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Abstract

The concept of emergence in human and social sciences has two distinctive characteristics. First, social and human complex systems share a large dependence regarding the historical and geographical context, including especially a very high speed of their evolutionary processes, when compared to biological or geological evolutions. Second, they rarely admit reductionism in explanation, because the structuring of societies always involve processes of a different nature that are analysed in deep by a given discipline, but that have to be rearticulated for making a concrete situation understandable in a satisfying way. 

Only weak emergences can be simulated through modelling, that is for processes and properties that are already identified. Strong emergence, producing social innovation, as new artefacts or technologies, ideas or social practices is not yet well understood enough for any predictive or prospective simulation – unless a high level of abstraction is accepted, but this operation implies the emptiness of the applications in terms of societal significance.

The emergence of structures and properties from interactions between reactive or cognitive agents and entities that operate at different levels can be reproduced through simulation models. They help understanding how emergence is produced in a variety of contexts. As an example a geographical model will be presented. It simulates how a structured system of cities emerges in a given territory from interactions between individual cities. These are decades and centuries of exchanges related to socio-economic innovations. The model actually represents two processes of emergence: one is bottom-up and the other top-down. Indeed, the level of the system of cities influence the local level of each city as a constraint (by reducing the space of its possible trajectories) while it also acts as an activator of urban development (through interurban emulation). A few transformations of the generic model are necessary for its application to different systems of cities. They reveal for instance how the historical and geographical context influence the emergence of specific properties in structuring urban systems in ancient or more recent settlement systems or in developing countries. Nevertheless, the actual societal innovation remains exogenous to the model as represented by new urban functions that are introduced over time during the simulation.

Introduction

Complexity in social sciences can be conceived in a way which is complementary to the classical views from other disciplines. Emergent phenomena that are the signature of complexity can rarely be explained in a simple way, from interactions between agents at micro level that would generate a new structure at macro level. Most of time, there are multiple levels of emergence and several aspects of societal processes building them that have to be considered simultaneously. This has important consequences in modelling, especially challenging for system specification, including problems of identification and categorisation of subsystems in interaction, as well as delineation of the systems. We shall develop as an example a theory of urban systems as a spatial organisation of interacting cities. 

1 A concept of complexity for social sciences
Social sciences stand in a paradoxical situation regarding complexity. On the one hand, it is obvious for all social scientists that they are dealing with complex systems, according to the definition that is given from “hard science”, i.e. systems where many interactions occur, creating non linear relationships (the same causes do not give the same effects according to the local or historical context) and where new macro structures can emerge from many micro interactions, leading to an unpredictable evolution. Complexity is then the normal regime for social sciences when they build theories for explanation. In this respect I would like to develop a conception about the measurement of complexity. The question is: how to define and measure complexity in a way non trivial for social sciences? We cannot handle the usual definitions and measurements of degrees of complexity which are used, for instance, in computational systems, because neither the reference to the combinatorial arrangement of categories nor the shortest algorithmic description is enough to understand what complexity is in social systems. The mathematics for non linearity, which produces the unpredictability in the dynamics and the evolution of systems, is not enough as well, because all social sciences are dealing with systems that are historical, evolutionary, as well as the biological systems. Thus complexity in social systems has more to do with variable or contextual information.

Complexity involves many disciplinary views and several levels of societal organisation
I suggest then that the number of different disciplines which were created (i.e., emerged in the historical social context of the last two centuries) to study in an analytical way the features of such systems, has to be considered when applying the concept of complexity to social sciences. The spectrum of academic disciplines represents of course a contingent partition of the human knowledge. But it has been partially consolidated through history (especially the last 150 years) since each recognised discipline could provide alone more or less consistent sets of theories and concepts that enable enlighten (sometimes even predict) a few specific features or processes in a complex system. A proxy for measuring complexity should include, not only a number of disciplinary views, but as well the number of articulated levels that are involved for understanding any particular social situation or object. Each identified object or level in a societal organisation indeed encapsulates a micro-level dynamics that has generated it. It may be ignored in a modelling exercise but it is part of the explanation of their emergence as concepts or stylised facts in social sciences.
That is especially true in the case of urban studies: many disciplines have their own definition of what a city is and are telling stories about their organisation and evolution according to the type of processes they prefer to study. Without exaggerating too much, we can see that for a demographer a city is a place growing through natural increase and migration of people, that select individuals and may change their behaviour; for economists, a city is mainly a place providing agglomeration economies for entrepreneurs; for planners and architects, it is a composition of roads, different kinds of buildings and empty spaces, that has to be organised through a variety of networks; for sociologists, the city is a place where the social division of labour is accelerated and where various aggregation and segregation of social groups occur; for geographers, a city acts as a polycentric pattern of various functions on a territory, whereas for political scientists it is a specific combination of institutions and local powers...
A city is complex because it meets altogether these definitions and many others as well. It is often considered today that the mono-disciplinary explanations of urban evolution are arriving at their limits for understanding the systems, because they are perhaps too specialised. For instance, a concept like urban sustainable development includes considerations of environmental soundness, as well as economic competitivity and social cohesion. So, it is sometimes necessary to produce a meta-theory from several disciplines with their specific knowledge for better understanding a complex system. The number of specific approaches required could be a proxy for measuring the degree of complexity in such systems. 

This definition has practical consequences because it means that, even if a discipline (as for instance economics, or psychology) can alone build a theory of a given societal object or situation and derive formal models (in mathematical terms) that produce consistent results from its disciplinary view, any of its application to the real world will meet problems that are linked to its lack of consideration for other aspects or important contextual effects that co-determine the considered object or the situation.

Complexity, reflexivity and ethics

Another aspect of the complexity in social systems is that the observer is part of the system, even if he or she has no direct action on it. For instance, if we only draw models, which are never used, but do develop a specific representation of how the system operates and how it can be understood, it gives a hint for changing the social representations and then the real system may evolve in a different way. 

This is a big ethical question for the scientists, both in terms of deontology as researchers as well as their responsibility as citizens, when they try to describe social systems in a meaningful way. Of course, they also can decide to use their research for some purpose, since we know that, especially in social systems, self-fulfilling prophecies may sometimes become real actions.

2 A contribution from geography to urban knowledge

Geographers no longer work about discovering and representing new places, at the surface of the Earth, but we try to explain the differences in the way societies have organised their space. Traditionally, geographers have searched for explanations in two main directions: one is in the natural environment of the societies, and this relates to an ecological way of thinking. Societies have found different natural conditions and they have tried to exploit them in the best way, according to their different capacity to organize and develop technologies, but at the same time with all kinds of historical contingencies – there is nothing as a strict determinism of the environment. But we also know, as geographers, that societies invent a space on their own, they create it, they really produce spatial structures and properties just by interacting together and this has led geography to develop a research field which is known as “spatial analysis” (Haggett, 1965, Pinchemel, 1988). 

Now, we have to combine those two sources of explanation together and this is very difficult because very different scales in space and time are considered in both sources of explanations. That is probably why the first attempts at formalizing the urban dynamics have rejected all geographical and historical sources of variations and focussed on very abstract processes of social and spatial interaction and local concentration and accumulation.

2.1 Classical approaches in urban dynamics

We have now a full history of attempts at sizing, capturing the complexity in the dynamics of the urban systems. I will recall only a few steps in this history, starting with the General Systems Theory conception and the M.I.T. System Analysis by Jay Forrester mainly (1964). At that time, which feature of the complexity in urban systems was emphasised? It was the autonomy of the system dynamics compared to its environment, and the modelling technique in use was sets of discrete differential equations. The city’s evolution was explained from the local interactions between its stock of firms and housings (both differentiated by their age) and its inhabitants (differentiated by their income). 

A further step was coming with the Self Organisation theories, developed mainly at Brussels by I. Prigogine and at Stuttgart by H. Haken in the 70s – 80s. This theory of open systems, or “dissipative structures”, emphasized their irreversible history and unpredictable evolution, because bifurcations in the dynamic trajectories can change their structural organisation while the interaction processes remain the same. Such a theory was the especially welcome for providing conceptual basis and modelling tools that are better adapted to social sciences than the classical mechanics inspiring previous trends in modelling. This theory has inspired many models of differential equations which were developed in urban geography and regional science especially (Allen, Sanglier, 1979, Allen, 1997, Weidlich and Haag, 1988, Wilson, 1981). Applications of their models of simultaneous differential equations were made for simulating the spatial expansion and reorganisation of jobs and residents within urban areas (Pumain et al., 1989) or the differential growth in population of large sets of cities through changes in their attractiveness on migrations (Sanders, 1992). In both cases, it was demonstrated that the same set of equations, describing the same socio-spatial processes, could give rise to different spatial organisations. For instance, two opposite centre-periphery patterns of social composition, contrasting American cities where the suburbs are more attractive for the wealthiest, versus European ones where the centres keep the highest attraction on high class people could be generated by Peter Allen’s model – a few “contextual” parameters expressing higher scale effects of political regulations and social behaviour make the difference. 

A third step in modelling involves the recent foaming of ideas about a theory of complex systems, towards a possible unifying theory (but it is not sure that this is feasible). Such a conception accompany the creation of several institutes dedicated to this field of research at the end of 20th century, in Santa Fe, in Turin at ISI or at European level in Paris and London. The emphasis now is about the emergence, the creation of novelty through the qualitative changes which occur when new properties or new structures appear from interactions in self-organised systems. This gave rise to a third generation of models in urban dynamics, involving a variety of new approaches and modelling tools (Pumain, 1998, Diappi, 2004, Batty, 2005, Albeverio et al., 2008), among which models using multi-agents systems. 

2.2 New simulation models
Agent based modelling opens a new avenue for modelling in social sciences because they not only assume the self-organisation hypothesis of the previous generation of simulation models, but they also enable a much higher flexibility in the description of social interactions. Multi-agents systems are much more flexible than differential equations for simulating spatial and evolving interactions, including quantitative and qualitative effects. Through the definition of rules at individual level, they can reproduce the circulation of information between cognitive and decision making agents. They simulate at the upper level the emergence of collective or aggregated structures which can be tested statistically. The rules can be adapted for varying space and time scales of interaction under the course of history. Of course multi-agents systems do not solve the problem of choosing a “good” theoretical representation. Individuals are no longer considered as particles, they are agents, who can be simply passive (but able to receive information from their environment), who also can make decisions (reactive agents) and learn from their activities (cognitive agents). The models can include a variety of agents with different properties (heterogenous agents). 
So what does it mean from the point of view of social sciences and especially geography, when conceiving a model in terms of agents? It is not obvious what an agent is, what behaviour you have to take into consideration when studying the dynamics of a specific system. Many models are designed using different kinds of agents which have different kinds of behaviour. Of course, individuals are many often chosen as agents. But then we cannot content ourselves with developing games out of our imagination, I think we have to take into account the knowledge which has been established about the observed behaviour in geographical space, it means using for our modelling purpose stylised facts and not the possible factors which we would draw from our intuition. For instance, models aiming at simulating the behaviour of crowds are based on the movements of pedestrians on the streets; models designed for predicting the use of transportation modes concentrate on the allocation of time budget and activities programs of the urban dwellers; models for the location of shops include rather well-known hypothesis about the spatial and economic choices of consumers; the diffusion of epidemics within an urban area can be simulated by reproducing the general mobility pattern of urban citizens. Geomarketing and transportation are major domains of application for agent based modelling in urban systems, handling persons as individual agents, but this hold  for rather short scales in time (from a few hours to a few days) and space (from a street or a neighbourhood to one metropolitan area). 
However, when larger geographical and temporal levels are considered, there is a lack of theory regarding the specific properties and effects of our geographical behaviour, our behaviour in space as individuals. One may wonder if this is actually a lack of theory that could be solved simply by developing very large surveys about the movements of people in space over long periods of time. The shift in generational mobility practices, which involve more and more short travels for work and leisure, the growing scale of individual interaction space, using probably more networks connections rather than proximity-contiguity relations, the developing uses of long distance information sources and their possible substitution to personal movement are very important and questioned fields of investigation, for improving our knowledge about the future evolution of urban systems. But there is still a gap in knowledge about how these changes occurring at the individual level can alter the configuration of geographical entities at higher scales. We encounter here emergence in social systems as a problem, hampering our ability to derive the evolution of macrostructures from the knowledge and modelling of individual behaviour. Fortunately, from a large amount of previous geographical and historical studies and sources of data, we have some knowledge about the “behaviour”, i.e. the variable evolution, of geographical entities at higher levels of aggregation. This is the case for settlement systems which have a dynamics on their own, as villages, towns or cities and, territories as regions, states, cultures, or different kinds of networks.
Geographical models of multi-agents systems use thus aggregate agents that are sometimes groups of individuals as households, firms, sometimes immobile agents, like parcels of land, or parts of ecosystems, and also can consider much larger scales of geographical objects for which interactions are described at this aggregated level. If we want to give a proper identification, a good categorisation which is relevant for studying the dynamics of those systems, we have to define the agents according to our knowledge about the nature of the “socially developed” geographical space which is under study. Nevertheless, while choosing to design geographical entities as “agents”, two pitfalls should be avoided: what could be called the “fetishism of space”, admitting that regions and cities do have a behaviour or a power of decision of their own,  and the opposite “fetishism of actor”, which would be to consider that only individual agents are responsible of geographical changes and have a power of decision that can actually operate to shape geographical space – and that these “actors” actually play the role they are supposed to have. If we consider, at a given level of generalisation, that an urban entity can be represented in a computer model as an agent, it is because we have observed enough regularity in the dynamics of this entity for identifying it as a relatively autonomous agent, distinct from other more or less similar agents and from its environment.
We shall summarize briefly below how a theory of complex urban systems can be integrated in a multi-agent system model. We do not develop here the theory of the multilevel organisation of cities as “systems within systems of cities”, which is illustrated on fig. 1 (two levels of entities characterised by their emerging properties) and fig. 2 (examples of interactions from which the main levels emerge) and refer to a recent work where it is presented in more detail (Pumain, 2006).
3 Some ingredients of a model of complex urban systems

A first application of multi-agents systems to geography was the Simpop model (Bura et al., 1996, Sanders et al., 1997), which simulates the emergence, structuring and further evolution of a functionally differentiated system of towns and cities starting from an initial more or less homogeneous spatial distribution of settlements in a large region, state or set of states, over duration of 2000 years. The emerging structure of the urban system is resulting from the interactions between cities, within a stylized exchange market that follows different spatial and economic rules according to the nature of the urban functions that generate the exchanges. The model has been improved and completed in the framework of the European ISCOM research project (coordinated by David Lane) giving rise to the Simpop2 version presented in several publications and a website (Pumain et al., 2006a, Bretagnolle, Pumain 2008, Pumain et al., 2009, http://simpop.parisgeo.cnrs.fr). We develop here a few features explaining how societal complexity is partly handled in such a model.
Figure 1: Hierarchical organization and emerging properties in an urban system
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Figure 2: Examples of interactions generating the organization in urban systems
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3.1 A complex evolutionary definition of cities as agents
When developing a model in which cities are considered as interacting agents, it is important that the definition and delineation of the geographical entity called an “agent”, interacting with other agents, keeps a consistent theoretical meaning over space and through the long period of time under consideration. As our modeling is “data driven” (which in our case means not a finely tuned calibration on a specific local example but a high compatibility with stylized facts from a large number of observations), this definition requires both to be coherent with our evolutionary theory of urban systems and tractable according to the available information. As explained in a recent paper about the construction of a data base for the urban system in United States (Bretagnolle et al., 2008), our conception of “cities” as agents is consistent with the definition of complex systems in social sciences: Even if it is actually rooted in geographical thinking, it uses multiple criteria from a variety of other sources to arrive at a definition. The complex definition of a city over time involves the use of political subdivisions as basic territorial units (those where a territorial power of decision is located and for which statistics are usually produced), but these elementary units are then aggregated into urban agglomerations, according to the urbanistic expansion of urban areas over several contiguous political subdivisions. This morphological definition of an urban agglomeration is completed by a functional one relating places of work and residence that are intimately linked in the dynamic trajectory of the territorial entity. Moreover, the thresholds that are used for materializing this linkage take into account the historical evolution of interaction space (the apparent shrinking of topographical space for social interactions due to the increasing speed in communications) by estimating the distances not in physical terms but on a time scale (about one hour traveling time around the initial political and functional urban center). Our evolutionary definition also integrates in a more subtle way the concept of a city image, or urban identity that goes through history over centuries according to a concept of “path dependence” (Arthur, 1994) that is actually rooted both in social representations and incremental processes of social adoption of innovation.
We do maintain that for modeling interactions between cities at a continental scale over several centuries, as we do for Europe or United States, it is essential to consider as agents the aggregated urban entities that are nowadays defined in the official statistics as “metropolitan areas” or “functional urban areas”, because that scale represents a consistent, fully integrated, local urban system. This consistency has been recently nicely demonstrated by Marianne Guerois (2003), who discovered a very general pattern in the centre-periphery spatial organization of built-up surfaces for more than 40 European metropolitan areas. Each urban entity is made of two gradients of morphological densities that are decreasing from the center, sharply in a first ring close to the center, corresponding to the concept of urban agglomeration, and in a less contrasted way in a second ring corresponding to the peri-urban space, that is however still structured according to the distance to the center in a significant way. Two fractal dimensions, one around 1.8 for the denser urban zone, and one below 1 for the suburbs, are then characterizing the emergence of an “urban field” that is organized according centrality and accessibility order principles in European urban areas (Guérois, Pumain, 2008).
Cities main attribute is their size, which is measured in Simpop in two ways, first by the population they concentrate at a given date, second by the wealth they have accumulated. City size is one of the most important properties of an urban entity, because it summarises the result of all its past evolution. This size is also represented in a more qualitative way by the diversity of functions that a city fulfils. We define an urban function as a set of coordinated activities which are differentiating the role a city is playing within a system of cities. Urban functions may be of a political nature (as national and regional capitals), they can be services for the local or surrounding population (we call them central functions, including four hierarchical levels, as in central place theory), they also can be more specialised production and service functions, as those which were created by the main cycles of economic and technological innovation.
3.2 Non linear scaling and heterogeneity of agents

Cities are never isolated entities, their destiny is shaped through the variety of interactions they have with other cities, over periods of time that overlap several human generations. When we assume that interactions between cities have non linear effects, we recognize something that has been noticed many times by observers of urban evolution: a large city is not the mere addition of smaller towns arriving at the same size, because while growing it gets a different kind of social organization, it becomes a much more complex urban entity, including more institutional levels and more societal diversity. This can be seen for instance in Europe when comparing the demographic, economic and political influence of two kinds of urban entities: London and Paris, that developed historically as mono-centric metropolises, have a much broader economic and political impact than the polycentric conurbation of the Ruhr region, although the total population size of each urban region is about the same, around 10 millions inhabitants. The concept of emergence, at the microscale of an individual city, can help to understand this qualitative differentiation that is linked to the increase in size of an autonomous integrated urban entity. Cities are growing by adopting innovations that usually contribute to increase the local diversity through a process of division of labor while giving them a positive balance in their exchanges with other cities. The large cities are those that have successfully adopted the successive innovation cycles at their early stage, receiving then higher growth impulses and keeping in the organization of their local society and activities the traces of the new diversity brought by each innovation, which in turn increase their ability to adopt new ones.
A more systematic view on the qualitative changes associated to urban size is given by an investigation of “scaling laws” relating the importance of various urban functions to urban size. If the statistical relationships between the number of jobs in an activity and the number of inhabitants in cities are non linear, it means that there is a qualitative change in the functional profile that is associated to a difference in urban size. That survey was also part of the Iscom project, in connection with researchers from the Santa Fe Institute. We have checked the existence of non linear properties in the distribution of economic activities and occupational sectors among cities, for France “aires urbaines” in 1999 and United States “Metropolitan areas” in 2001 (Pumain et al., 2006b). We compared the scaling exponents that have been calculated for 276 urban units in each case. Globally, the values of scaling exponents for similar activities and occupational groups are close. The economic sectors which belong to the most recent innovation cycle, including all modern business services like finance and insurance, real estate or scientific services (generally summarized as APS and FIRE), as well as the professions with higher skills, scale superlinearly in both countries with city size. The exponent is 1.21 for the professional, scientific and technical services and 1.15 for finance and insurance sector in both countries (meaning a systematic increase in the proportion of these activities with city size). Common activities such as utilities, accommodation, food services or retail trade, as well as occupations of medium skill level scale almost linearly with size (for instance, retail trade: 0.97 in both cases). Sublinear scaling characterizes some manufacturing activities and lower skilled occupational groups. From other historical investigations, we have concluded this analysis according to the following interpretation: there is an obvious concentration of all kind of activities and occupations linked to the current innovation cycle in large cities that have the required complexity level for attracting these new functions, despite the higher operating costs in these large cities. While reducing the risks associated to innovation for the producers, the large cities also take a benefit from the high profits that innovation generates in the first stages. Over time, there is a hierarchical diffusion of the innovation, which become part of any urban profile as soon as they are widely accepted and operating costs have to be reduced during the standardization stage. After a while, the function is no longer innovative, it can be substituted by others and it becomes relatively concentrated in smaller towns that are not yet reached by the following set of innovation. The learning processes that are continuously adapting the skill of the labor force follow the same top down process through the urban hierarchy. 

Of course, this hierarchical diffusion process is the major one, but not the only one that contributes to differentiate the activity profiles of the cities during the evolution of a system of cities. Each time an innovation is linked to specific resources (as coal mines for manufacturing at the beginning of the 19th century, or coastal sites for tourism at the end of 19th century, or university centers for the research and development activity sector in the second half of the 20th century), specialized cities can emerge. Usually they keep the marks of that specialization for several decades, but their further development is more likely to be hampered by this successful adaptation than in the case of large cities (Paulus, 2004). 
We have translated these empirical observations in our model by defining a set of urban functions that correspond to large economic cycles, of the Kondratieff type, assuming that when a city acquires a function, this gives a hint to its growth, and that new functions are likely to locate at first in the largest and wealthiest cities, excepted for a few ones that need specific localized resources to develop. We recognize in the model for Europe four main cycles which generated strong urban specialisations, mainly the development of large harbours for long distance maritime trade between 16th and 18th century, the industrial revolution of 19th century creating and developing so many industrial towns, the second industrial revolution at the turn of 20th century, the emergence of technopoles in the second half of 20th century, which can be reinforced by the contemporary arrival of converging technologies. But other economic specialisations, however marked, are more difficult to date and link to a specific cycle, as the specialisation in finance which is developing and concentrating in a few large financial centres according to a very progressive process since 16th century. The tourism functions have two distinct periods of emergence, the first one in the second half of 19th century, the second one in the second half of 20th, 

3. 3 Two time scales in urban dynamics

The objective of our model is to reproduce emerging properties of the systems of cities at a macroscale through simulating interactions between individual cities. In this process, we distinguish two types of interaction processes, which differ according to their degree of autonomy relatively to the modeller (they are more or less endogenous to the system) and to their typical time scale.

The first type of interaction corresponds to the main hypothesis of self-organisation in complex systems, according to which the emerging properties at the upper level are produced through interactions at a lower level. We simulate then the emergence and maintenance of an urban hierarchy through a distributed growth process of the population of cities, which is depending itself on the economic exchanges they have. At any step of the simulation, each city has a supply of goods and services which is produced by each urban function it fulfils. The quantity produced depends on the labour force which is dedicated in the city to this activity, and on a productivity which is specific to each function at that time. This available supply is offered on the market of other cities which have a demand for this product and are accessible in a given spatial range (or a network of potential customers). The production is distributed among them after a few iterations. The balance of all exchanges is computed, and the result will affect the city wealth (accumulation or reduction), the city population (growth rate with a positive or negative random factor), and the repartition of its labour force (the share of dedicated population can be reduced if the sector has unsold production, or increased if there is an unsatisfied demand). Then it is this process of exchanges on a market place which can introduce a more or less rapid differential growth among cities, according to their unequal success on the market. A city is more or less successful in selling its specialised production to the other cities (the success depending mainly on the competitive situation of cities which mutually define their local environment in a given neighbourhood, but also on various local factors as the anteriority of the exchange network, the already established city’s influence in the networks, the city size and other functions influencing its maximum range for developing exchange networks, and some unpredictable other facts represented by a random correction applied to the growth). This process of market exchanges is driving the urban dynamics at a local level and is occurring on many short time intervals, it is defined at a short time scale in the model. By transforming in a progressive way the economic profile of cities (changes in the share of labour force dedicated to each function), this process also conveys the many incremental changes which characterize the continuous adaptation of cities to diffusing innovations. 

In order to capture other features of the urban evolution, we have defined another process of interaction between cities which occurs at a longer time scale. The more dramatic qualitative transformation of cities through the adoption of innovation by acquiring new urban functions is activated each time new types of functions emerge in the system of cities. This process is defined exogenously, as it would be very difficult to simulate inside the same model the emergence of new technologies which give rise to completely different economic and spatial behaviour, at a given historical time. We have to define “from outside”, what is the nature of the new urban function, as well as the parameters which govern its dynamics for all towns and cities: what will be its level of productivity and demand, and how they evolve, which portion of labour force the function will involve, what is the range for selling its production, under which spatial rules. Of course the adoption of such innovation by cities is a slower process than the ordinary trade which they will generate. The adoption of a new function also is a competitive process between cities, which can decide to acquire it, according to their governance strategy, or receive it according to their ability to manage the function. This ability is defined in a set of rules, either according to criteria based on the previous evolution of cities, as their size or wealth, which give them different capacity to innovate, of on some specific resources which were not used until then (as coal mines, or tourism amenities), or to other selective criteria.  This large scale temporal process is linked to the short time one since many selection criteria for the adoption of innovation include attributes which were generated by the past evolution of cities in their daily trade. In turn, the acquisition of a new function modifies the relative power of a city in its trade networks with other cities.

Meanwhile, one has to insist on the social character of the geographical space where interactions between cities are taking place. Cities which are connected by rapid trains, airlines and modern communication networks do not evolve in the same geographical space than cities which were interacting only through reduced and delayed information exchanges at the time where trips used only human walk or horses. To give an idea of the importance of this historical process, one has to figure out that since two centuries the average speed of circulation between European cities has been multiplied by 40, while urban population was multiplied only by a factor 7 and income by a factor 14. The interactions are much affected by the technical innovations in the communication systems and the increasing level of urban resources. Both modify the relative situation of elementary cities in the networks of their relational space. To translate this is our model, we have defined for each urban function a specific spatial range which represents the maximum possible distance for their interactions, and this range is evolving through time. For instance, a city operating central functions had a maximal average range of 20 km (equivalent of one day trip) before the 19th century, while this maximal range reaches 200 km today.
Conclusion: model validation and application
The methodology using multi-agents simulations for the study of complex systems dynamics is often criticised because it is very difficult to validate mathematically or statistically this kind of models that have so many interactions, rules and parameters. Paradoxically, MAS models provide indeed a safer translation of social sciences theories than the standard mathematical formalisms that are very often reducing too much the social complexity. However, in order to find a way of checking the correspondence between what the model simulates and the observations from various urban data bases, we have develop a multi-scale validation protocol (designed by Hélène Mathian) which help calibrating the model, from the macrogeographic scale (computing total population, total wealth, number of cities per size class and slope of the rank-size graphs, share of employees per function) to the mesogeographic scale (trajectories of cities aggregated by regions, or by urban function) and microgeographic scale (maximum size at each time, trajectories of individual cities). First, we check if the model can reconstruct the major stylised facts that characterise the observed urban dynamics. In a second step, we try to apply this generic model to a diversity of countries and continents, where urban settlements developed at different historical periods and under different political processes. We then try to make the more parsimonious transformations in the model that enable a better calibration, and relate them to the variations in the contextual development of each urban system. Applications have been made up to now on Europe, United States (Bretagnolle, Pumain, 2009) and South Africa (Vacchiani-Marcuzzo, 2005) with rather interesting results in terms of consistency between the theory, the models and the observations. 

Further applications will be made on systems where the contemporary urban growth is rapid enough to use the model as a possible predicting tool – of course limited to very general features and not for precise locations- for the future geographical structuring of the urban system, for instance in the case of India or China. Applications to Europe, as the one already made in the version of Simpop called Eurosim model (Sanders et al., 2007), are made for testing a variety of scenarios according to contextual evolution (as migrations policies, demographic trends or integration policies playing with more or less strong internal political barriers within the UE). A major advantage of the model is to translate in more concrete ways for decision makers and spatial planners the idea that the future of any individual city is narrowly framed by the many interdependencies that relate its destiny to other cities, in a more and more large scope in terms of distance and at shorter and shorter intervals in time, through the multiple networks that link their individual actors, inhabitants, firms and responsible political bodies. The SIMPOP2 model helps to reconstructing the interactions which generate the observed dynamics of a large set of cities over a long period of time. We suggest that comparing applications of the model to different types of urban system and developing different ways of understanding the necessary adaptations could be a possible specific method for validating such a model of emergence in complex social systems.
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