and
international policy. While all ABMs have some sort of nonlinear functions or rule-based behavior on micro-level, here
we focus on non-linear macro-dynamics of the emergent
phenomena.
The ENGAGE ABM by Gerst and colleagues (2013) is the
most developed ABM of CEE system to date, which also
tries to connect across the 4 level of energy ABMs mentioned above. ENGAGE simulates heterogeneous firms and
households while having an evolutionary representation of
economic growth, energy technology, and international ne87

gotiations regarding climate change. It goes beyond conventional economic assumptions of many IAMs and CGE models such as homogenous households and firms, perfect information and are perfect rationality. Yet, it still represents
an economy in a stylized manner (firms cover only two sectors – producers of capital and consumer goods). Households and firms are connected via labor and commodity and
services markets. Energy enters as a cost factor in the production of goods and machines and is also consumed by
households. Energy supply is represented by three energy
technology firms (‘carbon-heavy’, ‘carbon-light’, and ‘carbon-free’) and one energy production firm. On the energy
demand side households use a certain floor space and a certain number of appliances and cars, while good-producing
firms use energy to run machinery, which can be replaced
when its lifecycle is over. ENGAGE is applied to study the
effect of domestic actors energy-related behavior on international and domestic climate policies, including carbon tax.
Simulated energy technology market shares and energy intensity (ratio of annual energy use to real GDP) trajectories
exhibit abrupt shifts. Emergent average household energy
consumption and CO2 emissions also follow non-linear
trends. This happens due to endogenous energy technology
evolution, and is highly influenced by a policy scenario. For
example, only when carbon tax is used as an investment in
carbon-free R&D, economy a swift transition away from
carbon-based-energy technologies. In this case low-carbonenergy fuels exponential economic growth by the end of the
21st century.
Chappin and Dijkema (2007) design an ABM of a decentralized System of Electricity Production Systems (SoEPS) in
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the Netherlands to explore the impact of CO2 emission trading (CET) to in reducing CO2 emissions. Their ABM shows
that the impact of CET is small and visible only in a long
time. However, authors admit that technological innovation
among electricity producers, which is one of the crucial elements driving GHG emission reduction in the presence of
CET, was not included in the model. Thus, this ABM is able
to model only long-history of incremental innovation leading
just to a smooth change. If diffusion of new technologies is
implemented, this would imply a dramatic non-linear shift
from fossil-fuel-based electricity production.
Castesana and Puliafito (2013) propose an ABM of endogenous economic growth studying the influence of population
dynamics and growth of physical capital consumption on
energy use and CO2 emissions. This one-sector model operates on a global level and is partially parameterized with empirical data. A population of heterogeneous individuals goes
through various life-stages potentially deciding to invest in
human capital (education and development of technologies)
that correspond to the investments in R&D at macro level.
Agents make choices regarding their reproductive, economic
and energy development driven by personal preferences and
family influence. The trajectories of energy consumption and
corresponding CO2 emissions do not have linear correlation
with smooth curves of population and GDP growth. The
latter follow more volatile dynamic paths due to the fact that
increase in energy consumption is partially offset by the improvements in technology. Moreover, authors highlight that
agent-level factors may speed up or slow down a certain
trajectories of energy use and CO2 emissions, potentially
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amplifying non-linearities. In general a likely pathway towards a drop in anthropogenic carbon emissions is to encourage investments in human capital through education and
low-carbon technologies.
Chappin and Afman (2013) developed an ABM of a consumer behaviour regarding purchase of lamps. Their paper
explores the nature and speed of possible transitions to lowelectricity consumer lighting. This ABM explicitly model
behavioral change on the demand side by assuming heterogeneous and dynamic preferences on lamps, which change
with experience and through interactions via social network.
As a result this ABM goes beyond simulating linear paths
and is able to grow abrupt shifts to a non-conventional
lightening technology under various policy scenarios. Authors highlight that complex market dynamics emerges as a
result of interactions among consumers and bulb manufacturers, opinion exchange among consumers, and interactions
between technologies. Non-linear transitions may not occur
under specific assumptions about agents’ heterogeneity and
dynamics of individual perceptions.
Jackson (2010) designed an ABM to quantitatively evaluate
electric utility energy efficiency and smart-grid programs. A
forecast of annual electricity use and peak residential load
over 15 years was simulated under an assumption of a residential customer growth rate of 1.2%. The results of a ‘frozen’ scenario (when equipment efficiencies and its utilization
remain constant) show non-linear changes in annual electricity use (2.3% increase), while peak residential load changed
almost linearly (1.3% increase). In contrast the ‘baseline’
scenario (smart grid 20% participation scenario) forecasts
annual energy increases of 1.6% and annual peak load in90

creases of 0.6%. In the ‘smart grid 50% participation’ scenario the peak annual growth is reduced to 0.2%. These nonlinear response of the energy market driven by disaggregating the demand function into individual interacting consumers, which can be influenced by other agents leading to the
dissemination of information on new technologies and utility
programs. These complex dynamic is likely to be omitted
when a traditional aggregated customer is used on the demand side.
The CITA ABM developed by Bravo and colleagues (Bravo
et al., 2013) explores the relationships between household
consumption (of food, transportation and energy) and the
related GHG emissions under carbon tax and information
campaign policies. CITA explores the behavioural change
towards green alternatives or absence of such due to selfreinforcement and social influence, where heterogeneous
preferences of agents for 3 domains are parameterized using
Eurobarometer data. The effect of price policies on GHG
emission reduction is moderate in the domains of transport
and energy (3% and 5% respectively) and only in the food
domain the effect is a non-linear significant reduction in the
adoption of the brown leading to 17% GHG emission reduction. However, the policies aimed at behavioural change
(changes in households preferences) lead to abrupt structural
changes in emission reduction: in the transport domain declined by 15%, in the energy domain by 24%.

91

Modelling thresholds
Stanton et al. (2009) in an IAM review finds that in only a
few models damages are treated as discontinuous, with temperature thresholds at which damages show a major shift
from lower temperatures. For example, DICE-2007
(Nordhaus, 2008) models catastrophe in the form of a specified (moderately large) loss of income, which is multiplied by
a probability of occurrence (an increasing function of temperature), to produce an expected value of catastrophic losses. This expected value is combined with estimates of noncatastrophic losses to create the DICE damage function (i.e.
it is included in the quadratic damage function discussed
above). However, for much of Nordhaus’s work using the
DICE model the loss via the Damage Function at 5°C is only
in the region of 5–10 percent GDP (see Error! Reference
source not found..2). In much of Tol’s work (see e.g. (Dietz
et al., 2007)) on the FUND model damages at 5°C are still
lower, around 1–2 percent of GDP (Error! Reference
source not found..2).
In the PAGE-2009 model (Hope, 2011), the probability of a
catastrophe increases as temperature rises above a specified
temperature threshold (3 ºC above pre-industrial levels). For
every 1°C rise in temperature beyond this, the chance of a
large-scale discontinuity occurring rises by 20%, so that with
modal values it is 20% if the temperature is 4°C above preindustrial levels, 40% at 5°C, and so on. The threshold at
which catastrophe first becomes possible, the rate at which
the probability increases as temperature rises above the
threshold, and the magnitude of the catastrophe when it
occurs, are all Monte Carlo parameters with ranges of possi92

ble values. PAGE-2009 assumes that only one discontinuity
occurs, and if it occurs it is permanent, aggregating long-

Figure 1.2. Annual Consumption Loss as a Fraction of Global

GDP 2100 due to an increase in annual global temperature in the
DICE, FUND and PAGE models. Source: (Stern, 2013)

term discontinuities, as ice-sheets loss, with short-term ones,
such as monsoon disruption and thermohaline circulation.
In fact, Nicholas Stern selected this model (PAGE-2002
version) for his Review “guided by our desire to analyse risks
explicitly - this is one of the very few models that would
allow that exercise” (Stern, 2007). However, still, climate
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feedbacks are poorly represented in this model in particular6
and in climate IAMs in general (Whiteman et al., 2013).
However, as stated by (Stern, 2013) “most reasonable modelers
will accept that at higher temperatures the models go beyond their useful
limits; Nordhaus suggests that we have insufficient evidence to extrapolate reliably beyond 3°C”. Since the climate science states that
there are major risks of temperatures well above 3°C, the
main concern thus lies in the incorrect extrapolation of these
damage functions (Pindyck, 2013; Stanton et al., 2009; Stern,
2007). To illustrate this, whilst recognizing the wise cautionary advice of Nordhaus on making such extrapolations,
(Ackerman et al., 2010) show that in a standard model, such
as DICE-2007, temperature increases of up to 19°C might
involve a loss in output of only 50 percent, against a baseline
where the world is assumed to be many times richer by 2100.
This illustrates both the modest nature of damages and the
perils of such extrapolation since such temperatures could
even involve complete human extinction, indeed at much
lower temperatures than that.
The key point is the exogeneity of a key driver of growth
combined with weak damages. With exogenous growth that
is fairly high (say at 1 percent or more over a century or
more) and modest damages, future generations are more or
less assumed to be much better off (Fig. 9.3). Exogenous
growth of any long-term strength is challenged in the face of
the scale of the disruption that could arise at these higher
temperatures (e.g. potential large scale destruction of capital
Better models are needed to incorporate feedbacks that are not included in PAGE09,
such as linking the extent of Arctic ice to increases in Arctic mean temperature, global sealevel rise and ocean acidification,” (Whiteman et al., 2013)

6
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and infrastructure, mass migration, conflict) (Pindyck, 2013;
Stern, 2013).

Figure 9.3. Output after a Century relative to now (base value =
100). Source: (Stern, 2013)

Some researchers have responded to the apparent absurdities of such weak damage functions by invoking higher order
terms (see (Weitzman, 2012)), but the models still appear to
suffer from the omission of the scale of damage that could
arise from catastrophes, mass migration and serious conflict,
most retain exogenous drivers of growth, and most have
inherently narrow risk descriptions (Stern, 2013).
Coupled climate-economic models
There is relatively little discussion of threshold effects in the
literature on coupled climate-economic models. Below we
provide two interesting exceptions.
An interesting example is provided by Kellie-Smith and Cox
(2011) for a highly stylized system dynamics model of a coupled global climate–socioeconomic system. With exogenous
decarbonisation of the economy built into the model equations, projections of coupled climate-economic dynamics are
computed for the 21st and 22nd century for two background
economic growth rates: low (1% per year) and high (4% per
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year). For the low background economic growth rate, the
global development is sustainable (a regime of “soft landing”
at an equilibrium where the economy steadily grows at the
decarbonisation rate). In contrast, for the high background
economic growth rate, the global economy initially booms,
but this is followed by an economic crash, and the resulting
depression lasts for the entire 22nd century.
Another example of a threshold effect is the bifurcation of
GDP losses caused by extreme weather and climate events
simulated with the NEDyM model (Hallegatte et al., 2007):
GDP losses increase sharply beyond a certain threshold value of the intensity and frequency of extremes.
In the ABM literature in CEE domain thresholds are usually
mentioned only with respect to the dynamics of socioeconomic system and sometimes possible CO2 emissions
trajectories. Since ABMs are not directly used to model climatic systems (e.g. 2 degree Celsius threshold), there are no
climate system thresholds considered directly. However, the
latter may be used as a target for tested low-carbon policies
entering ABM dynamics indirectly. The ABM examples below concern thresholds in energy-economy systems only.
The ABM of Chappin and Afman (2013) is driven by evolving preferences regarding low-cost electricity lams due to
personal experiences and exchange of opinions with a social
network. Yet, while agent’s perceptions evolve incrementally
over time, the dramatic shift in market shares occur when an
endogenous threshold value of adopters is reached. Changes
in consumer preferences can be amplified or suppressed by
changes in individual cost-effectiveness moving towards
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certain threshold values, e.g. when a decrease in electricity
costs outweighs a jump in lamp purchasing costs.
When studying CEE system dynamics with their ABM Gerst
and colleagues (2013) admit that the effect of the carbon tax
on machine and goods consumptions, and consequently
large-scale technological change, is dependent on how tax
revenue is invested. While there is a linear relationship between firms’ R&D activity and economy-wide annual growth
rates, the dynamic paths of market shares of various energy
technologies under some policies (e.g. investing carbon tax
into R&D) pass through certain threshold values. Various
thresholds are also seen in aggregated energy intensities,
which peak around year 2020. This is associated with lifecycle of machinery (20 years) and the fact that carbon tax is
not high enough to trigger premature machine replacement.
Micro-level agent behaviour is sometimes designed to exhibit thresholds. For example the CITA ABM assumes that
consumer agents have two exogenously defined thresholds
for need satisfaction and uncertainty (which impacts the
forecasting ability regarding the consequences of agents’
choices) with respect to food, transportation and energy
consumption (Bravo et al., 2013). The threshold values were
calibrated to match the empirical consumption trends. However, we are mainly interested in the thresholds in the response variables, i.e. macro-level dynamics. Such thresholds
appear in the results of the CITA model under the scenario
with households preferences change modeled as an information campaign to agents with low environmental preferences. Specifically, when the intensity of a policy reaches a
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certain value ( 3 > 0.5) the brown consumption pattern disappears in all domains (food, transportation and energy use).
Modelling irreversibility
One of the most controversial conclusions to emerge from
many of the first generation of climate IAMs was the perceived economic optimality of negligible near-term abatement of greenhouse gases. Typically, such studies were conducted using smoothly varying climate change scenarios or
impact responses. Abrupt changes observed in the climatic
record and documented in current models could substantially alter the stringency of economically optimal policies derived from IAMs. Such abrupt climatic changes—or consequent impacts—would be less foreseeable and provide less
time to adapt, and thus would have far greater economic or
environmental impacts than gradual warming (Mastrandrea
& Schneider, 2001).
Despite critical uncertainties in the assessment of relationships such as climate sensitivity or damage functions (e.g.
(Pindyck, 2013; Stern, 2013)), for the most part, IAMs adopt
best guesses about likely outcomes (Ackerman et al., 2009;
Kelly & Kolstad, 1998; Lomborg, 2010; Nordhaus, 2007;
Tol, 2002; Webster et al., 2012). IPCC’s focus in this issue
has also being decisive: most visibly attention has been given
to the communication of uncertainties by the natural scientists in the areas of climate science and impacts, and to a
lesser extent, or at least very differently, by economic models
and social scientists in the assessment of vulnerability,
sources of greenhouse gas emissions, and adaptation and
mitigation options (Pindyck, 2013; Stern, 2013; Swart et al.,
2009).
98

Uncertainty, if incorporated at all, is usually analysed by running Monte Carlo simulations in which probability distributions are attached to one or more parameters. For example,
the Stern Review (Stern, 2007), using the model PAGE-02,
represents a step forward over the standard practice in this
respect, employing a Monte Carlo analysis to estimate the
effects of uncertainty in many climate parameters. As a result, the Stern Review finds a substantially greater benefit from
mitigation than if it had simply used “best guesses”.7 Another recent applications are (Webster et al., 2012) with MITIGSM or (Cai et al., 2013), who developed a stochastic dynamic programming version of the DICE model. But these
are rather exceptions: (Stanton et al., 2009) review did not
identify any model assuming fat-tailed distributions that reliably samples the low probability tails, thus failing into
providing an adequate representation of worst case extreme
outcomes.
The probabilities of eventual warming of 4°C or more, on
current emissions paths, may be of the order of 20–60%
(e.g., (Rogelj et al., 2012; WEO, 2012)); thus, if the damage
functions are not included or calibrated to temperature increase until approximately 3 ºC (altogether with the common
use of likely values instead of risk assessment), there is a
wide range of possibilities currently outside the scope of the
models. Therefore, it can be concluded that risk is understated in IAMs and models largely ignore the possibility of a
Stern Review found that “without action, the overall costs of climate change will be
equivalent to losing at least 5% of global gross domestic product (GDP) each year, now
and forever.” Including a wider range of risks and impacts could increase this to 20% of
GDP or more, also indefinitely.

7
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catastrophic climate outcome (Ackerman et al., 2009;
Pindyck, 2013; Stanton et al., 2009; Stern, 2013). (Lenton &
Ciscar, 2013) review the limitations of the models and state
that there is a “…huge gulf between natural scientists’ understanding of climate thresholds or tipping points and
economists’ representations of climate catastrophes in
IAMs.” (Stern, 2013) summarizes: “the economic models
add further underassessment of risk on top of the underassessment embodied in the science models, in particular because they generally assume exogenous drivers of growth,
only modest damages from climate change and narrow distributions of risk”.
The problem of abrupt/irreversible climate change is has
not been widely addressed in the existing literature on climateeconomic SD models. Indeed, up to now most modeling exercises based on climate modules able to represent abrupt/irreversible climate dynamics or including discontinuous climate damage functions, have been performed within
the utility maximization paradigm – a conventional wisdom
of neoclassical economic growth theory. However, both of
these climate modeling forms can be straightforwardly
adopted in SD models. An interesting research agenda
would therefore be to develop such system dynamic versions
of traditional climate-socioeconomic models rooted in the
utility maximization paradigm. These should then be able to
provide a more realistic description of the impacts of abrupt/irreversible climate change and its interaction with the
non-linear socio-economic system.
The problem of possible irreversible global change was originally addressed using system-dynamic modelling in the
neighbouring area of environmental and resource econom100

ics. An example that received extremely high visibility (and at
the same time was severely criticized by many mainstream
economists) is the “Limits to Growth” report and its followups (Meadows et al., 1972, 1992, 2002). The authors argued,
on the basis of simulations with the SD model World3, that
maintaining the exponential growth of population, capital,
resource use and pollution on a finite planet is unsustainable
and will inevitably lead to an irreversible catastrophe, unless
the timely correction measures are implemented at the global
level.
Many ABMs are characterized lock-in effects and strong
path-dependency. Therefore the sequence of previous states
constraint future states, and even gradual changes in behavior or technology may lead to irreversible changes in energyeconomy system. As before irreversibility in climate systems
is hardly ever considered in ABMs as they are not the best
tools to simulate climatic systems.
The ABM of the carbon emission trading impact on shifting
from carbon-intensive electricity production (Chappin &
Dijkema, 2007) suggests that as soon as investments in new
technology are made, the switch from the old technology is
irreversible. Various scenarios produced by the ENGAGE
ABM by Gerst and colleagues (2013) all produce irreversible
transitions to low-carbon economy. While depending on a
policy, the transition can be swift or more gradual, the return
back to carbon-intensive economy is unforeseeable.
The ABM of transition to low-electricity lightening (Chappin
& Afman, 2013) produces non-linear paths under various
policies (banning, tax, subsidy). While this market system
moves along transition pathways, this transition is irreversi101

ble. The shift to low-electricity lamps happen when either it
becomes cost-efficient for consumers or when their dynamics preferences reach a certain level. There is no reverse dynamics modelled, also probably since it is unrealistic.
Discussions and conclusions
Occasionally, dramatic shifts occur in natural system as well
social and economic systems. As reviewed in this report, the
literature on critical transition theory suggests that such
shifts can be associated to the existence of alternative stable
state, thresholds and hysteresis in the system. For the management of such system and more specifically for the climate
mitigation policies and measures, it implies a radically different view on policy options, and on the potential effects of
global change on such systems. For instance, although the
gradual changes in temperature might show little and proportional impact, once a threshold is reached and a flip occurred the large impact might be difficult or even impossible to reverse. Examples are the collapse of an overharvested population, ancient climatic transitions, and the collapse
of Saharan vegetation. The critical transition in such systems
can ultimately derive from how it is organized — and usually
from feedback mechanisms, stabilizing or distabilising, within it.
In climate system, the critical transition is usually associated
to the destabilising (positive) and stabilising (negative) feedbacks. For example, Rial et al. (2004)) proposes a metaphor
of a net feedback. According to this metaphor, in unperturbed conditions the net negative climate-driving feedback
of the Earth is slightly stronger than the net positive feedback, at least for small values of external/internal forcing.
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However if the forcing grows beyond the point at which the
two competing feedbacks are balanced, then the explosive
amplification produced by positive feedbacks leads to strong
nonlinear effects. Even below this critical threshold, the
negative impacts of human induced climate change can become so strong at some critical adaptation threshold that
societies are no longer able to respond to the climate change
impacts at an acceptable cost. Thus mitigation policies
should be implemented such that this critical adaptation
threshold is not exceeded.
Predicting such critical thresholds in a system and occurrence of catastrophic shift before they are reached is extremely difficult as the state of the system may show little
change before the bifurcation points. However, recent attempts to assess whether alternative stable states and hence
critical transitions are present in a system are now converging in different fields such as desertification, limnology,
oceanography and climatology. These studies are now suggesting the existence of generic early-warning signals that
may indicate for a wide class of systems if a critical threshold
is approaching. The theoretical studies show that the dynamics of systems near a critical point have generic properties,
regardless of differences in the details of each system. Therefore, sharp transitions in a range of complex systems are in
fact related. In models, critical thresholds for such transitions correspond to ‘catastrophic bifurcations’.
Earlier we reviewed one of the prototype models of such
systems, the lake system, and used it to analyse and classify
the economic outcomes of such a shift.
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Scheffer et al. (2009) reviews some of the generic earlywarning indicators. The main indicator that is mentioned in
the review is the so-called critical slowing down that might
lead to three possible early-warning signals in the dynamics
of a system approaching a critical threshold: slower recovery
from perturbations, increased autocorrelation and increased
variance in the resulting pattern of fluctuations. Although,
these indicators are examined in some strong but stylized
models, more work is needed to test the robustness of these
signals. Also, detection of the patterns in real data is challenging and may lead to false results. In the Copenhagen
Accord (UNFCCC, 2010) the critical threshold, based on
recommendations, among others, of Bruckner et al. (1999),
was set at 2 degrees C. Jaeger and Jaeger (2011) provide an
interesting overview of the history of emergence of 2C target, including a review of the criticism of this target. Whether the 2C threshold is well justified as a mitigation policy
target or not, there is now increasing scepticism on the
chances of retaining the global mean surface air temperature
at or below this limit (Anderson & Bows, 2011; Peters et al.,
2013). At the same time, some recent studies (Mann, 2009;
Smith et al., 2009) have revised the climate change impacts
associated with 2C temperature rise above the pre-industrial
level towards higher severity levels. On this basis, Anderson
and Bows (2011) suggest redefining the 2C limit as a threshold not between “acceptable” and “dangerous” climate
change, but between “dangerous” and “extremely dangerous” climate change.
In order to assess the economic impacts of climate change
and the mitigation and adaptation related policies, the issue
of non-linearity in the presence of tipping points is essential
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for the definition of optimal mitigation and adaptation strategies as the impact climate change could become extremely
severe, however, there are a lot of uncertainties regarding
the critical thresholds (Pindyck, 2007). Moreover, many climate impacts such as the damage to ecosystems may be irreversible. This means that adopting a policy now rather than
waiting has a sunk benefit, that is a negative opportunity
cost. This implies that traditional cost-benefit analysis will be
biased against policy adoption (Pindyck, 2007).
While understanding of the nature of non-linear abrupt
changes is essential for the proper estimate of cost and benefits of climate related policy actions, especially in the domain
of climate change mitigation where impacts are intergenerational, the quantitative modeling of regime shifts in coupled
CEE system and impact assessment models and tools is
challenging. Current impact assessment models are not fully
able to present non-linearities, thresholds and irreversibility
or run catastrophe climate scenarios. Numerous studies have
indicated that in the case of non-linear climate change impacts, optimal abatement increases substantially (Baranzini et
al., 2003; Gjerde et al., 1998; Keller et al., 2004; Kolstad,
1994; Mastrandrea, 2001; Tol, 2003; Yohe, 1996; Zickfield &
Bruckner, 2003). The potential for non-linear and lowprobability climate responses to anthropogenic greenhouse
gas forcing, however, has received little attention in the climate change damage cost literature to date (Alley et al., 2003;
Higgins et al., 2002; Tol, 2009; Wright & Erikson, 2003).
In this report we reviewed the shortcoming of various modeling approaches, which are most commonly used to design
CEE models, treat the issues of non-linearity, thresholds and
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irreversibility. In particular, we look at Integrated Assessment Models (IAMs) including General Equilibrium Models,
System Dynamics Models (SDs) and Agent-Based Models
(ABMs).
As mentioned earlier, non-linear responses are strongly related with all dynamics arise from the interaction of just two
types of feedback loops, destabilising (or positive) and stabilising (or negative) loops. Among the high-resolution IA
models the dominant approach has been the sequential (linear) representation from socioeconomic inputs to emission
and climate impacts without considering feedbacks (Damage
Function) to the “Human Activities” or “Ecosystem” modules. In these models feedbacks are usually restricted to the
“Human Activities” module. Moreover, Stanton et al. (2009)
IAM review finds that in only a few models damages are
treated as discontinuous, with temperature thresholds at
which damages show a major shift from lower temperatures
(see for example Nordhaus, 2008). In particular the review
concludes that IAMs as well as GE models largely ignore the
possibility of a catastrophic climate outcome (Ackerman et
al., 2009; Pindyck, 2013; Stanton et al., 2009; Stern, 2013).
(Lenton & Ciscar, 2013) review the limitations of the models
and state that there is a “…huge gulf between natural scientists’ understanding of climate thresholds or tipping points
and economists’ representations of climate catastrophes in
IAMs.” (Stern, 2013) summarizes: “the economic models
add further underassessment of risk on top of the underassessment embodied in the science models, in particular because they generally assume exogenous drivers of growth,
only modest damages from climate change and narrow distributions of risk”.
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Unlike GE modes and IAMs , ABMs have a high potential
to simulate non-linear dynamics and responses in coupled
CEE systems. Yet, it is not suited to model climatic systems,
thus only non-linear response in socio-economic systems
and energy markets can be considered. However, In the
ABM literature in CEE domain thresholds are usually mentioned only with respect to the dynamics of socio-economic
system and sometimes possible CO2 emissions trajectories.
Since ABMs are not directly used to model climatic systems
(e.g. 2 degree Celsius threshold), there are no climate system
thresholds considered directly. Irreversibility, however, are
addressed in ABMs. The ABM of the carbon emission trading impact on shifting from carbon-intensive electricity production (Chappin & Dijkema 2007) suggests that as soon as
investments in new technology are made, the switch from
the old technology is irreversible. Various scenarios produced by the ENGAGE ABM by Gerst and colleagues
(2013) all produce irreversible transitions to low-carbon
economy. While depending on a policy, the transition can be
swift or more gradual, the return back to carbon-intensive
economy is unforeseeable.
System dynamic models represent real-world applications of
the formal mathematical theory of nonlinear dynamic systems, and thus, by definition, are designed to represent nonlinearities. Coupled climate–socioeconomic system dynamics
models applied to the study of the economics of climate
change include numerous non-linearities both in the economic modules (e.g. economic crises, bubbles on asset markets etc.) and in the climate modules (e.g. abrupt climate
change). As example, a simple climate-socioeconomic system
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dynamic model by Kellie-Smith and Cox (2011) integrated
for a very long term (from year 2000 to year 3000) generated
under certain scenarios pronounced persistent low-frequency
nonlinear oscillations of climate and macroeconomic variables. However, the problem of abrupt/irreversible climate
change is has not been extensively addressed in the existing
literature on climate-economic SD models. Indeed, up to
now most modelling exercises based on climate modules
able to represent abrupt/irreversible climate dynamics or
including discontinuous climate damage functions, have
been performed within the utility maximization paradigm – a
conventional wisdom of neoclassical economic growth theory. However, both of these climate modelling forms can be
straightforwardly adopted in SD models.
In order to tackle the aforementioned shortcomings of the
current CEE impact models, the main goal of COMPLEX
WP5 is to developed a system of models combining insights
from different field of research such as critical transition and
catastrophe theory, and IAMs, GEs, ABM, and SD modelling approaches with the emphasis on utilising the non-linear
climate responses and regime-shifts of economic-ecological
systems, modelling processes of diffusion and pervasive
technical change and its implication, and representation of
economic sectors with a significant potential for mitigation
and resource efficiency. The system of model will be designed in such a way that it can serve as a so-called ‘fully
integrated assessment model’ to evaluate mitigation policies,
assessing the costs and inform policy makers in a more effective way. The next report will present the theoretical and
conceptual framework for such a system.
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10. A hierarchy of Out-of-equilibrium Actor-based
System-dynamic Nonlinear Economic Models
Klaus Hasselmann and Dmitry V Kovalevsky
The process of modelling the dynamics of the coupled climate-socioeconomic system within the actor-based system
dynamics approach implies developing system-dynamic
models in the form of a model hierarchy, beginning with
simple models that are successively made more complex as
the simpler models are understood. The dimensionality of
system-dynamic models accordingly increases when moving
through the hierarchy from simpler to more complex models, until the level of complexity is reached where modelling
results can no longer be firmly supported by real-world macroeconomic data.8
In the present paper we illustrate the basic concepts underlying the process of developing the model hierarchies within
the actor-based system dynamics approach and gradually
increasing their dimensionality by discussing a strongly simplified model hierarchy. The model economy consists of
only two aggregate actors (an aggregate producer/firm and
an aggregate consumer/worker/household). We start with a
simplified two-dimensional (2D) dynamic system, and then
8 Hasselmann, K. (2009): Simulating human behavior in macroeconomic models applied to
climate change. European Climate Forum, Working Paper 3/2009, ISBN: 978-3-94166303-9.
URL:
http://www.globalclimateforum.org/fileadmin/ecfdocuments/publications/ecf-working-papers/hasselmann__simultating-human-behaviorin-macroeconomic-models-applied-to-climate-change.pdf.
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explore its various alternative three-dimensional (3D) extensions. As we will see, depending on the model dimensionality and on the assumptions made about the control strategies
of key actors determining their decision-making, the models
can produce very different dynamic regimes, including stable
exponential growth or instabilities, the latter in the form of
nonlinear oscillations or economic collapse, etc.
All models developed in the present paper deliberately go
beyond the market clearing assumption – one of the cornerstones of the mainstream general equilibrium paradigm in
economic modelling. In the models presented below, market
clearing is not assumed, supply is generally not equal to demand, and there exists a stock of unsold goods.9 Therefore,
the models presented below describe the substantially outof-equilibrium economic dynamics.
As simplest dynamic model economy we consider a 2D
model (the state variables are the physical capital and the
stock of unsold goods) governed by the interaction of two
aggregate actors (an aggregate producer and an aggregate
consumer). We assume that the share of production of consumer goods in the output is equal to G (the remainder of
the output goes as investment in physical capital), while the
share of consumption of consumer goods in the output is
Other system dynamics models going beyond the market clearing paradigm reported in the literature include e.g. the Non-Equilibrium Dynamic Model (NEDyM) – Hallegatte, S., Ghil, M., Dumas, P., Hourcade, J.C. (2008): Business cycles, bifurcations and chaos in a neo-classical model with investment dynamics. Journal of Economic Behavior & Organization
67, 57-77.
9
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equal to C . In the basic 2D model setup, and for illustrative and reference purposes only, we make an (unrealistic)
assumption that G and C are both constant. The balanced case G
C is the standard mainstream textbook
case. The case G
C implies the over-production regime
with an exponentially growing stock of unsold goods; the
opposite case G
C implies the over-consumption regime
(that is, of course, unsustainable in the long term) where the
initial stock of unsold goods (if any) rapidly declines to zero.
Various alternative extensions of this basic 2D model are
possible. We first extend the 2D model to a 3D model from
the supply side, no longer assuming that G is constant,
and implying instead that G is a new dynamic variable governed by the producer’s control strategy. From now on, the
goal of the producer is to adapt production to the consumer’s demand by adjusting G (the assumption C const is
still retained).
However, this general producer’s goal can be formalized as a
control strategy in a plethora of alternative ways. In particular, we consider two alternative producer’s control strategies:
the ‘stocks’ control strategy and the ‘flows’ control strategy.
In case of the ‘stocks’ control strategy, the producer strives
to adapt the level of production in such a way that the physical capital stock would be proportional to the unsold goods
stock. Quite counterintuitively, this dynamic system manifests the oscillatory regime for realistic values of model parameters (Fig. 10.1). We note in passing that, from a mathematical perspective, this 3D model can be reduced to a
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closed second-order nonlinear ODE for
nonlinear damped oscillator equation.

g

equivalent to a

Figure 10.1. Oscillatory dynamics of a 3D model with the supplyside ‘stocks’ control strategy: a) physical capital [arbitrary units]; b)
stock of unsold goods [arbitrary units]; c) the share of production of
consumer goods in the output (

G ) [dimensionless]

Alternatively, in case of the ‘flows’ control strategy the goal
of the producer is to balance the input and output flows of
goods, rather than to maintain a constant ratio of the stock
of goods to capital. Under the ‘flows’ control strategy, the
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model dynamics strongly differs from the ‘stocks’ case: after
the transitional regime, the capital growth becomes (asymptotically) exponential, while the stock of unsold goods and
the share of production of consumer goods G both converge in the long term to their stationary values (Fig. 10.2).
Another option to upgrade the basic 2D model to a 3D
model is to improve it from the demand side.
Assuming again, like in the basic model, G = const, and
introducing the consumption as the third state variable governed by a dynamic equation much in a spirit of the wage
rate dynamics equation used in many members of
MADIAMS model family,10 we finally come to a 3D linear
model, where all three state variables (physical capital, stock
of unsold goods, and consumption) exert (asymptotically)
exponential growth after the transitional regime.
Alternatively, introducing the price dynamics into the model
in the form of the (slightly modified) textbook Walrasian
price adjustment law11 tending to equalize supply and demand, and assuming that the share of consumption C (t) is
now price-dependent, we ultimately come to the dynamic
behaviour in many respects similar to (although not identical
with) that of the model with the supply-side ‘flows’ control
strategy outlined above (after the transitional regime, the
capital growth becomes (asymptotically) exponential, while
10

Ibid.

cf. Intriligator, M.D. (1971): Mathematical Optimization and Economic
Theory, Prentice-Hall, Englewood Cliffs, New Jersey.
11
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the stock of unsold goods and the share of consumption
both converge in the long term to their stationary values).

C

Figure 10.2. Dynamics of a 3D model with the supply-side ‘flows’ control strategy: a) physical capital [arbitrary units]; b) stock of unsold goods [arbitrary units];
c) the share of production of consumer goods in the output ( G) [dimensionless]
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So far we were considering the models with stable dynamics
(at least within the domain of realistic values of model parameters). However, many alternative extensions of the basic
2D model are possible that will generate fundamentally unstable economic dynamics (that is unfortunately often observed in real-world economies).
Particularly, the 2D model can be extended to an unstable
3D recession model by introducing the employment level as
the third state variable.
In many standard textbook models assuming full employment, a sudden stepwise decrease in consumption through
some external factor would induce a decrease in the goods
price, restoring again demand. In practice, however, the response of producers to a decrease in demand can also be to
lower supply rather than to reduce prices. This is achieved
by laying off workers and idling productive capital, leading
to a further decrease in demand. This may result in a positive
feedback loop producing a vicious cycle, culminating in a
depression or (depending on further feedbacks) a business
cycle.
Fig. 10.3 illustrates this unstable dynamic regime, assuming
that at some point of time (model year 20 on Fig. 10.3) the
employment level (initially equal to unity) is slightly reduced
by some external shock. As is seen from Figure 3c, this
would lead to a scenario of rapid catastrophic drop of the
employment to zero level. In practice, the collapse will of
course be arrested well before the employment level drops
to zero by further feedback processes not considered in our
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simple model. For example, wage reductions induced by
decreases in the employment level can lead to business cycles12 or, depending on parameter settings, a slow recovery
after a period of stagnation.
The actor-based system dynamic approach to economic
modelling illustrated above by a simple 2D/3D model hierarchy – tractable to the extent that for many members of this
model hierarchy it was even possible to obtain analytical
solutions in closed form – was implemented (to a large extent – in the framework of EU FP7 COMPLEX project) in
several more realistic members of the MADIAMS model
family tailored to study the impacts of various global climate
policies. These more complex and more realistic models of
course require numeric simulations. Still, we conclude by
mentioning that many dynamic features revealed (and often
explained within analytical framework) for this simple
2D/3D model hierarchy are clearly visible in numeric solutions of ‘larger’ actor-based system dynamic models. Particularly, proper accounting for out-of-equilibrium dynamics (on
which the simple modelling exercises outlined in the present
paper were focused) indeed in many cases substantially affects the simulation results generated by ‘larger’ models.

12

Ibid. 4.
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Figure 10.3. Dynamics of a 3D recession model with an in-

stability incurred at model year 20 (recession): a) physical capital [arbitrary units]; b) stock of unsold goods [arbitrary
units]; c) employment level [dimensionless] (superimposed also
the balanced solution from the basic 2D model – see text)
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11. Actor-based System Dynamics Modelling of
Abrupt Climate Change Scenarios
Dmitry V Kovalevsky and Klaus Hasselmann
This report describes the applications of the Structural Dynamic Economic Model (SDEM) to modelling of abrupt
climate change as a catastrophic climate scenario. The potential slowdown/shutdown of Atlantic thermohaline circulation (Atlantic THC) is studied as an example.
SDEM is a stylized prototype of MADIAMS (the MultiActor Dynamic Integrated Assessment Model System) and,
therefore, is a member of the MADIAMS model family.13
A substantial part of the MADIAMS model family has been
developed within EU FP7 COMPLEX project. The main
members of MADIAMS model family are global-scale actorbased system dynamics Integrated Assessment models
(IAMs) designed within a classical IAM conceptual scheme
presented on Fig. 11.1.
GHG
emissions

World
Economy

Climate
System
Economic impact of
climate change
(climate damage)

Figure 11.1. A conceptual scheme of Integrated Assessment modelling
(IAM), also applicable to members of MADIAMS model family

13 A dedicated MADIAMS model family homepage is maintained at the Global Climate
Forum website, URL: http://www.globalclimateforum.org/madiams
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These models consist of two major modules: the economic
module describing the global economy, and the climate
module describing the global climate. Economy affects climate through anthropogenic greenhouse gas (GHG) emissions (represented in SDEM/MADIAMS by CO2 emissions). There is also a feedback from climate system to economic system parameterized through introduction of climate
damage function(s).
Therefore, these members of MADIAMS model family follow the classical IAM scheme where the coupled climatesocioeconomic scenarios at the global level (including the
dynamics of carbon emissions) are computed selfconsistently, and in this respect there is no need to incorporate in the modelling framework any external (‘exogenous’)
quantitative emissions/ climate scenarios like RCPs or
SRES.
In the context of the present paper, SDEM may be seen as
the ‘minimal’ climate-economic model able to generate regimes of abrupt/irreversible climate change.
The economic module of SDEM is developed within an
innovative actor-based system dynamics approach which, in brief,
might be seen as further development of ‘traditional’ system
dynamics (SD) economic modelling, however with a much
stronger focus on describing behaviour and decision making
of key aggregate actors of economic system, often – if not to
say always – under conditions of conflict of actors’ interest.
The version of SDEM described here is a model of the aggregate world economy. The population of the model world
is divided into two social classes: entrepreneurs and wage119

earners, described by two aggregated actors. Full employment is assumed. Wage-earners consume everything they
earn, i.e. their consumption is equal to wages. Entrepreneurs
also consume everything they earn, in this case the dividend
on their capital.
The output of the economy depends on two primary production factors: physical capital and human capital. However, in contrast to standard economic growth models, these
forms of capital are assumed to be non-substitutable, and
the production function corresponds in the general case to
the Leontief form. Model runs have been made for the particular case of balanced growth, in which the amount of
physical capital perfectly matches the amount of human capital required to assure that there exists neither idle physical
capital nor unemployment.
Entrepreneurs own the output (corrected for climate damage, dependent on global mean temperature), from which
they first have to pay wages to wage-earners and carbon tax
to the government. The latter is fully recirculated in the
economy in the form of subsidies for carbon emission reduction and energy efficiency improvement. Entrepreneurs
are then free to choose the way in which they distribute the
remainder between their dividend and investments in physical and human capital. It is assumed that the decisionmaking of entrepreneurs can be described by a simple control strategy formalized as a dynamic rule. It should be
stressed that no utility maximization/ intertemporal optimization procedures are assumed in the actor-based system
dynamics modelling framework.
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The dynamic equations of the normal economy (including
equations for physical capital, for human capital and for
wages) are augmented by further dynamic equations for endogenous carbon emission reduction, enhanced renewable
energy production and improved energy efficiency. The mitigation measures are promoted by a combination of carbon
tax and the recirculation of the tax revenues into the economy for climate-related technological improvements.
Carbon emissions are computed in SDEM/MADIAMS by
converting the output of modelled sectors of the economy
(specified by relevant production functions, usually of Leontief type) into emissions through scaling factors like energy
efficiency and carbon efficiency specific to the sector under
consideration. The energy and carbon efficiency, in their
turn, are state variables for which the dynamic equations are
specified describing their endogenous improvement due to
target investment (i.e. due to recirculation of collected carbon tax revenues into the economy in the form of green
R&D investment).
The economic modules of the models developed within the
MADIAMS model family can be linked to different climate
modules. For instance, in the initial version of MADIAM14
the carbon cycle – climate model NICCS15 was incorporated.
Weber, M., Barth, V., Hasselmann, K. (2005): A Multi-Actor Dynamic Integrated Assessment Model (MADIAM) of induced technological change and
sustainable economic growth. Ecological Economics, 54, 306-327.
15 Hooss, G., Voss, R., Hasselmann, K., Maier-Reimer, E., Joos, F. (2001): A
Nonlinear Impulse response model of the coupled Carbon cycle – Climate System (NICCS). Climate Dynamics, 18, 189-202.
14

121

In the present version of SDEM, in case of modelling the
gradual climate change, a simple climate module consisting
of dynamic equations for CO2 concentration and for global
mean surface air temperature is adopted.16 For abrupt climate change simulations, a four-box model of the Atlantic
THC (schematically presented on Fig. 11.2) is linked to this
simple climate module.17

Figure 11.2. Schematic of the four-box model of the Atlantic thermohaline circulation (THC) developed by Zickfeld et al. (2004)

It is broadly acknowledged in IAM literature that projections
generated by IAMs are very sensitive to the specification of
the climate damage function(-s), and SDEM is no exception
in this respect. Simulations with SDEM for a business-asusual (BaU) scenario (no climate mitigation policies) and for
Kellie-Smith, O., Cox, P.M. (2011): Emergent dynamics of the climateeconomy system in the Anthropocene. Philosophical Transactions of the Royal Society
A, 369, 868-886.
16

17 Zickfeld, K., Slawig, T., Rahmstorf, S. (2004): A low-order model for the
response of the Atlantic thermohaline circulation to climate change. Ocean Dynamics, 54, 8-26.

122

five alternative climate mitigation scenarios (implying global
harmonized carbon tax rates of 10, 20, 30, 40, and 50
USD/tCO2 respectively18), have been performed assuming
two alternative specifications of the climate damage function: a (weakly nonlinear) quadratic function:
1 d N (T )

1
1 0.0028 T

(11.1)

2

dependent on the temperature increase above the preindustrial level, proposed by Nordhaus for his seminal
DICE model,19 and widely used later by other authors; and a
(strongly nonlinear) function
1 dW (T )

1
1

T / 20.46

2

T / 6.081

6.754

(11.2)

proposed by Weitzman.20 As shown on Fig. 11.3, both functions produce virtually the same climate damages for moderate temperature increases, while the Weitzman function leads
to significantly higher climate damages for high-end temperature scenarios.

18

All monetary variables are expressed in constant 2000 USD.

19

Nordhaus, W.D. (2008): A Question of Balance. Yale University Press,
New Haven & London.

Weitzman, M.L. (2012): GHG targets as insurance against catastrophic
climate damages. Journal of Public Economic Theory, 14, 221-244.
20
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Figure 11.3. The (weakly nonlinear) Nordhaus climate damage
function (blue line) and the (strongly nonlinear) Weitzman climate
damage function (red line).

The results for the 21st and 22nd centuries computed with the
SDEM model for gradual climate change conditions (no
Atlantic THC module) are presented on Fig. 11.4 (global
mean temperature) and Fig. 11.5 (effective GWP, i.e. Gross
World Product, reduced through climate damage) for the
Weitzman climate damage function (Eq. (11.2)). Fig. 11.4
indicates that a global carbon tax is a highly efficient instrument for reducing GHG emissions: the long-term temperature increases are significantly lower for higher carbon tax
rates. Moreover, Fig. 11.5 indicates that mitigation scenarios
are also economically sustainable in the long term. While the
BaU scenario maintains the most rapid economic growth
throughout the 21st century, it ultimately leads to a global
economic collapse in the 22nd century. In contrast, scenarios
with stronger mitigation measures provide reduced growth
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Temperaure increase [ C]

rates in the short- and mid-term, but lead to sustainable economic dynamics in the 22nd century. However, even the scenario with the most stringent mitigation policy presented in
the figures leads to a ‘four-degree world’ – a dangerous but
unfortunately quite plausible option of global climatesocioeconomic dynamics broadly discussed in recent publications.
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Figure 11.4. Global mean surface air temperature increase above
pre-industrial level projected by SDEM for a business-as-usual scenario (BaU) and five alternative mitigation scenarios with different
global carbon tax rates.
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Figure 11.5. Effective GWP (corrected for climate damage) projected by SDEM for the business-as-usual scenario (BaU) and five
alternative mitigation scenarios with different global carbon tax rates

Fig. 11.6 shows the SDEM simulations under abrupt climate change conditions. The model runs are made until the
end of the 23rd century (the Atlantic THC module is activated). The overturning, measured in Sverdrups (Sv), is shown
for the same six scenarios as before (BaU and five alternative
carbon tax rates).21 As seen from Fig. 11.6, the BaU scenario
and the scenario with the lowest carbon tax rate considered
lead to a shutdown of the THC in the long term (one of the
tipping points in the climate system is therefore reached),
while in scenarios with a stronger mitigation action the initial

21 Note that no additional climate damages arising from possible abrupt climate change
have been introduced into the climate damage function.
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reduction of the THC is later reversed, the THC recovering
in the long term.
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Figure 11.6. Strength of Atlantic thermohaline overturning circulation, projected by SDEM for the business-as-usual scenario (BaU)
and five alternative mitigation scenarios with different global carbon
tax rates
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12. Tracing Behavioural Change in ClimateEconomy-Energy Systems
L. Niamir and T. Filatova
Coupled climate-economy systems are complex adaptive
systems. While changes and out-of-equilibrium dynamics are
in the essence of such systems, this dynamics can be of a
very different nature. Specifically, it can take a form of either
gradual marginal developments along a particular trend or
exhibit abrupt non-marginal shifts (Filatova, Polhill, & van
Ewijk, 2015). Nonlinearities, thresholds and irreversibility
are of particular importance when studying coupled climateeconomy systems. Strong feedbacks between climate and
economy are realized through energy: economy needs energy
for development in literary any sector, while emissions need
to stabilize and be even reduced to avoid catastrophic climate change (IPCC, 2014). Possibilities of passing some
thresholds that may drive these climate-energy-economy
(CEE) systems in a completely different regime need to be
explored. However, currently available models are not always
suitable to study nonlinearities, paths involving critical
thresholds and irreversibility (Stern, 2013). To be able to
formulate an appropriate energy policy for this complex
adaptive CEE system, policymakers should ideally have decision support tools that are able to foresee changes in energy
market over the coming decades to plan ahead accordingly.
Many macro models, that assume rational representative
agent with static beaviour, are designed to study marginal
changes only. So there is a need for models that are able to
capture nonlinear changes and their emergence. An Integrated System of Models (ISM) can be used to address policy
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questions and methodological challenges when assessing
CEE dynamics in the presence of nonlinearities (Voinov &
Shugart, 2013). This research is aimed to elicit equilibrium
and disequilibrium model integration feasibility and to explore how an agent-based energy market could link with a
computable general equilibrium (CGE) model within ISM.
The integration of an ABM and a CGE in the energy domain is a new approach in CEE systems.
ABMs are simulating human social beaviour more realistically and can capture human variability and other nonlinear
processes (Arto et al., 2013; Bonabeau, 2002; Castel &
Crooks, 2006; Chappin & Dijkema, 2007; Gilbert, 2008;
Tesfatsion, 2006; Tran, 2012). Since ABMs are not directly
used to model climatic systems, there are no climate system
thresholds considered directly. Irreversibility, however, is
addressed in ABMs. The ABM of the carbon emission trading impact on shifting from carbon-intensive electricity production (Chappin & Dijkema, 2007) suggested that as soon
as investments in new technology are made, the switch from
the old technology is irreversible. Various scenarios produced by the ENGAGE ABM by Gerst et al. (2013) all produce irreversible transitions to low-carbon economy. While
depending on a policy, the transition can be swift or more
gradual, the return back to carbon-intensive economy is unforeseeable.
Agent-based energy market
ABM aims to investigate nonlinearities and to trace potential
discontinuities in energy markets driven endogenously from
within the economic ABM or triggered by changes in the
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environment. The quantities and prices of different energy
sources and corresponding greenhouse gas emissions resulting from the microeconomic choices are indicators of an
aggregated ABM energy market dynamics.

Figure 2.1. Agent-based energy market- conceptual model

In this report we focus on the retail electricity market. The
flow of the activities of our ABM is presented in Fig. 12.1.
Demand: Demand side of our ABM consists of heterogeneous households with different preferences, awareness of
climate change, and socio-economic characteristics, which
lead to various energy consumption choices. Households
choose a producer and energy type by optimizing utility they
expect to receive (uexp) given price expectations (qhlce/qhff)
under budget constraints. Households receive utility from
consuming energy (E) and a composite good (z) between
130

which its budget is shared (equation 1). Moreover, households have awareness about the state of climate and environmental preferences ( ), which could potentially be heterogeneous and change over time.
U= z * E (1- ) * C

(12.1)

Later on we plan to implement various energy saving actions
selecting from the following pool: switching to energy efficient equipment, installing solar panels, energy saving bulbs,
or change in electricity usage habits (e.g. switching off the
lights).
Supply: The supply side is presented by heterogeneous energy suppliers, which may deliver either electricity based on
low-carbon energy sources (LCE) or on fossil fuels (FF).
The ABM model is being integrated with a macro-economic
CGE model (Filatova et al., 2014). Thus, at this stage we do
not go into the details of modelling the various energy producers where ABM can be instrumental in simulating the
potential diffusion of alternative energy technologies. Instead, we simulated suppliers with different share of LCE
and FF electricity production. In retail electricity market,
form expectations are calculated regarding to prices (qsls
ce/q ff), and shares (LCE vs. FF), to deliver next time step in
order to optimize supplier’s profits. Through literature, total
revenue and total cost is used for maximizing profit. Therefore we calculated supplier’s profit expectation by using the
cumulative price growth (cpg), market prices of electricity
(plce/pff), electricity production (qslce/qsff), and total cost of
production (Eq. 12.2).

131

Pro = (cpg * p * qs ) – cost

(12.2)

Market clearing: due to the reasons widely discussed in the
literature (Arthur, 1999; Kirman, 2011; LeBaron, 2006;
Tesfatsion, 2006) agent-based markets try to distance from
the traditional Walrasian auctioneer. Thus, the equilibrium
price determination is replaced with alternative market structures. Different methods of market clearing evolved in the
agent-based computational economics practice, which can
be categorized in four main groups (LeBaron, 2006; Rekike,
Hachicha & Boujelbene, 2014).
The first category, which can be labelled “gradual price adjustment”, assumes a simple price which market-maker announce it and the demands are submitted at this price. Then
if we have an excess demand, the price is increased, and if
there is an excess supply the price is decreased. The price is
often changed as a fixed proportion of the excess demand as
in Eq 12.3 (LeBaron, 2006).
pt+1 = pt (1) + (D(pt )

S(pt ))

(12.3)

This price adjustment method is used in Alvarez-Ramirez,
Suarez, & Ibarra-Valdez (2003); Beja & Goldman (1980);
Day & Huang (1990); Dieci & Westerhoff (2010); Farmer
(2002); Farmer & Joshi (2002); Martinez-Echevarria (2007);
Zhu, Singh, & Manuszak (2009) models.
In second approach is temporary market clearing which the
price is determined so that the total demand equals the total
number of shares in market (Arthur, 1999; Brock &
Hommes, 1998; Ke & Shi, 2009; LeBaron, 2006; Levy, Levy,
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& Solomon, 1995; Rekike et al., 2014). The advantage of this
approach in compare with the “gradual price adjustment”
method is there is no need to deal with market-maker. However, two critical problems is mentioned for this approach.

Figure 12.2. Flow of activities in the agent-based energy market

First, it may impose too much market clearing, and it may
not well represent the continuous trading situation of a financial market. Second, it is often more difficult to implement. It either involves a computationally costly procedure
of numerically clearing the market, or a simplification of the
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demands of agents to yield an analytically tractable price
(LeBaron, 2006).
Third category which is the most realistic approach and is
labeled “order book” market structure, simulated where demand and supply are crossed with using a certain well defined procedure. One of the most common examples within
this category if price formation mechanism is a doubleauction market (Chiarella & Iori, 2002; Chiarella, Iori, &
Perello, 2009; Farmer, Patelli, & Ilija, 2005; LeBaron, 2006;
Lux & Marchesi, 2000; Ponta, Raberto, & Cincotti, 2011;
Rekike et al., 2014). This method is not only very realistic but
also allows to analyze and trace more in detail. However,
these institutional details need to be built into the market
architecture, and learning specification of agents (LeBaron,
2006).
The fourth approach is bilateral trade. In this method the
new price emerges as agents meet randomly, trade and reach
a deal. It seems this trade appear more realistic for informal
markets, where trading institutions are not very well defined
or buyers and sellers meet less randomly (Albin & Foley,
1992; LeBaron, 2006) .
We choose the first approach “gradual price adjustment” as
the price determination of agent-based electivity market
model. As it seems to represent the retail electricity market
more accurately (Federico & Vives, 2008).
New energy prices (p*lce/p*ff ) and market shares of green
and grey energy are an emergent outcome of this agentbased energy market. After the market clearing, households
update their price expectations and utility when comparing
them to the actual market outcomes. If the total energy
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spending for a household are more than was expected, it
stimulates a household to reconsider either an energy supplier and a type of energy source, or an investment leading to
energy savings, or a change in energy consumption pattern.
CGE
CGE model (developed by TNO) is a large scale and highly
detailed world CGE model built on the detailed environmentally-extended database EXIOBASE22. The model divides the global economy in 44 countries and a rest of world,
and 164 industry sectors per country. The model includes 5
types of households, a representation of 29 types GHG and
non-GHG emissions and different types of waste. The model is presently calibrated on the data for 2007. The model
currently uses the period 2013-2050 as the time horizon for
its calculations. The model equations tend to be neo-classical
in spirit, assuming cost-minimizing beaviour by producers,
average-cost pricing, and household demands based on optimizing beaviour. In what follows, we describe the concept
of linking ABM and CGE.
ABM-CGE integration architecture
On the demand side, our ABM will disaggregated only residential sector demand taking the energy demand of all other
sectors from CGE (Fig. 12.3). When modelling changes in
individual energy demands in between annual equilibria of
22 EXIOMOD: see the general information here
http://owsgip.itc.utwente.nl/projects/complex/index.php/2-uncategorised/23exiomod and partial technical description here
http://ec.europa.eu/environment/enveco/resource_efficiency/pdf/TP3.pdf
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the CGE we would like to explicitly trace changes in preferences and energy consumptions choices driven by individual
assessments, pro-environmental attitudes and social interactions (norms). This will result in the new budget shares a
house holds spend on (i) energy vs other goods, and (ii) LCE
vs. fossil fuel energy sources. On the supply side we will
differentiate between energy production based on fossil fuels
and low-carbon energy sources taking the aggregate supply
equations structurally similar to the ones in the CGE. Ideally, this process will result in new elasticities, which could
serve as inputs to the CGE.

Figure 12.3. ABM-CGE conceptual linkage
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Fig. 12.4 shows ABM-CGE integration on demand side of
energy market. As it is illustrated, ABM is focused on “Electricity” and “Heating” as the households energy consumption. Households can reduce their CO2 footprint by means
of one of three actions: (1) investing in energy efficient devices and equipment, (2) reducing energy consumption
through behavioural change, and (3) by switching to lowcarbon energy.
The lowest scale of operation of the CGE model is NUTS1,

Figure 12 4 ABM CGE demand side integration
Figure 12.4. ABM-CGE demand side integration
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while the highest scale of the ABM would be NUTS2.
Therefore, the ABM outputs to CGE are going to be scaled
up to NUTS1. We envision doing that by means of endowing households agents in the ABM with the key attributes of
households groups following the structure of the EU
Household Budget Survey. Thus, changes in beaviour with
respect to energy consumption in the ABM can be scaled up
to bigger groups of households in other NUTS2 regions in
CGE, attributes of which are also harmonized with the EU
HBS. While the CGE simulates the connections across economic sectors as an annual equilibrium, ABM run quarterly
to investigate non-marginal changes in energy market.

Figure 12.5. ABM-CGE integration framework

The following diagram (Fig. 12.5) illustrates the exchange
variables and input/output of ABM and CGE. We aim at
integrating the ABM with the CGE model to assure direct
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feedbacks between behavioural change with consequent
changes in market shares of LCE vs. FF and impacts of
these on other sectors of economy (ABM=>CGE), as well
as accounting for non-residential electricity demand and
changes in households incomes as economy evolves
(CGE=>ABM). The linkage is take place in two phases. The
first phase, ABM is getting data e.g. electricity prices, share
of LCE vs. FF, electricity consumption and production
(LCE vs. FF) as initialization from CGE. The second phase,
after ABM market clearing the new shares (LCE vs. FF) and
price will update CGE.
Results and future work
We present a work in progress with an application of the
retail electricity market ABM to the Navarre region of Spain
as one of our case studies. Currently the demand and supply
sides of energy (electricity) market are simulated using
NetLogo with GIS and R extensions. We explored the dynamics of market shares of low-carbon electricity in the scenario where a household’s choice on the type of electricity
(grey or green) is driven exclusively by preferences vs. when
market-clearing mechanisms is explicitly modelled. We also
contrast the results for a population of household with homogeneous vs. heterogeneous preferences and awareness of
climate change as well as incomes.
We presented the first simulation results of the first version
of this energy market with a focus on the detailed modelling
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of the demand side at the WEHIA’201523 conference. We
demonstrated the trends in prices for low-carbon-energy and
fossil fuels. Moreover, we discussed the feasibility of data
exchange between CGE and ABM, where shares of LCE
and FF emerge as the outcome of the agent-based energy
market.
The future work will go on in two directions. Firstly, we aim
to improve and expand the integration points of agent-based
energy market with other climate-economy-energy models
e.g. CGE, IAM and SD. Secondly, we plan to study
beavioural changes and socio-economic characteristics of
households via a survey. The main goal of the survey is to
elucidate the information on beavioural changes, which includes not only change in choices but also in preferences and
opinions, potentially affected by social influence on the demand side (households) to feed it into the ABM.

23 WEHIA’2015 was the 20th Annual Workshop on the Economic Science with Heterogeneous Interacting Agents, http://wehia2015.sciencesconf.org/
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13. A heterogeneous-agent approach to the Circular
Economy
H. Boonman, T. G. Husby and S. Moghayer

In this report we study the transition to a circular economy
as a complex adaptive system. We investigate the conditions
for successful introduction of a 'circular good/service', focusing on the contribution of underlying demand-side factors. To do this a heterogeneous agent model, HAMs (Brock
& Hommes, 1997) is developed with a population of boundedly rational heterogeneous agents choosing between two
varieties of a consumer goods or service – a 'circular' and a
'non-circular' type. A bounded rational world view with
agents using simple strategies, perhaps not perfect but at
least approximately right, seems more appropriate within a
complex, nonlinear world (cf. Brock & Hommes 1997).
HAMs are highly nonlinear, for instance due to evolutionary
switching between strategies, and can exhibit a wide range of
dynamical behaviour ranging from a unique stable steady
state to complex, chaotic dynamics, and non-convex state
dynamics with multiple equilibria (cf. Moghayer & Wagner,
2009). In the models with multiple equilibria there can be
changes in the qualitative structure of the set of solutions
with completely different economic outcomes if parameters
are varied. Therefore, a classification of these outcomes
based on different value of parameters is required. For this
we use bifurcation analysis, which is the mathematics of
classification. Using this analysis we seek to answer the following question: what are the necessary behavioural and
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market conditions for obtaining a stable market share of the
'circular' type?
In order to calculate the sustainability indicators as a proxy
for the degree of the circularity of the economy/ businesses,
we need environmental and economic data and most existing HAMs are not based on real-world data. In this paper we
tackle this problem by designing a simple hybrid Environmentally Extended Input Output (EE-IO) model and HAM.
The combination of the two methodological approaches
opens possibilities to account for measuring environmental
indicators in the circular market steady state.
The Heterogeneous Agent Model
Here we consider an industry with one firm that produces in
a monopolistic market. The firm initially produces one
product/service, the non-circular product. The firm explores
the possibility to start producing a more sustainable product,
i.e. a circular product. By circular product, we refer to a
product or service that includes or eases the possibility of
recycling, as part of the take-back scheme. The non-circular
product is the conventional product, which is not being recycled. Consumers or other firms, for their intermediate
consumption, make a choice between the circular and noncircular product. Two types of consumers/firms are distinguished, early adaptors and followers. The decision of consumers/firms is modelled as a discrete choice where differences in payoff associated with the (intermediate) consumption of different types gives rise to evolutionary switching
behaviour. In addition to economic incentives, the choice is
affected by: behavioural parameters (e.g. pro-environmental
values, risk aversion); network externalities, where individual
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choices are affected by the choices of other agents in the
population; the intensity of choice, reflecting the uncertainty
associated with behavioural change or the convenience associated with the current choice. In each time period, consumers/firms face the same purchase choice, and can switch to
the other product/service between each two time periods.
The products pickup shares are then updated.
In the supply side, we apply a simple mechanism. The price
of the non-circular product is assumed to be fixed. Under
complete information, the inverse demand structure is derived. Profit optimization of the firms then result in expected optimal production with a quadratic cost function,
which also depends on a total factor productivity parameter
capturing the rate of the diffusion of the new technologies.
This in turn leads to the expected optimal price. Under the
current price function, the firm has a correct expectation of
the price. The following diagram (Fig. 13.1) depicts the
structure of the HAM model.

Figure 13.1. Environmentally Extended Input-Output (EE-IO) Model
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In order to calculate changes in material inputs and waste
flows from changes in the use of recycled tires, we use an
EE-IO model based on the IO table of Netherlands of the
year 2013, provided by Statistics Netherlands. This table
shows the sale and purchase relationships between producers and consumers within an economy. It is produced by
illustrating flows between the sales and purchases (final and
intermediate) of industry outputs or by illustrating the sales
and purchases (final and intermediate) of product outputs.
Furthermore, when changes in material inputs and waste
flows from changing the recycled material content of tires
we make the following assumptions: increasing recycled content in a tyre to 7% leads to a 40% reduction in use of virgin
rubber; increasing recycled content in a tyre to 7% leads to a
reduction of about 7 litres of oil per kg recycled content
used; recycled rubber is currently not being used in tires (in
the NL); the reduction in recycled rubber is equally spread
over sectors.
Application: recycling rubber in the Dutch tyre industry
As a case study to illustrate the output of the modelling tools
we analyse changes in input and waste flows due to an increase in the recycled material content of tyres in the Netherlands. 70% of the world rubber consumption goes into the
tyre industry. Tyres consist of natural and synthetic rubber.
Virgin rubber and oil are the most important raw materials.
Tyres are being reused and recycled, but high-value recycling
remains low (Saiwari, 2013).
Around 9 million 4-wheel vehicles have Dutch owners. This
means that close to 36 million tyres roll down the Dutch
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road. We assume that a new tyre should last for at least
80.000 km, thus around 6 years. Consequently, around 6
million tyres need to be replaced in the Netherlands each
year. However, only a very small share of new tyres is recycled (reclaimed or containing recycled material).24 In our
case study we focus on increasing the share of recycled material in tyres through devulcanisation. Vulcanisation is a
chemical process for converting Natural rubber or Synthetic
rubber into durable materials via the addition of sulphur at
high temperatures. When subjected to mechanical or thermal
stress or ultrasound radiation, the structure of the vulcanized
ELT rubber is modified. The resulting material can be revulcanised or transformed into useful products. Ideally,
devulcanisation would yield a product that could serve as a
substitute for virgin rubber, both in terms of properties and
in terms of cost of manufacture. It could replace up to 40%
of virgin rubber.25 However, current use remains low, mainly because of technical constraints.
Fig. 13.2 shows a highly simplified structure of the supplychain of tyres. From the figure it follows that an increase in
high-value recycling (i.e., increase in the recycled content of
tyres) will reduce the material inputs needed for the production of tyres and it will reduce the waste flow from end-of-

24

http://www.recybem.nl/sites/recybem.nl/files/user/brochure_bandenrecycling_2011.pdf
25

http://www.therubbereconomist.com/The_Rubber_Economist/Vehicle_and_tyre.html
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life tyres. Some of the traditional uses of recycled rubber
will, however also be reduced as a consequence.

Figure 2: a simplified model of the tyre industry

The circular economy is not a new concept within the tyre
business. For example, Michelin has been offering a tyrelease scheme for truck fleets for quite some time. Michelin
also states that it is committed to increasing the recycled
content in their tyres. In our case-study we apply a broad
definition of consumers, mainly referring to truck companies, and car-leasing companies.
Results
The “warm glow” effect or behavioural attributes in this case
is interpreted as any product-specific factors which would
lead a firm to systematically choose (or not choose) the circular product/service. For example, a possible “warm glow”
effect could of course refer to a genuine concern for the
environment or to a desire of the company’s side of being
perceived as a sustainability champion within the industry.
However, a positive “warm glow” effect could equally refer
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to worries about, for example, the impact of future regulation (e.g., mandatory standards for recycled content in tyres)
or, in the case of listed companies, to shareholder pressure
over for example climate risks due to emissions from the
transport sector.
Fig. 13.3 illustrates the joint effect of a behavioural attribute,
warm glow, and the intensity of preferences parameters.
Varying the 'intensity of preference' parameter results in a
'fold bifurcation' and emergence of two alternative market
long-term steady states: 'circular market dominance' and
'non-circular market dominance' which are separated by an
indifference threshold (path dependency). This analysis provides a full portrait of the market phase and classifies the
long-term outcome based on the market instrument as well
as consumer behavioural parameters. The diagram is partitioned into three parameter regions: unique steady state,
‘circular’ in which the ‘circular’ product dominates the market, ‘non-circular’ in which the diffusion of the ‘circular’
product fails, and dependent on the initial state. In the first
region, there is a single equilibrium of the system that corresponds to a globally attracting steady state. In the other regions, the system has two stable steady states that can be
distinguished as corresponding to a ‘circular ’or a ‘non circular’ steady state. The regions correspond to the situations
that either the ‘circular’ steady state or the ‘non-circular’
steady state is globally attracting, or both are locally attracting.
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Region 1

Region 2

Region 3

Figure 13.3. Fold bifurcation curve (black) partitions the parameter
space ( , ) into 3 regions with 3 different classes of transition dynamics.

The data alongside Fig. 13.4 (below) illustrates the environmental and economic impacts of a change in preferences in
line with Region II in Figure 3. In this case, both the ‘circular’ steady state and the ‘non-circular’ steady state are locally
attracting, resulting in two alternative equilibrium market
shares of recycled tyres. All changes in material inputs and
waste flows are measured as changes relative to actual mate148

rial inputs and waste flows in the reference year (2013). In
the ‘circular’ steady state, with a market share of recycled
tyres of 95%, use of raw material within the rubber- and
plastic products sector are reduced by 38%, while the use of
oil is reduced by 0.2%. Waste is reduced by 2.2%. The ‘noncircular’ steady state, with a market share of recycled tyres of
11%, leads to a 4.4% reduction in the use of raw material
and a 0.2% reduction in the use of oil. There is also a 0.2%
reduction in the waste flow.

Figure 13.4. Two alternative equilibria separated by indifference
point: outcome depends on the initial level of adopters.

149

Conclusions
In this study the transition towards a circular economy is
modelled as a complex adaptive system using a heterogeneous agent modelling approach. The model is applied to the
case of recycling of rubbers in the tyre industries in the
Netherlands for which a bifurcation analysis is performed.
The resulting bifurcation diagram summarises the joint effect of the behavioural attributes of a consumer/firm and
the intensity of preferences parameters. The diagram is partitioned into four parameter regions: unique steady state, market failure, high market uptake, and dependent on the initial
state. In the ‘market failure’ region, characterised by low
behavioural attribute and low intensity of preference transition dynamics steers the market to the ‘market failure’ state
independently of the initial state. In the ‘high market uptake’
region – high intensity of preferences – the ‘circular product’
steady state is eventually reached, irrespective of the initial
state. For markets in the dependent on the initial state region
– market that are fragile and of medium to high ‘intensity of
preference’ fall in this category – the outcome of transition
dynamics is dependent on the initial state: if the number of
initial adaptors it is sufficiently high, the ‘circular market
dominant’ steady state is reached, otherwise the ‘market failure’ results. The two regions in state space are separated by
an indifference point.
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14. A Neuro-cognitive Model for Decision Making
in Travelling
Azadeh Hassannejad Nazir and Hans Liljenström
A central issue related to climate change and the regional
path to a low carbon society is how we can change our
mind-sets, including our associated behavioural patterns. It is
related to how complex systems can be dealt with, conceptually, psychologically, as well as socially. To what extent can
we change our mind sets and life styles? Which are the
means? What are the drivers? Which are our preferences,
and priorities today and tomorrow? How can individual decisions result in system flips?
In order for us to change our society, i.e. to meet the challenges ahead of us – not least with regard to climate change
and associated challenges – we have to understand the human capacity to deal with complexity, e.g. with regard to our
capacity to adapt and to innovate. To reformulate this challenge: we need to consider the relation between internal and
external complexities i.e. the relation between mind and nature. Thus, the path towards a low carbon society relates
both to deep human issues, as well as to a vast array of more
practical considerations and actions. In order to understand
our situation at large but also to support the decision making
at various levels and by different stakeholders we need to
improve and design new types of models of various kinds.
These could be conceptual as well as formal, such as computational models that can be used for simulations and scenario
building for decision support.
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When dealing with complex systems from the point of view
of an individual, which in the end is the basic element of our
societies, we have to consider his/her cognitive functions,
notably perception, learning, anticipation, decision making,
and intention/action. In particular, action is necessary for
change in our external environment, but it is based on
change of perception in our internal environment. We explore our world in a perception-action cycle (Freeman,
2000). This cycle is at the heart of human mind, where cognition transforms the primary aspects of consciousness, attention and intention, into perception and action
(Liljenström, 2011).
The development of our cognitive and conscious abilities
depends on an appropriate interaction with the complex and
changing environment, in which we are embedded. Our perceptions and actions develop and are refined to effectively
deal with our external (and internal) world. This also means
that all human understanding is shaped by the interaction
between these “worlds”. In particular, our cognitive processes are related to the spatial and temporal aspects of our environment, and thus have to be understood in this context
(Freksa, 1997; Burr & Morrone, 2006). The sense of agency
is also based on these spatio-temporal relations, specifically
on cause-effect relations and correspondence between goals
and actions in space and time (Balconi & Crivelli, 2009). An
understanding of these relations is important when we discuss e.g. agent based models below.
What are the consequences of all this for our approach to
climate change? How can we go from cognition and understanding to policy and action? In the literature, perception
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and action is often in focus, but intention is generally neglected. There is a need to link perception to action, and this
should include intention, our conscious will to change. Information is not enough, but intention needs to be transformed into (appropriate) action (Liljenström, 2011).
So what are the cognitive and behavioral limitations - or
barriers - that the public is facing in responding to climate
change? These may be placed in three categories:
1) psychological/conceptual barriers,
2) social and cultural barriers and
3) structural (political economy).
Barriers to effective engagement in response to climate
change exist on all scales from the individual to the institutional, and these dimensions clearly interact. Hence, many
well informed individuals feel unable to make change in a
world where the fossil fuel industry has so much power
(Norgaard, 2009).
Four stages in the decision making process may be differentiated (Risbey et al., 1999):
1. Signal detection, where it is decided what is adapted to
(the signal) and what is ignored (noise);
2. Evaluation, where the signal is interpreted and foreseeable consequences are evaluated;
3. Decision and response, which results in an observable
change in the behaviour and performance of the system;
4. Feedback, which involves monitoring of the outcomes of
decisions to assess whether they are as expected.
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It is now commonly understood, partly due to the fundamental studies on intuitive assessments and judgements by
Daniel Kahneman and co-workers, that human decisions are
often more irrational than we like to believe, in particular
when acting under uncertainty (Tversky & Kahneman, 1974,
1981; Kahneman, 2011). Even if this view has been challenged (e.g. Gigerenzer, 1991), there is a need for further
studies on the processes and drivers that determine our decisions and behaviours (Simon, 1992; Lawrence & Nohria,
2002).
Neural basis of decision making
This chapter concerns the development and application of a
neuro-cognitive model with a focus on the decision making process (DM) of an individual in a social context. The objective
is to contribute to an understanding of the relation between
individual decisions of citizens and the decisions to be taken
by policy makers. Our computational model includes effects
of personal factors, behavior and environmental factors, based on
neural structures, dynamics and functions.
Our main approach is using neuro-computational methods
to tackle personal factors and behavior of individuals in DM.
At the individual level, we have used Kahneman’s ideas of
“thinking fast and slow”, as a paradigm when modeling the
interaction of emotion and cognition in DM. The amygdala,
orbitofrontal cortex (OFC) and lateral prefrontal cortex
(LPFC) were considered as the major neural structures underlying decision making. The interaction of the first two
structures plays a remarkable role in the emotion perception
and the emotional response, while the rational decisions are
evolved at the latter structure. The resultant of emotional
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and rational selections infers the final decision making strategy.
The neural networks of the three modeled brain structures
control DM with respect to some individual and environmental parameters. Stored emotional/rational experiences
and individual principles are the basis of the attitude formation. Internal states such as fatigue, anger, happiness, etc.
are considered as influential parameters on emotional decision. The self-control power, the contribution of emotion
and rationality in making decisions, determines the result of
the competition between these two systems. Considering the
human being as an isolated agent, internal stimuli and environmental conditions (e.g. availability of options) are the
only parameters affecting the behavior.
To the extent that individual behaviors can be considered
the basis of society, social interactions are crucial for determining our attitudes and actions. In our model, social influences are confined to social advice received from other
agents close to the decision maker (principal agent). The other
agents condition the decision of the principal agent regarding the social distance (degree of trust) and attitude similarities. The mentioned parameters at the individual and social
levels considering the personality of the agent are adapted to
get a suitable behavior.
Emotion and cognition
We are constantly subject to a huge amount of information
received from the environment. The processed-assessed
information, together with our inherited traits, provides a
basis for our behaviors, which is dependent on our decision
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making process. Psychologically, this process can be categorized into three phases. Initially, the prevailing options concerning the internal and external states are emotionally evaluated and prioritized. In the second phase, the emotional
process is followed by a cognitive assessment of the options
and the selection of actions, depending on needs. Finally, the
execution of an action and evaluation of the resulting effects
allow for a comparison between actual and expected values.
Based on the “prediction error”, the assigned values to the
choices in the first step are revisited and learnt, possibly resulting in a change of mind (Ernste & Paulus, 2005).
However, human DM may not be as rational as often believed, which has been demonstrated by Kahneman and
colleagues (Kahneman & Tversky, 1979; Kahneman, 2011).
According to their hypothesis, DM is the result of an interplay between an intuitive/emotional and a rational/cognitive
system, represented as System 1 and System 2, respectively.
This dual process model posits the integration of a “bottomup”, intuitive, fast, implicit, emotional system (1) and a “topdown”, deliberative, slow, explicit, cognitive system (2)
(Frank et al., 2009). It is important to note that rationality
and cognition are two terms defined differently in different
areas. In this chapter, we use the concepts interchangeably,
and assume cognition is rational, although this may not always be the case.
The two systems we consider here, System 1, a bottom-up,
automatic, intuitive, emotional, and implicit system (Amygdala, OFC), and System 2: A top-down, controlled, rational,
cognitive, and explicit system (LPFC) may correspond to fast
and slow ”thinking”, respectively (Kahneman, 2011).
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Focus and Objectives
There may be several environmental and intrinsic contexts
influencing or modulating our DM (Doya, 2008). For example, expectation of a high reward can motivate an individual
to go for an action despite a large cost. Uncertainty of action
outcomes can promote risk taking and exploratory choices,
while predictable environments could facilitate consideration
of longer-delayed rewards. Much of this involves various
neuromodulators, such as serotonin and dopamine (Doya,
2008), but these are not considered here. There is also a
number of other factors affecting our decisions and learning,
such as needs, desires, and risks, as well as knowledge and
uncertainty about the environment. We will treat these factors more specifically elsewhere. The focus here is on certain
external and internal factors that influence our choices and
form the basis of our DM. As an example of DM at an individual level, which also has implications at a societal level,
we take the choice of transport at an every-day basis. Given
a set of options, this has relevance for reaching a climate
neutral society (see Liljenström et al., 2014).
In this chapter, we model and discuss the neural processes
associated with individual DM, applied to semi-realistic societal choices with consequences for climate and environment.
We base our modelling approach on the notion that DM is
influenced by cognitive, as well as emotional considerations,
as discussed by e.g. Kahneman and colleagues. However, in
contrast to examples from classical framing and gambling, as
is usual in Kahneman-Tversky simulations, we deal with
socially embedded decisions concerning various forms of
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consumption patterns, in particular the choice of transport
between home and work.
One of the influential parameters in reward evaluation is
time. During the process of inter-temporal decisions, rewards are
discounted in line with a hyperbolic function. Therefore,
humans (as well as other animals) are more tempted to short
term rewards than long term ones. Based on this hypothesis,
humans, in general, ignore large-value/long-term benefits, in
favor of small-value/immediate rewards. It is also assumed
that the short-term goals are pursued by neural structures
involved in emotion, while long term rewards are evaluated
by rational cognition.
The execution of some selected actions is due to suppression of other interests, which can be interpreted as some
kind of “self-control”, apparently involving primarily LPFC
(Christodoulou et al., 2010). Considering the nature of intertemporal decisions and rewards associated with e.g. climate
change, which will emerge after a long period of time, the
issue of self-control is also of interest to us, but is not further discussed in the present work.
A successful DM is an adaptive process, based on social
interactions and individual experiences. It is also dependent
on our attitudes, preferences, mood etc. Attitudes are however rather stable and usually do not change on a shorter
time scale. Yet, attitudes may change as a consequence of
knowledge and insight, and also as a result of experience and
interaction with others. This is the subject of further research and modeling. A more detailed description of our
neuro-cognitive model can be found in Hassannejad &
158

Liljenström, (2015), but the major parts are sketched in Fig.
14.1.

Figure 14.1. Schematic flow chart of the subsystems and information flow in the modeled decision making process.

Simulation example: Choice of transport
Transport is one of the largest contributors to CO2 emissions and climate change. In order to reach a low carbon
society by 2050, as has been decided for the EU countries, it
is important to change our life styles and habits, including
how we travel to work and for leisure (Liljenström et al.,
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2014). This is the motivation for the current example, where
the decision making concerns the choice of transport for an
individual who is traveling from home to work at a regular
basis. (Our approach is at a later stage intended to be embedded in a social context, where a distribution of individual
choices will influence each other and the society/environment).
Considering this example, we have simplified the impact of
individual's attitudes, both cognitively and emotionally, to fit
with the three pillars of sustainable development (SD): Ecological (eco), social (soc), and economic/monetary (mon).
The various options are also associated with these three categories of attitudes and values.
The choice of action, i.e. which optional means of transport
we will take, depends on various external (distance, traffic
situations, cost etc) and internal (motivation, attitude, mood
etc) factors. Here, we suggest the different options are to
take either bike, car, or public, (where the public transportation could be e.g. bus, train, or metro), which all are considered to be available, albeit with different levels of convenience. We also assume that individuals have different preferences, depending on their living conditions and general attitudes with regard to environmental, social, and economic
concerns.
Accordingly, each option has an ecological/climate value, a social/temporal value, as well as an economic/monetary value, but these are considered to be different for different individuals.
In our model, an individual’s preferences/priorities are determined by the neural activity of cell assemblies in the three
brain structures considered, amygdala, OFC and LPFC,
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which represent the attitude, expectancy value, and rules
towards the outcome of a decision. Amygdala is considered
to form emotional memories, and give an emotional response, depending on varying external and internal stimuli/contexts. The emotion towards different options depends
on external and internal contexts. Given the number of options, various contexts can be defined.
As mentioned above, OFC associates the different options
to the probable outcome. The total number of cell assemblies is computed as the product of the number of options
and their associated outcomes. The oscillatory activities of
these cell assemblies represent the expectancy signals. Based
on the type of transportation, there are different attitudes
and rules governing cognition, and the cognitive analysis is a
result of a combination of declarative and procedural memories.
Combined system 1 and 2 DM process
Fig. 14.2 shows the whole DM process, including the emotional and rational/cognitive processes. As mentioned
above, both these two systems are simultaneously active, but
we present them below as subsequent processes, to demonstrate more clearly the difference between the time required
to process the options in System 1 (“fast”) and System 2
(“slow”). The different period lengths of the activities in
System 1 and 2 illustrate in relative terms the fast and slow
processing of emotional and rational systems, respectively
(though the time scale in reality would be different). The
oscillation frequencies of the both systems differ from each
other, depending on the values given to an option in each
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system. The first 3000 ms illustrates the oscillatory activity
of the cell assembly in System 1, and the following period,
3000-10000 ms, displays the activity of System 2. Different
frequencies correspond to different preferences given to any
of the options. Regarding the figure, any decision taken
during the first 3000 ms is only based on emotion, while a
decision taken during the second stage, 3000-10000 ms, is
the result of an integration of emotion and cognition.

Figure 14.2. Cell assembly activity in both Systems 1 and 2, rep-

resenting the entire process of choosing between the available options,
(car, public, bike). From top to bottom, the cell assembly activities,
illustrated in green, red and blue, represent the predicted emotional/cognitive values of taking bike, public transport and car respectively. The first 3000 ms show the emotional oscillatory activities
and the last 7000 ms show the cognitive analysis of the options. If a
decision has to be made during the first three seconds, it is based on
emotion alone, if the decision can be taken at a later stage, it can be
based on an integration of emotion and cognition. In this case, bike
has the highest value and will thus be our chosen option, followed by
public transport.
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Fig. 14.2 shows the process of emotional-rational decision
making, for one trial. In a following step, we studied the
decision making process, while the system interacts with the
environment and is fed with the feedback representing the
actual value of the option chosen. The “actual values” that
are introduced to the system are generated randomly, to
illustrate the behavior of the system. A value larger than the
expected value results in increasing the motivation for taking
that option, and perhaps enlarging the cell assembly size.
Similarly, a value smaller than the expected value results in
decreasing the motivation and weakening the connection
strengths in the associated cell assembly. Successive negative
feedback from the environment might lead to the exclusion
of that option from all possible ones.
As mentioned above, the value of each option depends on
some internal (personality, mood, experience) and external
(environmental conditions, accessibility to different options)
parameters. In any trial, the decision maker valuates the options considering all those parameters. Afterwards, the expected values are compared with the rational/emotional
actual values. Regarding the sign of the prediction error, the
structures and dynamics of OFC and LPFC are updated and
the predicted values are computed anew..
A spatio-temporal application
In order to apply our neuro-cognitive model of decision
making to a situation where different option choices have
different societal and environmental consequences, we model a case with transport along different paths and with different means. We use our neuro-cognitive model as a basis for
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our smart agents to explore pathways between two points in
a grid. Accessibility to the means of transportation, the map
of pathways and personality are influential parameters in
selecting among transportation options.
The decision making process (DM) could be divided into
two steps, which can be followed either simultaneously or
sequentially by a principal agent (PA), who is considered to be
the decision maker under study. The first step is to estimate
the outcomes of different options. In our case example,
time, cost and CO2 emission, are considered as outputs of
the options. Considering the “personality” of the PA, the
order of emotional and rational priorities is defined based on
their salience, i.e. which one of the three sustainability categories which is prioritized. There is a one-to-one correspondence between the “pro-social” personality and the
importance of time, the “pro-economy” and cost, and the
“pro-environment” and level of CO2 emission.
Estimating the output of the options considering the priority
order and computing the probability of success in meeting
the outputs would be the first steps in DM. The probability
estimation is based on the previous success/failure of the
options in satisfying the priorities of the agent with the help
of Bayesian analysis.
Two concepts of individual and social DM are developed
regarding the involvement of individual and society in DM.
Making decisions based on individual experiences, attitudes
and moods alone, regardless of the effects of society is here
defined as an individual process. We define social decision
making as involving social considerations and interactions.
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The PA is part of a society which would affect her decision.
Environmental impact on individual decisions is an inseparable part of the DM. The probability of being influenced by
the advice of other agents is associated with some parameters: the social capital/distance (trust) between the PA and
the other agents, the personality similarities between the PA
and the others, and finally the history of agents in providing
useful advice. The probability of following an agents’ advice
is computed based on Bayes theory.
Combining the first and second steps results in estimating
the expected emotional and rational values of all options.
The option with the maximum expected value would constitute the inputs (stimuli) to the neural networks of the neurocognitive model. Regarding the external/internal contexts
and emotional/rational attitudes, the values of all options
could be computed from the neural activity, and a decision
could be taken based on these values.
As mentioned above, the whole system is subject to environmental contexts (e.g. car/bus accidents, delays, weather
conditions… etc) that might affect the measure of the actual
value and the prediction error (ep). Regarding the sign and
magnitude of ep the expected values and history of taken
options and of interacting agents are updated, forming the
basis for change of priority order.
With regard to the described steps in the process, some influential parameters on attitude change include: the outcomes of different potential decisions, social advice, social
attachments, distribution of society in terms of attitudes,
environmental contexts, the level of self-confidence, role of
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emotion and cognition in decision making. The outcome of
an option is resulting from the natural external context and
from policies applied in the society. For example, the cost
and required time for traveling are affected by traffic situation, toll fees, accessibility to public transport, weather conditions, etc. The level of CO2 emission is influenced by the
accessibility of convenient public transport, the age of cars,
the use of modern technology, etc. Policy makers should
also be concerned about the trust between citizens and authorities, including governments.
Trust between the agents in our model is conditional. Conditional trust, and the level of trust between agents is based
on the expected reward or value, which is estimated with
respect to the benefits of cooperation, the risk of defection,
past experience, and the value of past decisions. Unconditional trust between agents, on the other hand, depends on
the characteristics of the agents and their relations, and is
not (so much) affected by previous performance. All the
above mentioned parameters are represented in our model
with different values. By tuning these values, the influence of
different parameters on attitude/behavior change can be
analyzed.

The example of transport options
Three means of transport, car, bike and public transport, are
considered as available options. Different grids of pathways
in terms of density are designed for the three modes of
transportation, as illustrated in Fig. 14.3. The path intensity
of a) bike, b) car and c) public transport, are suggested to
decrease from high to low level, respectively. Different colors in the grids determine the shortest pathways in terms of
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time, cost, distance and CO2 emission. Some environmental
states, traffic jam, infrastructure situations, etc. provide conditions that traversing the shortest distance does not necessarily take the shortest time, has lowest cost, or lowest CO2
emission. As a result of the randomly generated values of
time, cost, distance, and CO2 emission, it might happen that
the shortest pathways overlap.

a

b

c

Figure 14.3. Roadmaps for the three modes of transport; a) bike,

b) car, and c) public transport. Four colored lines illustrate the different shortest pathways in terms of distance (red), time (blue), price
(green) and CO2 emission (black). Occasionally, as in roadmap (c),
the lines determining the shortest distance and lowest amount of CO2
emission happen to overlap.

The categorization of agents into three types, proenvironment, pro-economy and pro-social, is based on the
three pillars of sustainable development, where we study the
DM at an individual, as well as a societal level, taking the
example of transport. As mentioned above, society consists
of a group of agents with different personalities, attitudes,
preferences, and social distances. Evaluation of the various
options, regarding the individual preferences and social influence, is the first step in the DM, followed by action selec167

tion. The next two steps involve modifying the expected
values of the options, with regard to the actual value of the
taken option. First, the desirability of the selected action
(error prediction) should be measured, and then the stored
information about the values and attitudes should be updated (learning) to improve the quality of future decisions. Maximizing the net reward that the agent receives to traverse a
pathway between two points in the grid is the goal of the
PA).
We consider the emotional and rational priority as based on
the PA’s personality. The behavior/decision is based on the
personal attitude, but can be modified depending on environmental conditions, internal state, and social influence
(e.g. advice). The value of each option is computed based on
objective and subjective considerations. Decision can be
taken at the social/individual rationality and social/individual emotion.

Individual decisions
Emotion and cognition constitute the major basis of DM
(see e.g. Kahneman, 2011), and thus individual decisions
could be analyzed considering emotional as well as cognitive/rational aspects. The individual rational decision is based
on the outcomes of the options, and on the history of success/failure in DM. Considering our case of transport, the
options have three different outcomes, in terms of time, cost
and the amount of CO2 emission. Regardless of an agent’s
personality, the first step is to compute the outcomes of
different options. Hence, the time, cost and the level of CO2
emission of any means of transport would be estimated.
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The individual agent’s emotion in terms of the level of satisfaction towards the actual value of a selected option could
be estimated and recorded as the history of the agent’s feelings towards the options. Bayesian probability theory estimates the contingencies of the selection of all options, regarding the levels of satisfaction based on previous decisions
taken.

Social decisions
The role of emotion and cognition is undeniable also in a
social decision making process. The decision of a decision
maker is normally under the influence of the society. Hence,
measuring the impact of society on an individual’s decisions
is an inseparable part of DM. The probability of being influenced by the advice of other individuals (agents) is associated with the similarity of personality between the PA and
other agents, with social distance (trust), and with the history
of other agents in providing useful advice. Bayes’ theorem
can be used to calculate such a probability. Social rational
decision is based on the advice given by other agents, and on
the history of success in taking their advice, i.e. on the trust
of the advisors. Personal satisfaction from the received advice, according to the actual value of the decision taken,
guides the agent through its following decisions.

Decisions and the prediction error
A combination of individual and social considerations determines the expected emotional and rational values of any
of the options. The combined value of each option is considered as input to the neural networks of the neuro169

cognitive model. The stimulated cell assembly (see Section
2.2.3) is determined based on the maximum expected value.
Regarding the external/internal contexts and emotional/rational attitudes, the values of all options, are computed
by the neural networks, and a decision is made based on this
computation.
As mentioned above, the whole system is subject to environmental contexts (e.g. car/train accident, delays, weather… etc.) that might affect the experienced actual value and
the prediction error (ep). Depending on the sign of ep the
expected values are updated that might influence the selected shortest path.

Scaling issues
Our model can be analyzed temporally on two time scales.
The neural activities of the structures underlying the DM
take place at a millisecond scale, while the social interaction
and attitude change can be considered at a scale of hours,
months or longer. The spatial modeling of this process can
be scaled in the same matter, at a micro and macro scale,
respectively. The micro scale here corresponds to the neural
networks of the brain structures involved in DM, while
transport behaviors are studied at a macroscopic scale of
landscapes.
Interaction between neural and social models
In order to make a decision, the interaction between neural
and social models is required. The loop sequence diagram
based on the data transfer between these two models is illustrated in Fig. 14.4. According to this figure, the value of each
option is calculated based on the possible outputs of the
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option (here; time, cost and CO2 emission) and social advice.
Considering the calculated outputs, the salience of the options is signaled by the neural structures based on the neural
properties (frequency, amplitude and q value (motivation)).
Regarding the influence of emotion/cognition and the attitudes of the PA, one of the options is selected. Executing
the selected option results in experiencing the actual value of
the option, and subsequently signaling the prediction error
(ep) in the neural structures. Regarding the sign and magnitude of ep, the size and property of the cell assemblies
change. Hence, the attitude and personality of the PA are
subject to changes. Moreover, the properties of ep (magnitude and sign) and the learning rate, update the social trust
and the trust to transportation means. Updating the neural
and social structures prepare the decision system for the
further decisions with new variables and parameters.
Assumptions and scenarios
Our model is based on some pre-assigned variables and parameters, considered to be semi-realistic. In the current setting, we have a total of five interacting agents, where one of
them (the PA) is considered to be the decision maker under
study, while the others are various agents in society who can
influence the PA with regard to the available options. The
agents interacting with the PA could be family, media, government, neighbors, with varying social distance (trust) to
the PA. Here, the trust levels of the PA to the four other
agents are 95, 80, 65, 50 percent, respectively.
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Figure 14.4. Loop sequence diagram illustrating the interaction
between the neural and social models of the decision making process.

In this model, the PA is supposed to be pro-social, and her
decisions are based on rational aspects, rather than emotional ones. Also, her attitudes are based on rational priorities.
Emotional and rational priority orders are given as [2 1 3]
and [1 2 3], respectively, where the numbers, 1, 2 and 3, represent time, cost and CO2 emission as the potential outputs
of the available options. In our example, a pro-social person
gives, rationally, higher priority to time over the other outputs, whereas she may have different emotional priorities. As
mentioned above, there is a one-to-one correspondence
between the pro-social personality and the salience of time,
pro-economy and the importance of cost, and proenvironment, and the concern of CO2 emission.
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Hypotheses and scenarios
Based on the assumptions and underlying factors in our
model, we could formulate a hypothesis concerning the role of
negative prediction error and trust in behavior change:
As long as there is no negative prediction error, there is
no behavior change, at least not in a short time.
To test our propositions, we have designed and simulated
three scenarios. Through these simulations, we study the
impact of different parameters on attitude changes of the
PA. We also analyze the impact of varying the probability of
unpredicted events, the length of time that any particular
policy is applied, as well as the level of trust.
Scenario I
In the first scenario, we study the influence of unpredicted
events (noise) such as accidents, traffic jams, delays, bad
weather, etc. on the decisions of the PA. In this regard, the
model is simulated for 250 trials (e.g. days), divided into five
intervals of 50 trials each. As stated above, a trial corresponds to an occasion when a relevant decision (of means of
transport) is made. For simplicity, we can assume that one
such decision/trial is made by the PA once a day, for example when going from home to work in the morning, in
which case the total length of the simulation period corresponds to 250 days. The probability of an unpredictable
event increases linearly, with a uniform distribution.
In order to find causal relationships within our system, we
have varied the values of parameters and variables, such as
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emotional/rational motivation, size of the cell assemblies,
learning rate, trust level, and actual values of options.
As mentioned above, Qemot/Qrat represents the emotional/rational motivation of an agent for selecting an option.
The first priority of an agent in taking an option is resulting
from his high motivation for that option. Hence, one of the
parameters that may change during the time is the emotional/rational motivation towards options. Mathematically, Q is
a vector with a length equals to the number of options. Sorting out the Q values in a descending order depicts the priority order of the agent. Therefore, changes in Q values might
affect the priority order. Regarding the fact that the PA is
considered rational by character, the motivation to satisfy
the rational attitudes is higher than for the emotional ones.
Throughout the simulation, the number of unpredicted
events increases, and accordingly the number of time that
the PA experiences this, the negative prediction error increases. There is a relation between the number of negative
prediction error and the sign and magnitude of the slope of
the motivational change. A lower frequency of unpredicted
events results in a steeper slope of motivational change. An
increase or decrease of motivation in selecting an option
might lead to a change in priority order and subsequently in
the decision.
The simulations show that a lack of enough negative external feedback (environmental and societal) is the main cause
of increasing the motivation for taking the car, instead of any
other option. The higher frequency of unpredicted events
reduce (the slope of) rational/emotional motivation for taking the car, while the motivation for taking public transport
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increases with a steeper slope. Here, we assume trust to other agents is based on rationality. Increase of rational motivation for taking the bike is due to the advice of those who are
pro-environment, with a high trust level. The process of
emotional motivation changes is the same as the rational
one, except that motivation for taking the bike is constant.
Emotional and rational motivation changes might result in a
change in priority order. Generating sufficient negative prediction error causes priority order to be changed.

Figure 14.5. Priority order change. The bars in blue represent
the situation where the selected option is car, and the bars in red
are the representation of public transport.

In the example of Fig. 14.5, public transport has priority
over car after 31 trials/days (i.e. decisions to take the car)
when the probability of unpredicted events is 50%. The time
required for the PA to change her priority order shortens
with increase in frequency of unpredicted events. This is an
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example of a “system flip” of individual behavior that can
result in a system flip at a societal level, if a large enough set
of individuals are involved.
Another impact of unpredicted events is on the trust of the
PA to different options. For example, trust in taking car is
subject to negative influence of unpredicted events. During
the first two frames, while the probability of unpredicted
events is 10 and 30 percent, respectively, the level of trust to
car is greater than the trust to public transport. Interestingly,
an increase of the unpredicted event probability to 50%
would provide a suitable base for changing the priority order. Trust to options and other agents is affected by a
change in motivation. Despite the larger initial value of trust
to car, trust to public transport is higher towards the end of
the simulation.
Finally, the list of selected options during 250 trials is illustrated in Fig. 14.6. It is clear that the frequency of selecting
car decreases, and taking public transport becomes more
probable.

Figure 14.6. Frequency of selecting different options during 250 trials.
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It is important to mention that changes in priority order
should not be interpreted as a change of personality or attitude. Due to negative external feedback, the agent decides to
change his behavior but not necessarily his attitude. As is
illustrated in Fig. 14.7, after some trials the agent decides to
change the means of transport, but not his attitude. The
shortest line depicts the shortest path, with respect to required time to reach the goal.

Figure 14.7. Turquoise color in both figures shows the selected
shortest path. The left figure represents the car pathways, and the
right figure illustrates the public transport pathways.

Scenario II
In the second scenario, as in the first one, generating negative prediction error is the basis for changing the behavior
and attitude of the agent. We study the influence of implementing temporary policies on the change in priority order
and trust, while there is no unpredictable event. The policies
are implemented for a fixed period of time, after which return to initial situation. Such policies could be, for example,
changes in toll fees, parking fees, public transport availability, road development, or as was tested in Uppsala, a one
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month free bus ticket if leaving car at home. Changes of this
kind may result in generating negative prediction error. The
length of a policy implementation (required time) plays an
important role in behavior change and attitude internalization.
We ran the simulation for different lengths of time, to study
the effect on trust and behavior. At five time intervals, temporary changes are imposed which might influence the DM.
The policies start to be implemented from trial/day 10, and
lasts temporarily for 10, 30, 50, 70, or 90 trials/days, respectively, during each of the five time intervals.
In the second frame, the imposed changes last for 30 trials/days. Interestingly, immediately after the end of this period the behavior of the PA is changed as she changed her
decision to travel by public transport instead of by car. This
process is repeated in the other frames. Although the period
of changes is longer, in all other frames, after 31 trials/days
the priority of the PA in selecting means of transport
change. In other words, the least required time to change the
behavior of the agent is 30 days, and longer temporary
change is not required.
In Fig. 14.8, the first frame when the imposed negative
feedback lasts for 10 trials, is not sufficient to change the
priority order. Therefore, during 100 trials the PA consistently select the option car to reach her destination.
Failure in satisfying the goal of the PA affects her trust level
to the options. As is illustrated in Fig. 14.9, trust to car is
significantly greater than trust to public transport. It shows
that policy implementation during 10 trials is not enough to
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change the trust level of the agent towards these options.
Increasing the length of temporary changes will increase the
trust level to public transport and decrease the trust to car.

Figure 14.8. Rational motivation changes during four time in-

tervals. The length of implementing policies varies from 10, 30,
50 to 90 trials, respectively. Blue lines are for car, red for public
transport, and green for bike.

Scenario III
In a third scenario, we wanted to find the influence of trust
in changing attitude. Our simulations indicate that the trust
level is not the only influential parameter that might affect
the attitude change. The influence of this parameter should
be analyzed regarding the probability of unpredicted events.
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We studied the influence of society on the agent’s attitude,
with a fairly high (80%) probability of negative prediction
error generation. In this process, different levels of trust
between the PA and society were applied, ranging from 10
to 90 percent with a step size of 20 percent.

Figure 14.9. Trust to the three options, bike (green), car
(blue) and public transport (red) for five different lengths of
policy implementation, going from 10 days at the top to 90
days at the bottom frames.

The simulated model produced some interesting results concerning change in motivation and in priority order. Motivation is considered one of the most important parameters
behind a change in priority order. Figs. 14.10 and 14.11 illustrate the change in emotional/rational motivation of the PA
under the influence of different trust levels. Interestingly, a
decrease of motivation to car has an inverse correlation with
trust level. Higher social trust level leads to lower motivation
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for taking car. On the contrary, there is a direct relationship
between the level of the trust and increase of motivation for
taking public transport. In other words, in cases with higher
social trust, the advisor is more successful in changing the
behavior of the PA. (Again, the motivation for bike is not
affected, and therefore left out in these figures).
Since the probability of unpredicted events is high, the motivation of the PA for taking the car decreases in all four
frames and increases for taking public transport. The difference between frames is the rate of increase and decrease of
motivations.

Figure 14.10. Emotional motivation changes considering different trust levels between the decision maker and society. Higher level of social trust bring out higher motivation for taking public
transport and lower motivation for taking car.
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Figure 14.11. Rational motivation changes considering different

trust levels between the PA and other agents. Higher level of social
trust brings about higher motivation for taking public transport
and lower motivation for taking car.

As mentioned above, the rate of increase in rational/emotional motivation for taking car is much greater in a
society with higher trust level. Considering the results from
the motivational change, it can easily be seen that there is a
relation between the priority order change and trust level.
As illustrated in Fig. 14.12, the required time for a changed
behavior is a function of the trust level. Changing of the
attitude in a society with a high level of trust is much easier
than in a society with a weak trust network. In Fig. 14.12 the
behavior of the PA does not change, when the trust between
agents is 10%, while the society with higher trust level is
more on the verge of attitude change, which may result in a
system flip.
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Figure 14.12. Change in priority order, depending on the trust level between the agents.

Conclusions and discussion
In this chapter, we have modeled some major parts of the
neural system involved in decision making (DM), including
amygdala, orbitofrontal cortex, and lateral prefrontal cortex.
These systems represent emotional, as well as rational/cognitive aspects of DM. We have also considered the
interaction of several agents for social DM, exemplified by
choice of transport and with consequences for climate
change.
With our neuro-cognitive model, we have demonstrated
how different cell assemblies, representing different optional
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choices available to an individual may compete with respect
to their activity levels. This level, or intensity of the activity,
was suggested to be a combined measure of the size of the
cell assembly (number of network nodes), and the frequency
and amplitude of the oscillatory activity of the nodes. The
“winning” assembly is simply the one with the strongest
neural activity, measured as the product of the three assembly characteristics (number, frequency, amplitude). That
assembly determines the option that will be taken. The different options get different values, depending on internal
and external factors. Internal factors could be attitudes, values, mood etc., while the external factors include traffic situations, availability, distance etc., but also the influence of
other individuals in a social context. In fact, context could be
considered the combined internal and external context, while
a stimulus signal could also be either internal or external. A
signal is typically specific, having a information content that
usually is transmitted to the DM system via our sensory systems, or via other brain areas.
Hence, for any particular input signal, the final decision
made by an individual could shift depending on internal and
external context. In the case of choice of transport from
home to work, given the available options (car, bus, bicycle),
the choice could depend on e.g. either mood, weather or
traffic situations any particular day. The experience of our
decisions/choices is also learnt and may influence future
decisions. For example, if I have decided to take the bus
instead of my car one morning, and the bus is delayed or
maybe even does not show up, this experience will affect my
willingness to take the bus the next day. Similarly, if I end up
in traffic jams almost every morning taking my car, I (even184

tually) may decide to try another means of transport. In addition to these contextual influences, our neighbors in our
social networks also influence our decisions, depending on
the psycho-social distance (trust). This influence may either
be informational, through direct communication, or by
adopting the decisions/behaviors of the trusted ones.
In a larger frame of context, our own decisions and actions
will in turn affect the context of other individuals in the society, according to some distance measure, for example, a
psycho-social distance and strength of interpersonal ties
(Granovetter, 1973). This could correspond to what is sometimes referred to as “social capital”, or trust. We have previously shown that neural network dynamics and properties
can change dramatically, depending on strength of network
weights (Halnes et al., 2007), which may also be the case of
social networks, and which will be further explored. Attempts to relate neural network properties to social networks
have already been made for belief polarization, where it is
shown that social relations rather than individual beliefs matter most (Sack et al., 2013), but the analogy may be taken
further, where the link between the micro level of individual
decisions and macro levels in society can display interesting
dynamics at several temporal and spatial scales. It is clear
that a sudden or quick change in individual attitude and behavior, also may result in quick changes in society, such as
has happened for example with regard to smoking or recycling.
Understanding the DM process of an individual may be
helpful not only to that individual, but also to those interacting with that individual, as well as to policy makers and
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businesses who want to influence our behavior. Apparently,
our decisions are based on biological (genetic, neural, physiological) factors, but also on social and environmental factors, that constitute a complex web of causation, making it
hard or even impossible to predict a behavior for any given
individual. Yet, taken en masse, the behavior of hundreds or
thousands of individuals may be more or less predictable,
and to some extent controllable, depending on our
knowledge of internal as well as external signals and contexts. This knowledge can be used (and misused) for such
activities as spreading of information, nudging, advertisement and propaganda.
There are of course many simplifications and assumptions
made in our modeling that could be discussed and reexamined, and which may be crucial for the behavior of our
model system. In a future development of our decision making model, we want to include more biological, as well as
psychological and social facts, that could make the results
even more realistic, and hopefully useful for various types of
stakeholders and policy makers. Given the proposed models
and assumptions, and based on the computer simulations,
we can still make some preliminary conclusions, which need
to be confirmed by empirical data to be fully appreciated.
For example, negative prediction errors and trust levels are
both strongly affected by the behavior change, and we observed a causal-effect relation between these two parameters.
Simulation results confirm our hypothesis related to the role
of negative prediction error. In cases with low probability of
negative prediction error, a changed behavior does not happen or will take a long time to occur. In Scenario III, the role
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of trust in face of negative prediction error was clearly illustrated. We found that, despite a high trust level between the
agents, a low probability of negative prediction error prevents or postpones behavior change. On the other hand,
cases with high probability of negative prediction error, but
low trust level, requires a long time for behavior change. The
required time to change the priority order is more influenced
by the number of unexpected events rather than by the trust
level. These results lead us to propose the following theorem:
To change the behavior of individuals, providing situations resulting in a negative prediction error, is necessary but not sufficient, while the trust level can be considered a sufficient condition.
Moreover, experiencing the actual value of the selected option might cause the trust level to be increased or declined.
Therefore, generating negative/positive prediction error play
an import role in all three scenarios. The actual value of the
option may change regarding the temporary or permanent
environmental conditions. Changes in external situations,
e.g. the occurrence of unpredicted events, can be considered
as noise in the system. The probability of noise generation in
the system affects the trust level. For example, the higher
probability of unpredicted events in road traffic, causes the
PA to have a higher propensity to trust public transport rather than the trust to the car.
All scenarios provided some interesting results, based on the
parameters that were under study. Considering the Scenario I,
there is an inverse relation between the number of unpredicted events (UE) and the time required to change the pri187

ority order. The higher probability of unpredicted events
causes the PA to step across the threshold of behavior
change faster. Hence, the time required for behavior change
is shorter.
Scenario II demonstrated that the mere implementation of
policies is not enough, but the required time for implementing the policy is equally crucial to change behaviors. Based
on the results, a minimum length of implementation is required to change attitudes and longer time does not make
any difference. This example relates to an experiment made
in Uppsala municipality, where car drivers could get a free
bus ticket for one month, if taking the bus rather than their
car to work.
Based on the results from Scenario III, increasing the trust
between the PA and society shortens the required time period for attitude change. The time elapsed before attitude
changes increases nonlinearly with linear increase of trust
level. The time required to change the attitude of a citizen
with high trust level to society, when the probability of UE
was low, is significantly greater than the one in a more noisy
conditions (high probability of UE).
A negative prediction error results in a decline of motivation
in taking the associated option. There is a direct relationship
between policy framework on higher costs/longer time and
negative prediction error of taking car as a decision. Therefore, when implementing policies for, in this case, transport,
the outcomes of the various options (time and cost) should
be a special target. A recent example of this in the Stockholm-Mälar region, is the tendency of commuters to change
to public transport, as the toll fees for Stockholm increased.
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An opposite effect was observed when new roads/tunnels
were built, facilitating car driving through Stockholm.
However, not only rational prediction errors have a negative
sign, but the agents are affected also emotionally. The model
simulations suggest that an efficient strategy for policy makers would be to target both emotion and cognition. The cost
and required time of travel, traffic, road conditions, use of
modern technology, etc. are among the strategies that agents
are both emotionally and rationally affected by.
A part of the agents in the “society” of the PA is government and policy makers. To increase the level of trust between government and the citizens should be of major concern for policy makers, in order to gain public acceptance
and for promoting behavioral change. On the other hand,
the policies formulated by the policy makers affect not only
the PA, but all the agents interacting with her. Therefore,
attitude modification of other agents, as well as the PA engenders trust and attitude similarity. Building trust between
the agents in a society is likely to result in social stability. We
believe computational models can contribute to a greater
understanding of causal relationships in society, e.g. between
individuals and institutions, and suggest effective pathways
to a low carbon society.
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SECTION III
Participatory Modelling and Stakeholder Interaction
This closing section contains some valuable insights into
ways modellers can best work with external stakeholders to
develop models of some human activity system of common
interest. These participatory modelling exercises have proved
to be useful ways of facilitating conceptual change and removing obstacles to innovation,
At first glance one might imagine that these chapters could
sit easily alongside the stakeholder work described in Volume I and this was, indeed, the original intention. However
the purpose of these chapters is distinctive and so too it the
understanding of what the word ‘stakeholder’ means. In
Volume I, a stakeholder is a system (biological or social)
whose dynamics are influenced by a named human activity
system. An ecosystem or an institution might be a stakeholder by this conception. The primary purpose of those
case-studies was to involve diverse stakeholder populations
in the management of cultural and natural life-support systems. The development of an analytical model, if attempted,
was a secondary aim.
In Chapter 15, however, a stakeholder is an accredited expert and the writer expresses the opinion that a farmer’s
opinion about climate science is less valid than a climate
scientist’s, whose opinions about agriculture are less valid
than the farmer’s. Chapter 15 advises modellers to alert
stakeholders to the difference between scientific facts and
value-laden opinions. Clearly the authors of Chapter 15 are
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keen to engage stakeholders in the management of cultural
and natural life-support systems, but need to reduce discursive ‘noise’ by restricting attention to accredited experts who
can best contribute to the development of a formal model.
In order to do this, they must impose constraints on stakeholder interaction that a more generic programme of stakeholder engagement might find unhelpful.
Chapter 16 contains a theoretical essay about integrating
mental models and computer models that is used as a platform for developing protocols for designing and evaluating
user-interfaces.
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15. Towards a Generic Framework for Participatory
Modelling
Alexey Voinov, Richard Hewitt, Verónica Hernández Jiménez,
Cheryl de Boer, Hans Liljenström, Uno Svedin, Marco Borga, Tatiana Filatova, Saeed M. Moghayer and Nick Winder
The Description of Work that formed the basis on which
the COMPLEX project is managed and regulated contained
the following paragraphs:
COMPLEX will develop a suite of modelling tools and decisionsupport systems to inform national and supra-national policy and support communities across Europe working to make the transition to a
low-carbon economy. We will approach this from two perspectives. On
the one hand, WPs 2, 3 and 4 all deal with real-world complexity,
with stakeholder engagement and upscaling and downscaling problems.
These differences in perspective become manifest as links with different
stakeholder communities. Their task will be to fine-tune problem specifications in a way that facilitates system flips and innovation cascades
consistent with the shift to a low carbon economy.
…
It is now well understood that national and supra-national initiatives
are hampered by problems of downscaling and receptivity. National and
supra-national agencies are simply too large to integrate. They tend to be
highly sectorialised and answerable for policy issues commensurate with
their position on the political hierarchy. This sectorialisation creates
problems of cross- policy compliance (different types of policy pull in
different directions) and receptivity. Cultural, micro-economic, geographical and historical factors often cause people to subvert or resist policy
intervention. Experience suggests that the effects of policies can best be
understood by stepping down a level or two in the hierarchy and study192

ing patterns in space and time. These multi-scale processes often create
system-flips and irreversible change as communities become locked-in to
patterns of exploitation and interaction. This will require is to integrate
models across scales and to link these models to the needs and requirements of key stakeholders.
The work we did with external stakeholders under WPs 2, 3
and 4 is described in detail in Volume 1. In this closing chapter we will describe the protocols developed in the context
of WP6 to facilitate the task of participatory modelling with
external stakeholders.
There may be various types of stakeholder participation in
modelling projects, which we can describe in terms of a continuum that ranges from stakeholders being involved only as
users or providers of information, all the way up to stakeholders actually developing the model and making decisions
based on the model (Fig. 1).
The level of stakeholder participation is certainly defined by
the goals of the project, but is also largely influenced by the
priorities, skills and preferences of individual modelling
teams and developers. Are you comfortable talking to people and exposing your internal modelling wirings, assumptions, possibly bugs and shortcuts? Are you willing to accept
criticism for what you have done, for how you put your
model together? Do you expect that stakeholders, perhaps
lay people, may have a valid and useful opinion to take into
account? How fast can you accommodate the changes suggested, if you are ready to make these changes at all? These
are the questions that largely define the willingness of modelling teams to move further to the right along the participation continuum.
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There are always certain risks when opening up the model
and the modelling process. The rewards can be substantial
by making your models more trusted and used, but the risks
are also real and have to be recognized.

Figure 15.1. The stakeholder participation continuum.

Attention should be given to the participatory research techniques themselves, not just the idea of a “participatory process”. The least effort is implied when the stakeholders are
involved in a largely passive role, by acting as listeners to
presentations about the model and perhaps being engaged in
further related discussion about the case study, the topic in
general, the challenges and possible outcomes. To actually
start incorporating stakeholder information in research, information needs to be properly collected, and attention
needs to be given to the way it is collected. Stakeholder
workshops may turn out to be next to useless in this respect
when no actual information is collected from the stakeholders, but everyone seems happy because they have listened to
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a good talk and also had an opportunity to talk and express
their impressions themselves. Of course these workshops
are valid if the only purpose is dissemination or awareness
raising, but that can be a waste of a good opportunity.
For example, is the opinion of an atmospheric chemist who
has documented the effect of CO2 on climate intrinsically
more valid than that of a farmer who has not studied the
issue and whose only information on the topic comes from a
sensationalist news channel? Most people would agree that it
is. However, if the same atmospheric scientist is invited to a
workshop on agricultural land use, ostensibly for her
knowledge on the carbon storage capacity of cropland,
something she in fact knows very little about, does her information continue to be more valid than that of the same
farmer, who cultivates and sells the crops under discussion?
In fact, it is just as absurd to pretend that scientific information is always more valid than any other class of information as it is to pretend that it can never be more valid
than any other class of information, since the issue depends
entirely on the context. It is not in any sense invalid for
stakeholders all to be scientists if the outcome of the modeled process is scientific. But in the same way, a scientist
would not be expected to be invited to a routine planning
meeting unless she has explicitly been defined as a stakeholder on
a planning related issue. Deciding who was actually a stakeholder was found to be extremely challenging in the
COMPLEX project, since the outputs from the different
activities and work packages had quite different end-users.
Most of the workshops conducted so far under the
COMPLEX umbrella have been largely skewed toward the
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left hand side of the continuum, with the Uppsala roadmap
project as a notable exception. However, it also very much
depends upon our definition of a model. If we adhere to the
broadest meaning of a model as a simplification and abstraction of reality, then, perhaps, quite a few conceptual models
have been developed with and by the stakeholders. None of
them, however, have been followed up through the quantification process to generate computer simulations.
If we refer back to Fig.1, there still seems to be a large gap in
how models progress from qualitative, conceptual modelling
stage to the quantitative, computational model implementation. Stakeholders are well involved in discussing the concepts behind the model, their mental models are welcome
and they enrich the modellers’ interpretation of reality.
However, the actual leap from concepts to simulation is
performed behind the scenes, with no or little transparency
offered. The model is then brought back to the stakeholders
in a more or less final version, delivered as a given. At this
stage only data solicited from stakeholders (both qualitative
and quantitative) matter in the further development and parameterization of models. In a way, now again the quantitative model becomes conceptualized and is brought back to
stakeholders largely in a qualitative way, perhaps now in turn
enriching the mental models of stakeholders.
Further exploration of this connection between conceptual,
mental models and their computer implementation, followed
by the reverse conceptualization of computer models and
their interpretation by the stakeholders bears much promise
is subject of on-going research in COMPLEX (Nazir &
Liljenström, 2015).
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Below we provide some observations and recommendations
from the COMPLEX project workshops described above
and from our own personal experience in other projects.
Some of these recommendations can very well apply to
stakeholder workshops in general, while some of them are
focused on the actual modelling component.
Selection of stakeholders and meeting formats
Researchers are stakeholders, not a strange species of superior individuals. This means that we come with our own
priorities, subjective judgments and vested interests. We
should not pretend that our research and models are always
objective and value neutral - they are not. Acknowledge implicit decisions and assumptions in modelling, document and
communicate them (Voinov et al., 2014);
Organization of a workshop is just one of the many roles
that stakeholders can play, and attending a workshop is just
as important as organizing one. It should be very much appreciated and rewarded by all possible means.
Get opinions about the values of the stakeholders in advance. Do not confuse personal values and interests with
scientific facts. Explain how scientific facts can shape values
(Voinov et al, 2014).
Discuss the role of the modellers, researchers and that of the
stakeholders to increase the clarity about process and build
buy-in in the process itself. For example what role the researchers should play in the project (resources, timing, reports, communication, etc.).
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Take care of your stakeholders. They are a precious resource
that is also limited ("stakeholder fatigue"). Exposing stakeholders to various modelling efforts and techniques should
be done with care since it has its risks (confusion, overload,
loss of focus), but also obvious benefits, especially if stakeholders are co-learners in your modelling project.
Methods for participation, data mining and knowledge
extraction
We may have very different ideas about what stakeholder
participation is about and what participatory modelling can
do for us. Something immediately clear from many of the
workshop reviews reported above, which showed that even
within the same team of project partners the stakeholder
workshops took on quite different formats and were pursuing very different goals in modelling and research.
There has been a proliferation of various clones of stakeholder engagement in modelling, or, rather, of the use of
modelling in support of a decision-making process that involves stakeholders (Voinov & Bousquet, 2010). In many
cases the differences are quite subtle and it may seem that
various agencies or groups come up with a new term to
serve as a recognized trademark for their efforts. In essence
they tend to be doing more or less the same things, though
using different terminology, theoretical references and contexts, and setting different priorities (e.g. the specifics of the
Hewitt et al. (2014) approach compared to ComMod or to
the PM process in general).
Workshops are seldom about only one thing. Often, workshops posing as information elicitation exercises will inevita198

bly also include dissemination, communication and networking. Our intrusion into the systems for research purposes
can also cause them to change. For example, in social systems, we can trigger change of perceptions and preferences
when asking a certain question during a survey. People may
have never thought about a particular aspect of wind power
before getting asked about it. While giving a negative response in the survey, later on they may start noticing its importance and may end up appreciating it.
When listening to a presentation about a model, people often tend to think that it is a finished product. Even when
presented as “a pilot model” or as a means of showing what
we intended to do, participants may assume that this is what
it will be. This may cause some confusion since when stakeholders see simulation results in front of them and they may
fail to understand how they could contribute in building
something that seemed to them already complete. Also, the
idea that a model is a continuous cyclical process of constant
refinement and re-evaluation is very difficult to communicate. Policy makers and public servants may expect science
to provide clear rational answers and finished products.
Think about the right balance between choices given as control parameters, and simplicity and clarity of the model or
game. Make clear the connections between supply and demand, and indirect and direct use of resources (land, energy,
materials, etc.).
Beware of social structures and latest political developments.
During this project, we noticed that stakeholders from some
countries (e.g. Sweden, Netherlands) seemed to be more
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trusting of the governance capabilities of elected politicians
and their designated officials than in others (e.g. Spain). This
may relate to different cultural perceptions between nationals of longer established democracies who have come to
believe that they can “trust the system”. The economic crisis
post-2008 may have exacerbated this difference, since
wealthier northern countries with more diverse economies
have suffered less than southern austerity-hit economies. A
person who has just lost their house to the bank may be less
inclined to trust the system than one who has not. This may
partly explain the difference in perspective between some
Swedish stakeholders, who were reticent to admit that certain environmental issues had not yet found a practical solution in their country, and Spanish stakeholders, who were
keen to emphasize the opposite.
Beware of cultural norms and differences. This was quite
notable between Dutch and Spanish stakeholders, generally
around the issue of land use governance. Dutch governance
is superficially extremely inclusive, but in reality highly centralized. Spanish governance, meanwhile, is in principal topdown, but in reality highly devolved. This led to some curiously paradoxical perceptions amongst stakeholders. Generally, Dutch stakeholders tended to assume that they had
more power in the land planning system than in fact was the
case. Spanish stakeholders, on the other hand, tended to
assume pessimistically that nothing they do could make any
difference, when in fact there were many opportunities to
make a substantial difference, particularly at local level. Yet
despite these differences, in both the Netherlands and Spain,
two clear examples were found of municipalities who had
independently initiated bottom-up actions to green their
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energy systems and reduce their climate impacts, the municipalities of Dalfsen, in Overijssel and Noäin, in Navarre.
There may be differences between the teams’ participatory
processes due to difference in age, status and institutional
identity. For example, Swedish scientists appeared to have
strong links to key policy makers, which possibly could be
perceived as problematic, if there were a conflict with some
communities in society. The Spanish team, perhaps because
it contained no established academics, and represented a
small environmental SME rather than a University, could
easily make direct social engagement.
Participatory methods for workshop facilitation
Sit amongst the group and make it clear that you are one of
them, and avoid too much podium style lecturing if possible.
On the other hand, some stakeholders really appreciate a
formal lecture because it adds a bit of gravity and makes
them feel like it is worth attending, but the more time the
researcher spends talking, the less time there is for activities.
Try to delegate leadership of activities to the participants. A
really good workshop often requires minimal intervention
from the organizers, just occasional clarification or timekeeping.
Workshop participants often really enjoy using digital technology, smartphones, computers, tablets and the like, so if
the activities can be carried out at least partially on digital
media, it is likely to be an advantage.
We find that it is good to turn up with lots and lots of colourful material, maps, posters, leaflets, different coloured
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pens, colourful PowerPoint slides etc. Nothing puts a damper on a workshop more than a bunch of grey people in a
room with black-and-white text handouts.
Be totally transparent about your assumptions and values.
Discuss them broad and wide within the modelling process.
Self-criticism comes across well when it is understood as
honesty about limitations. It can be a really helpful way of
getting close to the stakeholders. It is unproductive to try
and hide the limitations of a model or a process because it
reinforces mistaken impressions about the perfect, positivist,
absolutist nature of science. On the other hand, it is a good
idea to make sure stakeholders understand the work you are
doing before you criticize it yourself. It is a difficult balance
to get right: you can win over some sceptical stakeholders by
admitting that our model was not perfect, but you may alienate others who expected perfection (even if they did not say
so).
Never underestimate the language barriers. It is still very
much preferred by stakeholders to use their native language
for communication even if English is known as second language. It may be somewhat naïve to expect stakeholder will
want to hold their meetings in English only to accommodate
an international team of scientists and observers.
Recording techniques for tracking progress archiving
Simple meetings or talks can be turned into semi-structured
information elicitation exercises. It’s good to record everything you can in a variety of ways and be prepared to take
advantage of unexpected situations, such as those that come
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out of questions asked or suggestions being made by the
participants.
Do not write what stakeholders say. Get them to write it
down themselves: on a board, on a post-it note, on a form,
whatever. And then get them to stand up and say it. Researchers that are furiously scribbling the whole time come
across like primate specialists observing chimpanzees, and
the more they try to write down, the more information they
miss. And of course getting stakeholders to write is a good
way to get information “first hand”.
Indicators that can cut through application scales and
locations
There are several indicators, which may be useful to register
and report:
Intensity and type of stakeholders’ engagement during
the workshop. Where on the participation continuum
we are located (Fig.1)?
What happened before the PM activity and what followed afterwards? What is the history and what is the
future of the project?
Changes in the mindset of participants while working
on the (mental) model of a process or while discussing
scenarios.
Innovative views and approach to solving the realworld problem; real changes in policies or implementations of those.
Actions designed or taken.
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Models built. How were they tested, used, reported or
delivered? Who owns and uses them now?
Standards and protocols to report and archive results
Full-fledged stakeholder involvement in a participatory
modelling project (the right hand side of the continuum in
Figure 1) requires a lot of commitment on behalf of stakeholders. Either this commitment has to be somehow compensated for the time spent (perhaps one of the reasons why
so many participatory modelling project are successful in
developing countries where time is relatively cheap), or participants should be deeply interested in the outcomes of the
research. This may be the case when substantial fines or
subsidies are involved or when some considerable values
(cultural, spiritual or monetary) are at stake. This is what
drives participatory research in general. What we find in
case of modelling for low carbon futures is that so far the
stakes are not very high. It is still quite difficult to engage
large groups of stakeholders in time-consuming and openended research projects.
Moreover the benefits of stakeholder engagement are not
equally perceived and valued by the modelling community.
In most of the cases stakeholders are regarded only as users
or, to some extent, information providers. Participatory
modelling as a co-learning, co-development and comanagement approach is a paradigm that is yet to be accepted and adopted by the modellers. There is also a concern
that natural scientists and hard systems modellers frequently
find themselves outside their comfort-zones when interacting with stakeholders. Interaction with social scientists is
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approached in the same way that natural scientists are accustomed to approach scientific problems.
Unfortunately a different approach may be needed, if the
problems raised by social sciences are not amenable to natural science methods and tools. The problem, of course, goes
both ways. Some traditional social scientists often cannot
accept the reduction of complex human-environment interaction problems to a series of equations; some natural scientists may not consider any other approach to be valid. However, these distinctions seem to be largely left in the past
with the advancement of such disciplines as computational
social science (Lazer et al., 2009), and social science in general becoming increasingly mathematized and computerized.
Moreover there is an increasing demand for a closer merger
between social and natural science through the sharing of
methodologies and techniques as it already happened in biology and geography. The process that E.O. Wilson (1998)
described as 'consilience', and that has been rapidly developing over the last two decades. Indeed, even in our project we
find many people with engineering or computer science
background deeply involved in stakeholder related activities,
clearly showing that the divide between social and natural
sciences can be overcome when needed.
One of the great challenges of participatory modelling, is
that it is very dependent on the human factor, on people that
come with their individual biases, perceptions, priorities and
values. 'People' in this case includes scientists that are involved and who are also stakeholders. This can make every
next application different and special, decisions must be
made on a case-by-case basis, and the pathways to solutions
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and decisions may also be very diverse. This makes the
search for a generic framework more difficult, however, distilling some common practices and learning from past lessons is always possible and useful.
Recommendations
Based on the review above we try to distil some important
recommendations for future PM projects.
Stakeholder community: For a participatory modelling
activity to be genuine and valid, the decision to include
or not to include stakeholders must be transparently
declared and properly justified. As Prell et al. (2007)
note, “Many resource management exercises refer casually to stakeholders as if their existence and identity
were self-evident”. Failure to explicitly state which
stakeholders were included, which knowledge domains
they represent, and why they were involved should be
considered an invalidating criteria. It is important that
we actually report who was involved and why. There
would not normally be confidentiality issues, as stakeholders need not be identified by name. Statements
like “a wide range of stakeholders were involved from
a wide variety of backgrounds”, are not helpful, and
not transparent.
The degree of participatory involvement in the model
should be explicitly stated. Getting stakeholders to estimate values for the model variables is more participatory than simply asking stakeholders’ opinion about
the model variables. Specific ways the information obtained was used in the model should be explicitly reported. In particular, great care should be taken not to
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confuse participatory workshops, in which real information is exchanged in both directions, with information workshops or seminars, in which information
usually flows in only one direction.
All participatory modelling processes should include
an evaluation procedure conducted by participants
themselves. Some examples can be found in Hewitt et
al 2016 (submitted). For example, the dartboard technique can be used to score difficulty of activities or
level of reflection obtained through the process. Getting stakeholders to locate their own process on the
'participation continuum' (Fig. 15.1) or on the 'ladder
of participation' (Fig. 15.2), and perhaps deciding
whether the level of participation is actually 'continuous' or 'stepwise' is very useful for helping stakeholders evaluate, and appreciate, the different degrees of
participation obtainable.
Beware of cultural, traditional, geographical, and historical peculiarities of the particular stakeholder group
you are dealing with. Establish a plan of action for
dealing with knowledge that cuts across cultural domains and identify those domains that are likely to
have difficulty in communicating, and avoid assuming
that cultural values are shared. As we discovered in the
COMPLEX project, different professions and sectors
are viewed quite differently in different parts of the
world. For example, a lawyer in the UK is a high status
individual; in Spain, however, a lawyer is simply regarded as an administrator, without any special social
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distinction. Awareness of these cultural differences
may allow problems to be identified in advance.
Look for key individuals to use as “ambassadors” able
to bridge natural and social science domains, for example, natural scientists whose career has shifted into
the domain of public policy or dissemination to society, or social scientists who frequently use quantitative
data. Some types of models, for example, land use
models, are able to serve as useful domain-bridging
tools (Fig. 15.2).

Figure 15.2. Example of the “participation stairway” exercise for
a participatory model, showing example results from three different
groups of participants.
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It can be concluded that most activities engaging stakeholders in the COMPLEX project were successful and creative.
The activities in the various work packages provide a wide
variety of approaches with regard to the relation between
stakeholder engagement, forms of information and
knowledge transfer, and modelling-stakeholder interactions.
These differences depend on the different tasks that the
various WPs are assigned to address, but also the chosen
styles of approaches and research “tactics”. With regard to
the stakeholder presence, it has been mobilized by many of
the involved WPs. The selection of such participants is of
quite some importance. In some cases, the research target
has been relatively narrow (e.g. regarding the development
of a particular technology), and in these cases the stakeholder representation has been focused on a limited scope of
thematic experience and expertise. In other cases, when the
research target has been broader (e.g. exploring the transition of a society at various levels) the stakeholder choice has
been much broader in thematic scope, backgrounds and
representative level. In many cases, when the aim of the
stakeholder workshops has been to extract key understandings on the societal processes involved, these have been less
oriented towards supporting model construction but rather
focused on soliciting information from stakeholders about
their possible preferences, priorities, choices, scenarios, etc.
Still, the findings of such stakeholder workshops can definitely also have provided input to model constructions by
the research groups, by informing on important topics, core
variables and reflections on possible causalities and their
contexts.
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In some cases, as in the more direct model oriented activities
in WP3, a closer coupling between the stakeholders and the
modelling activities has been aimed at, and been at the heart
of operations. In other cases, such as the Uppsala case of
WP4, the modellers over time were embedded in the larger
Uppsala Climate Protocol project, involving municipal and
regional policy makers, local organizations and businesses
working together for a climate neutral municipality.
With the diversity of goals in such a broad project as
COMPLEX, various modellers often have strong ideas
about the format and goals of stakeholder activities that are
most suited for their purposes. Thus, due to the differences
in research goals, experience tells that it under these circumstances is quite difficult to convince participants from different parts of the larger project to follow any predefined format for the e.g. workshops and meetings that they organize.
This might be seen as a problem with regard to the task of
finding more homogenous research processes across the
project as a whole. On the other side it provides a creative
plurality of different complementary approaches that is of
strong importance when dealing with such a broad topic as
providing means for decision makers to approach highly
complex issues as the task in this case i.e. mobilizing means
to develop key understandings on the societal processes involved in the paths towards non-fossil societies by 2050. The
balance between a more homogenous approach and a process opening up for an experimenting mode of plurality of
experimentation is not self-evident. The COMPLEX project
provides a variety of approaches while still keeping the same
core topic at the centre, i.e. to find ways to illuminate and
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provide tools for the path of the needed transformation of
society within the set target of EU climate policy.
Depending on the scalar level in geographic terms that the
different work packages have considered, and their different
national embedding, there is always - when considering
stakeholders - the issue of language. In many locally oriented
stakeholder involvements, including their relations to modelling efforts of various kinds, it is very important that the
language for the meetings is the local language. In some cases, and with the involvement of a set of more “professionally” oriented stakeholders (e.g. members of staffs to national
bodies) the use of English could be used, but with some
caution. More often, and with other types of stakeholder
groups, the reverse is the case. The reason is that many of
the subtler aspects of development are easier to express in
the mother tongue, or even in the home dialect. It has a profound impact on the processes of stakeholder involvement.
In addition, it has to do with a democratic issue embedded
in the stakeholder involvement – as the related competence
provisions cannot be seen as just the enabler of extraction of
“formal expert advice”. More often, it is the knowledge and
understanding of a local set of interested individuals that can
provide a width to the process, i.e. concerning what is important, how it is important, and what is the spectrum of
differences of positions in the group. In our set of stakeholder involvements, different approaches to language have
been used. Sometimes a combination of events with English
and those in local language have been used. This is also very
important when considering how language to a large extent
is the carrier of the cultural framework within which a cer211

tain stakeholder event is set up to explore. When discussing
co-production of knowledge this is very important to consider. The COMPLEX activities provide several illuminating
examples of this matter, which should be of quite some interest for future operational activities and that may be encouraged by our outcomes.
Sometimes the efforts to gather an interesting set of stakeholders could be restricted by geographical distances and
thus by travel costs and time constraints. Our project wants
to point at the current rapid advancement of social media as
a technical means to find other possible ways of stakeholder
engagement through apps and blogs This can, at least partially - and for certain purposes - replace the in-person participation in stakeholder meetings (Voinov et al., 2016).
However it is yet to be seen how these distance engagement
tools can work for participatory modelling. It also has to be
noted that also the experiences of stakeholder gatherings
made by our project have a very important social and human
dimension. Without that aspect many of the workshops we
have performed – under varying conditions and with various
goals – have heavily benefited from the social interactions of
the persons involved in the same tasks at the same time in
the same locality. But for certain more technical discussions
on already semi-framed issues the use of social media could
provide interesting provisions.
With particular considerations to the interesting empirical
findings in WP3 from the cases of Spain and the Netherland
with regard to how the model creation is supported by the
stakeholder involvement, it is interesting to reflect upon the
designed circumstances to create an understandable and
fruitful process. These processes are also often development
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activities in which the iterative inputs from stakeholders into
the model activity are ongoing over quite some time – and
involving distinct feedback elements to stakeholder assemblies as e.g. was done in the WP4 case (the Uppsala municipality climate strategy case). Also the feedback (Workshop 2)
to a broader stakeholder set with regard to three of the then
semi developed models exemplifies similar steps for scrutiny
and comments.
Further, the interplay between a decision-maker and particular model software as a ground for decision close “learning”
is important to consider. In the gaming case of WP4 (WS2) a
very large model mimicking a decision landscape of strategic
actions met decision practitioners – and in our case exploring sequences of decision steps towards a societal change to
a non-fossil world. It is highly relevant to use such interplays
between stakeholders and models not just to derive prognostic oriented results from constantly upgraded models, but
also – and deeper – to provide the experience of understanding better the meta insights about this particular political
transformation path related to climate change. As was mentioned the gaming exercise highlighted issues as reflections
e.g. on risk, uncertainty, path dependence, timing and the
role of losing or expanding political capital. This is also a
contribution to the understanding of the many different
ways in which the stakeholder – model reality can be explored. And this in turn has deep consequences for how
decision making can and cannot be pursued as based on
such model world explorations.
Naturally, there are very different expectations and ideas
about stakeholder involvement that come from the practi213

tioners of such processes, including those heavily involved in
the models themselves There have been many attempts to
capture some of the similarities – and differences - in the
participatory modelling process, but all of them tend to
stress that there remains much analysis around the flexibility
in how the process is staged. Following Voinov and
Bousquet (2010) we can point at another version of the generic framework, in which the two big leaps in the process
are stressed when we move from the conceptual, qualitative
phase of model development to the quantitative phase of
model formalization and computer runs, especially when
followed by yet another switch from quantitative analysis to
e.g. visualizations and qualitative interpretations that are
most useful for the delivery of model results and actual
translation into policy and action (Fig. 15.3).
This does not mean that in all cases the whole framework
has to be applied and implemented. As we have seen from
the examples in this project, it is usually just some parts of
the work that are exposed to stakeholders. We argue that
while there are certainly many benefits of staging the full
participatory modelling process, in reality there are often
restrictions on time, resources and needs that makes it necessary to limit the approach to a partial implementation.
Even then there is a lot that we can derive from the connection between models and stakeholders in this process. For
example, the demand for crosscutting integration on projects
of this scale may not be as strong and dependable as initially
imagined. The research teams, in particular the case study
WPs, seemed to find limited value in a high level of intraproject integration, in particular at the cost of time and re214

sources. As a result, they were operating more separately,
and barriers to integration emerged.

Figure 15.3. A generic framework of participatory model development.

215

16. Integrating Mental Models with Computer
Models
Alexey Voinov and Getachew Belete
Model integration and integrated modelling has been well
recognized as an important tool for decision making (Laniak,
et al., 2013). Quite some success has been already achieved
in building software tools that would take model software
components and link them together to treat more complex
transdisciplinary problems. Among such tools we find, for
example, OpenMI26, the Community Surface Dynamics
Modelling System (CSDMS)27, which are dealing with some
of the main problems of model coupling that are surfacing
because (Peckham, 2010):
Model components are written in different languages
(conversion is time-consuming and error-prone);
Code is not well-documented or easy to understand
and reuse;
Components have different geometry, dimensionality
(1D, 2D or 3D);
Components may use different types of grids (rectangles, triangles, polygons);
Each model has its own time loop or "clock";
Models may run mismatched numerical schemes
(explicit vs. implicit).

26

The OpenMI Associateion: http://www.openmi.org/

27

CSDMS: http://csdms.colorado.edu/wiki/Main_Page
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There are many more software systems under development
and other issues that are worth attention as we find in a recent review by Belete et al. (2016). However, overall, from
the computer engineering and software development perspective we seem to be on good track to reconcile the differences and make sure that the components are synchronized
and produce meaningful output (e.g. Li et al., 2014, Dozier et
al., 2016).
Other challenges come up if we remember that models are
actually more than software. Models are by definition simplifications and abstractions of reality (Voinov, 2008). Such
simplifications can be made only for particular goals, purposes, and uses. Automatically, mechanically reusing a model, built for one purpose, in a different case study, potentially
for a totally different purpose, may lead to large errors and
misinterpretations generated by 'integronsters' - constructs
that are perfectly valid as software products but ugly or even
useless as models (Voinov & Shugart, 2013). Component
models may be built by different teams, at different time, at
different places, using different modelling paradigms. These
diverse teams may use different languages, not just different
computer languages, but written languages to document the
models, as well as different modelling philosophies that drive
the assumptions made about the real world in the process of
simplification and abstraction. Communicating such assumptions, as well as the rest of information about models,
requires extensive documentation that is prepared according
to accepted standards, and ideally presented in structured,
computerized form (meta-data, meta-model standards).
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On top of that, when integrating models we inevitably create
models that are more complex. It is appropriately noted by
Oreskes (2003) that “A complex model may be more realistic yet at the same time more uncertain”. Complex models
are harder to test and harder to calibrate. Yet in socioenvironmental modelling calibration is certainly a "must"
(Voinov & Cerco, 2010): the systems themselves are open,
evolving and we hardly have the theories and principles to
explain them without heavily relying on empirical data and
observations. Calibration of integrated models may be especially difficult not only because we create additional computational burden (bigger models require more processor time
to run), but also because of the additional structural, spatial
and temporal connections that we involve add to model
sensitivity in many more ways (Belete & Voinov, 2015).
But at the same time, with growing complexity and uncertainties, models become only harder to communicate to
stakeholders (internally among modellers involved, and externally to users and decision makers). Therefore, complex
integrated models become also hard to trust, especially when
errors and uncertainties propagate through a chain of components, each of which have been developed independently
and tend to appear largely as a black box in the overall integration scheme.
To address these concerns, on the one hand we see a strong
tendency towards simple, qualitative models (Hasselmann,
2015), which instead of integrating, coupling numerous
model components are integrating existing knowledge about
the various elements of the system first, and only then deriving some simplified model description of a chosen system
features. Integration of knowledge takes place without nec218

essarily building computer models; instead it is an open ended process of qualitative, mostly conceptual representation
of what we know about the system. The produced models
remain largely theoretical: they may be very useful to understand certain properties of possible system behaviour (Filatova et al., 2015); however they would be hardly appropriate
for quantitative decisions about particular policies, regulations or economic stimuli.
On the other hand, as stressed by Belete et al. (2016), the
pre-integration assessment step, when model components
are 'manually' analysed and considered by a team of modellers and stakeholders, becomes a very crucial step in integrated modelling. In both cases we see that the deliberation
phase, when the system is 'discussed', appears to be of great
importance and value. This is the step when a very different
type of model comes to the forefront and needs to be integrated. Here we are mostly dealing with conceptual, mental
models of the system, which are produced by participants
largely based on their prior knowledge about the system, but
also substantially influenced by what people think is 'right',
their 'gut feelings' that are based on their believes, norms
and are very much influenced by their biases, values, and
perceptions. This is one of the reasons why “there's great
inertia in users' mental models” (Nielsen, 2010). Users tend
to stick to what they knew before.
In a way we may be talking about integration across the interface between the intuitive Kahneman’s (2011) System 1
thinking and the quantitative, logical System 2 (see Chapter
14, this volume). Ideally we need to improve the communication between qualitative conceptual, mental models that
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exist in human brains, and the quantitative computerized
models that have been previously developed as a formalized
emanation, realization of previously acquired and structured
knowledge. We argue that just like software can be built to
help model components interact across scales, resolutions,
units, or semantics, similarly, software solutions can be
found to enhance our experience of communicating with the
computer model and improving the integration between our
mental models and the software models that may be relevant
and available as legacy code.
In this chapter we hypothesize that the main means of
communication with the computer model and therefore the
main vehicle for a synchronization of the mental model of a
stakeholder and the computer model is handled by the user
interface that the computer model can offer. In this way it is
the user interface that serves as an integration engine between the stakeholder’s mental models (“human-ware”) and
the computer models (“software”). The computer model
interface serves to bring together the models that exist
among the triad: the system, the stakeholder and the modeller (Fig. 16.1).
Here we are dealing with an interplay of several mental
models. On the one hand we have the mental model of the
natural, socio-economic, environmental system that we are
to analyse. Anybody involved in the analysis, a stakeholder,
has some idea about the system, some expectation of what it
is and how it exists and works. This mental model represents
the human thought process that is instigated by all the
knowledge accumulated by the human about the system, and
beyond, involving the existing biases, values and perceptions, which may be totally unrelated to the system itself at
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stake (beliefs, prior experiences, intuition, etc.) A mental
model of a system is “what the user believes about the system. It is a model of what users know (or think they know)
about a system” (Nielsen, 2010). In a way it describes what
the individual expects from the system. Various people involved in looking at the system will have their individual,
potentially quite different mental models of this system.
There are different ways in which mental models can be
represented. For example, they can get somewhat formalized
in the form of concepts and interactions between them.
These are known as conceptual models and are usually the
first stage of developing more formalized models that eventually do end up as software. In some cases conceptual
models never get any further developed, providing important services as is, in the form of conceptual diagrams,
cognitive maps, rich pictures, etc. For example, quite often
in participatory research, the stage of conceptualization
proves to be sufficient for finding consensus and helping to
make the best decision (Voinov et al., 2016).
One of these mental models may belong to a computer
modeller, who will then build a simulation model based on
the mental model previously developed. This computer
model becomes available for other stakeholders to look at,
to run and to explore. The stakeholder here becomes the
user of the computer model. Both the user and designer of a
model (i.e. the modeller) have their own mental models.
When we use computer models our mental model about the
system will interact with the external representation that
exists as a software component in the computer (Zhang,
1997). It is common that among individuals there is a gap
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between their mental models about a specific subject. On
the other hand, the model designer has to communicate the
model well enough so that users can synchronize their mental models with the computer models available making sure
that user mental models are “reasonably accurate (and thus
useful)”. This includes both synchronizing with (1) the model and (2) the system represented by the model.
When modellers develop a model, they use their mental
models of the system to be represented, their mental model
of what a computer model should look like, and their mental
model of how users can possibly use their model and what
they would expect from it. Similarly, when users use the
model, they will use: their mental models of the represented
system, their mental models of how computer models work,
and their mental models of how the modellers possibly designed the model (Fig. 16.1). Since mental models are constructed from perception, imagination, or the comprehension of discourse (Johnson-Laird, 1983), regardless of the
validity of their content, we can develop and update them in
accordance with the information we have.
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Figure 16.1. Levels of system representations and the role of mental models

The use of computer models becomes an act of integration
between all the mental models described above. The model
user interface becomes the key integration tool in this process.
To assist users in achieving their goals we have to improve
usability by minimizing mental model mismatches. Either
(1) we have to make the system conform to the users’ mental
models, e.g. if people look for something in the wrong place,
then move it to the place where they look for it; or (2) we
help users to improve their mental model. The user interface
is the only means of interaction with the model; and it af-
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fects how the user perceives, learns, and acts on the model.
If user interface design considers the user cognition processes and the user mental models, we will have a better chance
of meeting user demands and expectations.
In the context of this chapter, modelling tools are reusable
software platforms that enable us to build and run models.
The models can come from the domains of environment,
ecology, hydrology, energy, economics, etc. The common
functionalities that are provided by modelling tools enable us
to search models, set model inputs, run simulations, display
output, etc. Those functionalities are aimed to facilitate users’ tasks towards their goals. However, modelling tools have
core behaviours which ‘can’t be modified and users are
forced to respect’ which often expects some learning to occur. Every interaction of the user with the model is to take
place via the user interface; where the user interface is all the
directly experienced aspects of the tool (Trætteberg, 2002).
The user interface receives inputs from end users and presents responses from applications to end users; due to this
the user interface has to handle complexity from both users
and underlying applications.
There are two quite different types of user interfaces that are
relevant in the context of modeling. A model can be delivered more or less as a black box, with only inputs and outputs linked to the interface. In this case usually some general purpose programming tools (like Visual studio, Java
development kits, etc.) are used by the modeller to provide
user interface functionalities with the model. In such cases
user interface of the model and the modelling tool itself are
two quite different entities. On the other hand, there are
dedicated modelling tools (e.g. NetLogo, SIMILE, etc.),
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which provide ‘basic’ user interface functionalities together
with the model and as part of the model. They can also offer
the functionality to explore and change the model itself. In
the first case we will be talking about model interfaces,
which are provided to operate the model given "as is". In the
second case we are to consider model development interfaces that can be used both to run the model and to develop it.
Here we consider both models and modelling tools and the
relevant interfaces.
Yet another, third type of user interfaces have become relevant more recently that is the model integration interface. In
this case we are talking about the interface that supports
model integration frameworks and helps to sort through
various component models available in a repository, and
further identify how the models should be linked together
and output from which component can be used as input by
the next component down the linking chain (see for example
the CSDMS Web Modelling Tool28). Models that are involved in the integration can also come with their own user
interfaces. Is there a way to reuse them, or do we have to
build a new user interface? Selecting a couple of models of
specific types from several domains, implementing a prototype of the user interface, gathering and incorporating user
feedback, and repeating this cycle for additional models, etc.
can become a very labour intensive strategy for model integration frameworks. This is because (1) integration is a continuous process and models can join the framework at any
time after the deployment of the framework, (2) frequent
28

https://csdms.colorado.edu/wiki/WMT_information
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changes on the user interface of the framework (so as to
meet the requirements of the newly incorporated model) will
create inconvenience for already familiarized users. Due to
these reasons to provide persistent and reliable user interfaces we need a mechanism that assures the provision of the
required user interface functionalities before fully implementing it.
When linking conceptual and mental models with computer
models, unlike when integrating only computer models, we
cannot establish the linking at the level of software using
various programming tools. Active human involvement is
essential. It also becomes much more difficult to demonstrate and validate the linking since the level of linking depends on the individuals involved. But in all the above cases
the user interface affects how users behave, how information
is presented and how it is perceived. The extent of clarity
and ease of use of the user interface significantly affects the
performance of the users and their acceptance and trust of
the model results. We hypothesize that linking of mental
model and computer models can be facilitated by means of
specialized user interfaces, which, on the one end, can help
to link the conceptual and mental models to appropriate
quantitative models, and, on the other end, can present the
quantitative modelling results in terms of appealing and coherent visual content that can be related back to the stakeholders mental models. Our goal in this paper is to explore,
how can we provide such specialized user interface (UI) for
models and modelling tools? How can we improve the UI to
assist in integrating mental and computer models?
With respect to development effort exerted, around 48% of
total application code and 50% of application time is devot226

ed to implementing user interfaces of applications (Cerny et
al., 2012). The requirements for maintenance may be even
higher, because the user interface and the layer beneath it
(i.e. domain logic components of the system) create dependences. Besides, with the advancement of technology modelling tool developers are facing more challenges since the
need to access complex simulations using recently available
hardware and software platforms is evident. Providing user
interfaces that can abstract the underlying complexity and
also that can be accessed from different devices is the way
forward.
There is a large body of literature focused on interaction of
the user with the user interface analysed in terms of usability
and requirement engineering (Mack & Nielsen, 1994). Here
usability is defined as “the ease with which a user can learn
to operate, prepare inputs for, and interpret outputs of a
system or component” (IEEE Std.610.12 (1990). Similarly
ISO 9241-11 (1998) defines usability as the “effectiveness,
efficiency, and satisfaction with which specified users
achieve specified goals in particular environments”. A system is considered to be usable when “the users can do what
they want to do the way they expect without hindrance, hesitation, or questions” (Rubin and Chisnell, 2008). It is true
that “unusable user interfaces are probably the single largest
reason why encompassing interactive systems – computers
plus people, fail in actual use” (Seffah, et. al., 2006). Usability
of interfaces can be evaluated either empirically by testing
the system or by using usability inspection methods (Karat,
1994).
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Figure 16.2. Conceptual framework of the research

As a start let us consider applying and implementing usability techniques in developing user interfaces for models and
modelling tools to see if this can also serve the goals of linking to user mental models. First, we try to show how usability generally affects modelling tools. Then we investigate
current trends of user interface of modelling tools by reviewing literature. We also identify required usability features of
modelling frameworks by conducting a user survey. Finally
we analyse the findings of the literature review and user survey with existing usability inspection methods and we come
up with a hybrid usability inspection method for user interface of modelling tools. The steps we follow are shown in
Figure 4.2. We believe that by applying the developed usability inspection method and software engineering approach we
can improve usability the models and hence facilitate the
integration between stakeholders and computer models.
Usability and modelling tools
When users use modelling tools, the user interface is the
frontier of interaction between users and the tool. Users
present their preferences and assumptions about the simulation in the form of model input, provision of intermediate
interaction during simulation, preference of model output
presentation, etc. On the other hand, modelling tools have
their own way of handling the users’ assumptions and choic228

es (which are based on the users’ mental model) through the
user interface.
The behaviour of computer systems is determined by their
design. If a system is poorly designed it is likely to be underused, misused or falls into disuse by inhibiting users ability
to maintain their current working methods and tools
(Maguire, 2001). On the other hand, designing usable system
has benefits of increased productivity, reduced errors, reduced training and support, improved acceptance, and enhanced reputation. Which shows usability should drive the
design of the user interface of modelling tools. However,
“design for usability relies on being able to assess or evaluate
usability” (Folmer & Bosch, 2004). Due to this we need to
identify the most suitable usability inspection method to
assist the development of user interface of modelling tools.
Usability inspection is the term used for a number of cost
effective ways of evaluating user interfaces to find usability
problems (Nielsen, 1995). Usability inspectors can be usability specialists, software developers, or users with content or
task knowledge. Heuristic evaluation, Guideline reviews,
Pluralistic walkthrough, Consistency inspection, Standards
inspection, Cognitive walkthrough, Formal usability inspections, and Feature inspection are available usability inspection methods (Mack & Nielsen, 1994). Each of those inspection methods has its own objective, strength, and weakness.
Just to give a very brief overview of these usability inspection methods (Mack & Nielsen, 1994): the heuristic inspection method is based on usability principles or heuristics;
and ultimately the expert's reflect how well the interface conforms to good design practice. Guideline reviews are inspec229

tions in which the user interface is checked against a detailed
usability guideline document. Consistency inspection is a
review of components of a system with the aim of maximizing consistency among them. The cognitive walkthrough
method focus on the difficulties users may experience in
learning to operate an application by exploration. Pluralistic
walkthrough has some commonalities with cognitive
walkthrough but the evaluation team should constitute representative users, software developers, and human factors
professionals. Formal usability inspection is a review performed by product owner team using a six-step task performance flowchart.
Usability inspection has been in use for evaluating user interface: (1) automatically by computing user interface specification through some program, (2) empirically by testing the
interface with real users, (3) formally by using models and
formulas to calculate usability measures, and (4) informally
based on rules of thumb, general skill and experience of the
evaluators (Nielsen, 1995). So by applying appropriate usability inspection methodology to user interface development
we can empower users and improve their performance.
Trends in user interface development for modelling
tools
From literature review and from experience we identified
that user, framework (engine), simulation, model, input, and
output are the main concepts that are involved in user interface for modelling tools (Fig. 16.3). Even though we can
find a number of published scientific papers about efforts on
developing modelling tools they rarely mention the user interface. Those papers that mention the user interface of
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modelling tools rarely go beyond stating that ‘user interface
was developed’. This may possibly be because modelling tool
developers are mainly focused on the construction of the
underlying functionalities and the effort exerted to develop
intuitive user interface may be considered as an extra. However, providing more usable user interface i.e. in terms of
ease of use, ease of learning, and error avoidance should be
part of the design goals.

Figure 16.3. Concepts that are involved in user interface of modelling tools

User interface types of modelling tools can be broadly classified into graphical user interface (GUI) and text-based
(command-based) user interface. But from our review of
user interface of modelling tools we classified into desktopbased (localized) interfaces, web-based interface, text-based
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interface, and mixed user interface. The purpose of the classification is to present the benefits, shortcomings, and challenges of various kinds of user interfaces applied to modelling tools.

Desktop-based GUI
Desktop-based graphical user interface is the most common
type of user interface among modelling tools. NetLogo,
ModCom modular simulation system (Hillyer et al., 2003),
4M-software Package (Fodor, 2003), Tarsier modelling
framework (Watson et al., 2001) are only some examples.
Most of these tools provide programming interfaces to build
models and GUI that assemble different parts of models
into simulations and to run them. Some GUI based modelling tools uses icon-based graphical interface to simplify and
expedite the model building process; e.g STELLA, SIMILE,
etc. Commonly they are also called visual modelling environments. The icon-based drawing elements are diagrammatic representation of parts of a model and they generate
the equivalent computer code at the backend. One of the
main shortcomings of visual modelling interfaces is that you
can only have a limited number of icons and notations. Besides, they are designed to solve a specific type of problems.
For example, SIMILE is designed for system dynamics
problems and uses symbols for compartments, flows, influences, variables, etc.
One of the main challenges of GUI development with respect to any other text-based user interface is the GUI display should match with the user’s semantics. If the visual
metaphors are not properly built, GUI can be very difficult
to work with. Well built GUIs can free the user from learn232

ing complex syntaxes of text-based user interface. With regard to user performance, for novice users GUI based interface requires significantly less time and fewer steps than textbased user interfaces; but the cognitive load (i.e. the amount
of information to be processed in our memory) for both
new and expert users is the same (Chen, 2007).

Web-based interface
With the advance of web technology the demand for webbased modelling tools is getting popular. The Agricultural
Production Systems sIMulator (APSIM) is one of the modelling tools that provide a web-based user and developer interface (Keating, 2003). The effort by CSDMS (Peckham et al.,
2013) is also a very good example of modelling tools, currently hosting 173 models and 56 tools. CSDMS was using
desktop-based Modelling Tool (CMT) to run simulations
and for linking models. And the CSDMS Web Modelling
Tool (WMT) is the web-based successor to the desktopbased GUI. The WMT runs on a desktop computer, a laptop, a tablet, or even a mobile phone; and users can run
components from the CSDMS model repository in
standalone mode, or couple them with other components to
create new models.
The need for centralized and managed model repositories is
the other factor that favours web-based interfaces. Personnel
of the model repository will take care of the configuration,
versioning, and availability of models on behalf of model
users. The need for high performance computing infrastructure and model ownership issues are the other factors that
favours web-based interfaces for modelling tools.
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Text-based (Command-based) user interface
The command-based user interface is a text-based interface
in which the user manipulates the system by typing in commands via the keyboard. Command based user interface is
more flexible than GUI. But when they are compared to the
extraordinarily flexible human language, command based
interfaces “impose constraints on what we are likely to think,
and do so in an inflexible, unforgiving way” (Harvey, 2005).
Users of command-based interfaces should enter relatively
complex commands to formulate and customize elements of
a simulation. Besides, error in typing commands can be frustrating for new users. CERES wheat yield estimation system
(Ritchie, 1985) and Erosion-Productivity Impact Calculator
(EPIC) (Sharply & Williams, 1990) are examples of modelling frameworks with command-based user interface. Command-based interfaces require less memory since there are
no graphics components in the interface; however they are
not easy to learn, compared to GUI based interfaces. For
several years command-based user interface was the most
common type of user interface among modelling frameworks, but with the introduction of other types of interfaces
the proportion of command-based frameworks has diminished significantly.
The benefit and the accompanying challenges of commandbased interfaces seems to be the cause for the introduction
of the other text-based interface called Domain Specific
Language (DSL). DSL is a variety of command-based interfaces with limited expressiveness and focused on a particular
domain (Fowler, 2010). DSLs enable solutions to be expressed in the dialect and at the level of abstraction of the
problem domain. The Ocelet modelling and simulation
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framework (Degenne et al., 2009), SELES (Spatially Explicit
Landscape Event Simulator) (Fall & Fall, 2001), L1 - domain
specific language for patchy landscape modelling (Gaucherel
et al., 2006), and SML (spatial modelling language) (Maxwell
et al., 1997) are some of the DSL based modelling tools.
DSL is introduced as a modelling tool because the complexity of general purpose languages is large and many modellers
are discouraged by its complexity (Robertson et al., 1989).
Muetzelfeldt and Massheder (2003) express that usage of
DSL in modelling tools has benefit since it reduces the
“conceptual gap between the modeller and the modelling
language”. As compared to other types of user interfaces the
degree of flexibility in combining existing libraries and system components is one of the main reasons that could make
DSL preferable. The declarative syntax of the DSL enables
the user to focus on the logic of the computation, and the
control flow of execution of individual instructions is managed internally by the tool itself. The challenge with DSL
based user interface is, even though the language has limited
syntax and language elements it is still required to learn the
language. A DSL can be used by users who have little or no
programming experience.
Besides the above command-based interfaces, XML text
files have been widely used to perform tasks of user interface
of modelling tools. For example, in CMP -The Common
Modelling Protocol (Moore et al., 2007) the user must construct an XML document that contains details about the
configuration of components and the initial values of state
variables for submitting simulations for execution. WeedML
(Holst, 2010) has a vocabulary of valid elements and attrib235

utes in which modellers can relatively easily represent weed
demography models using object oriented approach and
XML. In addition, XML has been widely used to present
input-output data of modelling frameworks.

Mixed user interface
Some modelling tools use a combination of different types
of user interface. As an illustration, let us consider some
examples. TIME -The Invisible Modelling Environment
(Rahman et al., 2003) provides an automatic user interface
generator utility in which users can generate either graphical
user interface or command-based user interface for models
and parameter optimization tools. On the other hand, UniSim - Universal Simulator (Holst, 2013) uses a combination
of desktop-based GUI, DSL based language, and XML
based schema for the user interface.
UniSim users have to use desktop-based GUI to access the
different functionalities of the framework. If the user is interested in creating a model a number of libraries which can
be used to create models are made available and can be assembled using DSL based syntax. And to run simulations the
ingredients (they call it ‘recipe’) such as: list of participating
models, parameter values, instruction on how the participating models will be connected, etc. should be provided as
XML document. The XML based ‘recipe’ document has to
follow the predefined format, which itself is a domainspecific specification language. If users want to run a simulation using existing models and ‘recipe’ documents they can
do it using the GUI based interface or even from the Windows command prompt. But if the users are not satisfied
with the existing models and ‘recipe’ documents they must
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learn the syntax of the DSL and can formulate them in accordance with his/her need. In UniSim if additional GUI
based ‘recipe’ formulating utility is provided the mixed user
interface approach could be the best alternative since it can
accommodate users with different needs and backgrounds.
Different users can have different preferences of user interface types. For novice users “the first experienced interface
made a significant difference in the subsequent use of the
interface” (Chen & Zhang, 2007); if the first experience of
the user was text-based user interface, it will have a transferable effect on learning GUI interface. This may be because
the user has built a mental model of ‘the behaviour of user
interface’, based on previous experience. Generally, in our
review we have observed that user interfaces of modelling
tools can be developed using any of the above types, but
they are designed to serve some similar goals, i.e. to facilitate
the interaction between the user and the computer model.
As a result, the need for more usable user interface remains
the same regardless of the type of user interface type.
Survey of users’ opinion on user interface
A survey was developed with the objectives: (1) to understand how users learn to use modelling tools, (2) to identify
particular user interfaces features of modelling tools that
could help users to link their mental models with computer
models, (3) to identify features that could help to translate
users mental models into computer models, (4) to identify
user interface features that help users learning and decision
making process, and (5) to identify features that could help
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to reconcile mismatch between user mental models and
computer models.
To gather information from participants of the survey we
presented the questions in the form of users’ experience in
using modelling tools. So in designing the questionnaire we
have considered different perspectives of usability by
Shackel (1991), Nielsen (1994b), ISO 9241-11(1994), and
ISO 9126-1(2001). We have also reviewed usability attributes
and heuristics on different literatures (e.g. Hafiz et al., 2008;
Winter et al., 2008; Juristo et al., 2007; Seffah et al. 2006;
Mack et al., 1994). Then, we developed a survey by adopting
the information we gathered from the literature review to
the context of modelling tools. The survey was developed in
two versions. The pilot version of the survey was developed
and administered to 21 participants. The final version of the
survey was administered to 34 participants. Participants of
the survey were students, scientists, researchers, decision
makers, and modelling tool developers with different levels
of expertise and experience, and from different countries.
We involved participants with qualitative and quantitative
modelling experience from various disciplines.
The findings of the survey can be summarized as follows.
We have identified a list of user interface features that could
help to: improve users’ mental models of the represented
system, better understand computer models, facilitate testing
user mental models with computer simulations, facilitate
users decision making effort with better presentation of
model output, facilitate collaboration among model users,
and make user interface easy to learn and easy to use. The
objective of this research is not only to identify those user
interface features but also to make the findings available for
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the modelling community in an organized way. Due to this
we have presented the detail list of identified user interface
features in the form of usability inspection method in the
next section.
Besides those identified user interface features we also found
that the most practiced way of learning ‘how to use modelling tools’ is learning by exploration, assisted by reading of
documentations. Attending formal training is the most unwanted option for learning modelling tools. User interfaces
which are difficult for self-learning or non-intuitive or have
insufficient material to enable learning are the main causes
for users to decide not to use a modelling tool. This shows
that learnability should be widely considered in user interface
design. With regards to using a modelling tool again and
again: (1) although a number of comparable alternative
modelling tools exist, users prefer not to spend time learning
new modelling tools. (2) On the other hand, no matter how
reliable the modelling tool is, if it is difficult to use, users are
very unlikely to use it again for different research work. This
indicates that ease of use is the main factor that significantly
affects such a decision; and attractiveness has a minimal effect on the decision. In other words, if the user is unable to
understand how the computer model is organized and finds
it difficult to test his/her assumptions about the represented
system, the communication between the user mental model
and the computer model is a problem. Lack of synchronized
communication between the user mental model and the user
interface can result in avoidance of the modelling tool. Generally, we have seen that user interface of modelling tools
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should be learnable and easy to use, like websites, but they
don’t necessarily need to be attractive.
Hybrid usability inspection methods
The objective of linking user mental models with computer
models is to harmonize the communication of the user and
the computer model towards the user’s goals. On the other
hand, usability involves learnability, ease of use, efficiency,
and effectiveness of the user in achieving his/her goals.
From the survey we conducted, we have identified a list of
user interface features that can facilitate the communication
between user mental models and computer models. And we
found that providing the list of identified user interface features as usability inspection method is reasonable since (1)
usability inspection is a “well established” (Edwards et al.,
2008) technique for analysing human-computer interaction,
(2) it will make it ready for use for the wider modelling
community, (3) it will be used at an early design stage before
huge resources are spent for implementation. Usability inspection methods have been implemented and found useful
for health related applications (Matera et al., 2002; Kushniruk
& Patel, 2004; Edwards et al., 2008), for improving the web
(Blackmon et al., 2002), for game design (Pinelle et al., 2008),
for software components (Bertoa et al., 2006), etc.
Why hybrid usability inspection method?
As pointed out above, users prefer to learn modelling tools
by exploring them. And learning the system from relevant
documentations is performed when learning by exploration
is challenging. For several reasons, attending formal training
to learn modelling tools is the most unwanted option. On
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the other hand, the cognitive walkthrough usability inspection method enables uncovering design errors that could:
interfere with learning by exploration, create a mismatch
between users’ and designers’ conceptualization of a task,
because of poor choices of wording, inadequate feedback
about consequences of an action, or implicit or explicit assumptions made by developers about users’ knowledge of
the task and the interface convention (Mack et al., 1994). Our
aim is to improve the interaction between the user and computer models by improving learnability and ease of use of
user interface of computer models. We found that the cognitive walkthrough inspection method is highly relevant for
identifying required user interface features of modelling
tools.
Cognitive walkthrough method enables us to identify usability issues by simulating the user’s problem solving process
using a task scenario (Kamandi et al., 2008). Cognitive
walkthrough inspection is a theory-based evaluation of the
user interface design at an early design stage; it is done by
hand simulation (imitation) of the usage scenarios to ensure
that the user can easily learn and perform according to the
system objective (Polson et al., 1992). The walkthrough can
be done by an individual or by a group of inspectors. The
method enables designers to inspect usability problems of
the user interface “before an implementation or even a
mock-up of the design is available” (Mack et al., 1994). Even
though the cognitive walkthrough method has all the above
mentioned strengths it focuses mainly on assessing taskrelated functionalities, ease of learning, and ease of use. But
we need the inspection method to address non-task related
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user interface features also. Due to this we need to enrich
the cognitive walkthrough method so that it will meet our
needs.
From the survey, we have identified non-task user interface
features that modelling tools should make available, i.e. regardless of the technology and implementation method used.
These features can be made available as a list of best practice
guidelines. As Nielsen (1994) pointed out, “it is possible to
develop category-specific heuristics that apply to a specific
class of products”, in our case modelling tools. Based on this
we have presented the identified user interface features as
usability heuristics below. We also developed a hybrid of
heuristic evaluation and cognitive walkthrough inspection
method that incorporate the required features of the modelling tools.
For a heuristic evaluation method we have to identify usability heuristics or guidelines that assist evaluators in pointing
non-task related usability problems. As a cognitive
walkthrough method it also requires a “formalized way of
imagining people's thoughts and actions when they use an
interface” (Lewis & Rieman, 1993). It requires an identification sequence of tasks or actions in which a user has to perform (on the interface) in accomplishing his/her goal and
the corresponding responses from the system (Kamandi &
Habibi., 2008). Our method focusses on proactive incorporation of usability at the design stage; not at the end of development process which could require major amendments
on the system. The lifecycle of the hybrid usability inspection method is shown in Fig. 16.4.
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Figure 16.4. Lifecycle of the hybrid cognitive walkthrough usability inspection method

Basically, cognitive walkthrough is a tool for developing the
interface, not for validating it (Lewis & Rieman, 1993). So,
during the development of a user interface of modelling
tools we have to do a walkthrough or hand simulation iteratively, expecting to find things that can be improved. After
each iteration, we have to fix any identified shortcomings.
Task diagram for usability analysis
Tasks are about what users do (Pruitt & Adlin, 2010). Task
cases are abstract, simplified, generalized, and technology
and implementation-independent representations of user
requirements definitions (Biddle et al., 2002) aimed at reducing the complexity of sophisticated systems (Windl, 2002).
Each task describes an activity that has to be carried out to
fulfil the user's goals. At a user interface level we can classify
a task into two categories. User task – an activity which will
be carried out by a user to solve a problem or to achieve
his/her objective; and system task – a task performed by different components of the user interface. Task diagrams enable to express the system capabilities independent of technology and implementation. As long as they properly model
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end-users activities they can be used and implemented by
any modelling tool developer using different technologies.
Usability inspection methods are also classified as tasksensitive and task-independent. As its name implies, the
task-sensitive methods ensure that user tasks guide the semantics of interface design, but task-independent methods
focus on principles of design (Seffah et al., 2006). In Fig. 16.5
we have identified tasks related to modelling tools; but this
does not mean that these are the only tasks that are managed
by user interface of modelling tools. Some of the tasks
shown in the figure may not be necessary in the context of
certain modelling tools. For example, model searching utility
will not be necessary for a modelling tool that contains only
one model. And the task diagram is aimed to be used as an
input during usability inspection through the hybrid cognitive walkthrough method, specifically it will serve to guide
hand simulation of users’ actions in using modelling tools.
Mostly, a task diagram is presented using Concurrent Task
Tree (CTT) notations (Paternò et al. 1997), but Unified
Modelling Language (UML) is de facto a modelling language
which is more familiar to a wider community. From the
work of Nóbrega et al. (2006) we have learned that CTT can
be mapped and easily expressed using UML activity diagram.
Due to this we have used UML activity diagrams to present
the task diagram. The UML activity diagram enables us to
present both user tasks and system tasks in terms of highlevel functions in a way which can be implemented by modelling tools.
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Figure 16.5. Task specification diagram of user interface of modelling tools
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Usability attributes and heuristics
Besides its definition, usability can also be expressed in
terms of attributes and heuristics. As an illustration, let us
consider how usability attributes are organized in the literature. Shackel (1991) identified that effectiveness, learnability,
flexibility, and attitude are the main attributes of usability.
Nielsen (1994a) defines usability as constituent of five attributes: learnability, efficiency, memorability, error rate, and
satisfaction. ISO 9241-11 (1994) organizes usability attributes as: effectiveness, efficiency, and satisfaction, and ISO
9126-1 (2000) defines usability attributes as: understandability, learnability, operability, and attractiveness. In addition,
some authors have organized long lists of usability attributes
into hierarchical structures and patterns (Seffah et al., 2006;
Juristo et al., 2007).
Based on our literature review and the survey we conducted
we identified that the following preliminary list of user interface features and heuristics are very important for realizing
the linking of user mental models with computer models.
For ease of use with the hybrid inspection method we have
organized the list into three groups:
A. User interface features that help to update user mental model about
the computer model, i.e. to facilitate the learning process about the
computer model.
Usage of descriptive visual metaphors in the user interface
Presenting possible direction of information connections and flows in the model
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Providing information about internal dependencies
among model parts (feedback loops, circular connections, etc.)
Visual definition of model components (as graphics
or tables)
Easily understandable visual content
Usage of standard language in user interface elements
'Help' describing the concepts, relationships, and assumptions in the model
Provision of model structure diagrams
Hierarchical structure of model documentation when
you can 'zoom in' to learn more details
B. User interface features that help to update user mental model about
the system or concept represented by the computer model
Provision of feedback for the actions by the user
Provision of sample data sets to test and run the
model for various combinations of inputs and scenarios
Provision of context-sensitive help
Logging facility that allow to register users’ activity
for later reference, reproduction, and analysis
Notification of simulation status information
Undo and redo features so that users feel confident
in exploring and trying an action
Provision of alternative list of scenarios (situations)
that can be readily simulated with the model
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User interface features that facilitate in testing various assumptions in users’ mental models, i.e. for accommodating different simulation needs
Control over simulation performance (stop, resume,
step back, step forward, etc.)
Feature to modify internal model elements, e.g.
model equations, parameters involved, etc.
Feature to modify workflow of simulation
Modification of input values while simulation is in
progress
Ability to switch model components on and off
(submodels)
Flexible simulation setting utility to define elements
of the simulation
Flexible input setting utility to test different range of
inputs
Provision of interaction while simulation is in progress
Pre-processing utility that validates the combination
of inputs and prepares for simulation
C. User interface features for meaningful model output presentation to
enrich the user mental model
Rich output visualization tools
Display output in multiple forms, e.g. diagrams,
graphs, numbers
Feature to display and compare multiple simulation
outputs (sensitivity analysis)
Export facility to different file formats
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Statistical analysis of model output embedded in the
interface
Gateway to interface the model with other systems
e.g. for data visualization, statistical tools, etc.
As mentioned earlier, the usability attributes and heuristics
list given is only a preliminary list. As some of the features
could be irrelevant in some contexts, we recommend updating the list accordingly before starting the inspection process. We believe that a more comprehensive list will be available when more researchers are involved in it.
Applying the hybrid usability inspection method
As a proof of concept we applied the hybrid usability inspection method on a simple model designed in one of the available modelling tools, Simile (Fig. 16.6). The epidemic model
mainly tries to demonstrate how a disease can spread in a
community. The model works on the assumption that given
a certain population and infection rate the spread of the epidemic will depend on two main factors. First, the level of
treatment provided to those who are infected, which in turn,
affects the recovery rate. Second, the strategy applied to prevent the spread of the disease, such as isolation of suspected
individuals for a period of time that is equal to the incubation period of the disease. The development of the model
was initiated to evaluate to what extent the hybrid usability
inspection method will help to incorporate those identified
user interface features into the model.
To perform the inspection method (as described in Fig.
16.4), we first have to define the inputs to the walkthrough.
Based on this, two usability inspectors were involved. The
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following tasks were identified as relevant and important:
view meta model, view model parameters, set model parameters, start
simulation, display simulation output, and save output. A prototype
of the model was used to simulate the interaction of the user
with the model. Usability attributes and heuristics listed were
used to assess the incorporation of non-task related user
interface features. The walkthrough was performed in two
contexts: in the context of a user who is familiar with the
modelling tool, and in the context of a new user i.e. not familiar with the modelling tool. The objective of the
walkthrough was to identify missing user interface features
(specific to the epidemic model) that could be useful for
facilitating the communication between the user mental
model and the computer model.

Figure 16.6. Graphical user interface of Simile-based epidemic

model.
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We observed that, no matter how simple the model may be,
learning ‘basic features’ of the modelling tool is a requirement. For example, learning how to display model output by
exploration could be difficult, but there exists ample online
help to learn the tool, and self-learning of the tool can be
applied easily. On the other hand, we have observed that the
availability of online model description, which is specifically
focused on concepts, relationships, and assumptions in the
model, is very important. Such descriptions could help users
to update their mental model of the represented system (i.e.
how a disease is spread, in this example). Due to lack of this
feature, new users may not be able to check whether there is
mismatch between their mental model and the computer
model until they learn how each graphic element operates.
We have also observed that lack of a feature to display and
compare multiple simulation outputs will force users to export model output and use other tools. The incorporation of
such features can help users in reasoning and decision making by updating the users’ impressions accordingly. Generally, even though the model is built using a visual modelling
tool, which is intuitive and easy to learn, we have identified
missing user interface features that could improve the communication between the user and the computer model. We
believe that if more usability inspectors were involved we
could possibly identify more features. Besides, we observed
that presenting the identified tasks and user interface features as a usability inspection method can facilitate the incorporation of the required user interface features.
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Discussion and conclusion
Harmonizing the linking of a user’s mental models with
computer models is breaking the communication barriers
between the user and the computer model. The linking happens when a user tries to learn how to operate the model,
how the different parts of the model are organized, how the
model represents a system or concept, why his/her assumption about the represented system or concept is right or
wrong, etc. All interactions of the user and the computer
model happen only through the user interface. Due to this
the level of learnability, ease of use, support of the required
tasks, etc. of the user interface significantly affects the level
of communication between the user mental model and the
computer model. The inclusion of such user interface features can be monitored by using a usability inspection method targeted to modelling tools.
The guiding principle of a user interface design is “focus on
the users and their tasks, not on the technology” (Johnson,
2007). During designing we have to avoid embedding assumptions on: possible scenarios, model utilization, way of
presentation of output, etc. since assumptions can lead to
mismatch between the user mental model and the modeller
mental model. Besides the user interface of modelling tools
should abstract the complexity of the software architecture,
computation, underlying models, and domain. Whether users are scientists, researchers, decision makers, or students
they all prefer a system with a minimal learning curve. And
we have found that self-training by experimenting on the
system is the most used technique in learning ‘how to use
modelling tools’. This implies considering users’ self-training
in designing the system will help to align the user interface
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design with the learning process, and towards being a means
for linking with mental models.
Historically, the first computer-based models had to be designed with command-based user interface; but through time
GUI and web interfaces became more popular. But still a
significant percentage of users prefer to use short-cuts than
clicking menu items of a GUI, which shows that text-based
interfaces are still preferred by several users. Providing a
mixed user interface, in which users can choose either of
interface types may give a better chance to accommodate
different user preferences; and the survey shows that the
question ‘which type of user interface is preferred by users?’
is quite open for discussion.
In this chapter, we have tried to show how the logic and
behaviour of user interface of models should be organized
regardless of layout, style, implementation, and platform
details. The main contribution of this chapter is that we have
shown how the user interface can be improved to facilitate
the interaction of the user mental models and computer
models. We have also identified user interface features that
could facilitate the linking. Besides, we have presented a
domain specific usability inspection method to simulate the
linking. Simulating the interaction between the user and user
interface can significantly minimize the number of usability
problems during end-user testing with possibility of saving
development cost and time, and finally providing a model
with better usability. So we need to check those usability
features before fully implementing the whole system, preferably at the evolving design stage.
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Regarding utilization of the hybrid inspection method, modellers can use the provided task diagram and usability heuristics list; or can further modify and enrich them towards their
specific goals. Nielsen (1992) showed that while a single
evaluator can find only 35% of usability problems, five evaluators can identify around 75% of them. And it will be reasonable to recommend three to five inspectors for the hybrid usability inspection method. Besides, the inspection
process will be relatively much cheaper if it can be performed by the development team with some users. We recommend the first walkthrough after high-level user interface
design; and the second walkthrough after low-level design.
The main shortcoming of this hybrid usability inspection
method is that the inspection is done by those who have an
experience as modelling tool users and who can imagine
actual usage context, especially with the context of new or
infrequent users. The inspectors have to imagine as if they
are using a fully implemented model and they have to use
prior experience to detect possible usability problems.
Which can possibly make the output of the inspection dependent on inspectors biases. But the effect of inspectors’
biases on interface design can be minimized by: (1) by involving different inspectors at different iterations of inspection, and (2) by employing empirical user testing so that we
can capture problems which are not identified during inspection.
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The COMPLEX project has undertaken two broad types of
modelling work with external stakeholders. Volume 1 of our
final scientific report describes how we worked to explore
receptivity barriers and develop strategies for change. Computer
models were part of this work, but only part. The primary
focus was on the stakeholder communities themselves.
In Volume 2 we describe the work we did to understand rapid
system-flips, innovation and metastability in coupled socionatural systems. Modelers worked to create plausible and
realistic models of systems undergoing rapid and occasionally
catastrophic transitions. Engagement with external stakeholders
was part of this work, but only part. The primary focus was on
the systems themselves.
Our original intention had been to integrate these two initiatives into a seamless whole, but this proved impossible. Both
research initiatives produced successful outcomes, but had very
different space-time signatures and called for rather different
approaches. This is a key finding of the COMPLEX project.

