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ABSTRACT

The project ILUMASS (Integrated Land-Use Modelling and Transport System Simulation) embedded a microscopic dynamic simulation model of urban traffic flows into a comprehensive model system incorporating both changes of land use and the resulting changes in transport demand as well as their environmental impacts. The land use modelling is entirely microscopic and includes models of demographic development, residential location, firm life cycles, business relocation and construction of dwellings and non-residential floorspace. To test the land use model the very detailed transport and environment models were temporarily replaced by an aggregate transport model and less detailed environmental impact models. The paper outlines the land use submodels and their integration into the ILUMASS model and presents selected scenario results and concludes with a discussion of the advantages and limits of microsimulation.

1.  INTRODUCTION

Rising energy prices and growing evidence of the role of greenhouse gas emissions for climate change have renewed the awareness of experts and policy makers for environmental issues. However, despite advances in resource efficiency and pollution control, continued growth in affluence leads to ever longer travel distances, energy consumption and greenhouse gas emissions. This has renewed the interest in integrated models of urban land use and transport. There is growing consensus that the negative environmental impacts of transport cannot be reduced by transport pol​icies alone, but that they have to be complemented by measures to reduce the need for mobility by promoting higher-density, mixed-use urban forms more suitable for public transport. 

Urban modellers, have for a long time ignored eco​logical aspects of the processes simu​lated in their models and have only recently been prompted to redirect their attention from econ​omic to environ​mental impacts of land use and transport policies. Existing land-use transport (LT) models are being aug​mented by environmental submodels to become land-use transport environ​ment (LTE) models. However, today there exist no full-scale urban LTE models. The first pioneering efforts of extending LT models to LTE models have concentrated on environmental impacts of land use and transport and have ignored the opposite direction, the impact of environmental variables on land use and transport decisions. However, the quality of the environment of urban locations strongly affects their attractiveness in the eyes of investors, firms and households.
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The project ILUMASS (Integrated Land-Use Modelling and Transport System Simulation) embedded a microscopic dynamic simulation model of urban traffic flows into a comprehensive model system incorporating both changes of land use and the resulting changes in transport demand as well as their environmental impacts. The land use model of ILUMASS includes submodels of demographic development, residential location, firm life cycles, business relocation  and construction of dwellings and non-residential floorspace. The transport part of ILUMASS simulates travel and goods movements based on household activity patterns and the resulting mobility behaviour of household members and a microscopic dynamic simulation of travel flows. The environment model of ILUMASS calculates the environmental impacts of simulated transport flows, such as greenhouse gas emissions, air pollution and traffic noise. The three models are linked by feedbacks as locations decisions of developers, households and firms are co-determined by the accessibility provided by the transport system and environmental quality calculated in the environment model. 

The ILUMASS model differs from other models of urban land use and transport that both urban land use and transport are modelled microscopically. Microsimulation is already common in the simulation of traffic flows, but it is still in its research phase in travel demand modelling and even more so in land-use modelling (Wegener, 2004; Strauch et al., 2005). With its microscopic perspective ILUMASS is one of several similar microsimulation projects in North America and Europe, such as ILUTE (Miller, 2001; Miller et al., 2004), UrbanSim (Waddell et al., 2003), TLUMIP (Weidner et al., 2006), ALBATROSS (Arentze and Timmermans, 2000; 2004), SIMDELTA (Feldman et al., 2005), PUMA (Ettema and Timmermans, 2006) and IRPUD (Wegener, 1998; Spiekermann and Wegener, 2007).

The paper outlines the land use submodels of the ILUMASS project and their integration into the ILUMASS model and presents selected scenario results and concludes with a discussion of the advantages and limits of microsimulation.

2.  THE ILUMASS PROJECT

The project ILUMASS (Integrated Land-Use Modelling And Transportation System Simulation) was conducted in 2002-2006 by a group of institutes of the universities of Aachen, Bamberg, Dortmund, Cologne, and Wuppertal under the co-ordination of the Transport Research Institute of the German Aerospace Center (DLR) under a grant by the German Federal Ministry of Education and Research (Beckmann et al., 2007). The project extended an existing microscopic activity-based travel model by equally microscopic models of urban land use and the urban environment. The combined ILUMASS model so consisted of three main models. Figure 1 shows the three models with the land-use model highlighted and with greater detail:

-
The land-use components are based on the land-use model developed at the Institute of Spatial Planning of the University of Dortmund (IRPUD). The macroscopic land use submodels of the IRPUD model (Wegener, 1998) were rewritten in microscopic form and then used within ILUMASS. The microscopic land use models simulate demographic and household development, the development of businesses, the location of private and public buildings and the mobility of firms, labour and households.
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Figure 1.  The land use submodels in the ILUMASS model

-
The transport parts of ILUMASS simulates the daily activities of people and, based on this, the demand for travel between different parts of the city at different times of the day, and the demand for freight travel and the resulting traffic by a very detailed agent- and activity-based travel model. 

-
The environmental components of ILUMASS forecast the emissions of CO2 and other greenhouse gases, the emission and distribution of air pollutants (NOx and particulate matter), boundary layer effects (smog), traffic noise and the barrier effects of transport corridors. 

The three models of land use, transport and environment are linked by the following main interactions:

-
The locations of households, persons and firms and workplaces are the locations of activities and hence origins and destinations of trips in the transport model.

-
The accessibility provided by the transport model, together with other location factors, determines the location decisions of developers, households and firms.

-
The traffic flows on the links of the transport network lead to environmental impacts, such as greenhouse gas emissions, air pollution, traffic noise and loss of open space.

-
The environmental impacts, in particular traffic noise, air pollution and access to open space, co-determine the location decisions of developers, households and firms.

In this way the full feedback between the three subsystems land use, transport and environment are implemented in the model: Households and persons, firms and workers, cars and commercial vehicles and residential and non-residential buildings are aged and undergo changes by transitions or choice decisions. For each year the distributions of households, persons and firms are passed to the travel and freight transport models. Traffic flows, link loads and travel times and costs are fed back to the land use model, in which they affect the location decisions of developers, households and firms, and serve as input to the environment model which calculates the environmental impacts of transport and land use. These in turn are fed back to the land use model and affect the location decisions of  developers, households and firms.

The study area of the model is the urban region of Dortmund in Germany with a population of 2.6 million in Dortmund (pop. 590,000) and 25 surrounding municipalities (see Figure 6). The regions is part of the polycentric Ruhr area and, besides Dortmund, includes four other major cities, Bochum (pop. 390,000), Hagen (pop. 200,000), Hamm (pop. 190,000) and Herne (pop. 170,000). The study region is divided into 246 zones. However, the spatial resolution of 246 zones is not sufficient for the microsimulation of transport, land use and environmental impacts. The study region is therefore further subdivided into about 207,000 raster cells of 100 by 100 m size. These raster cells serve as addresses for activities, residential and nonresidential buildings and environmental impacts. The base year of the simulations was set to the year 2000 and the simulation horizon to the year 2030, with simulation periods of one year duration.

The ILUMASS model and its submodels are described in detail in the ILUMASS Final Report (Beckmann et al., 2007).

3.  SYNTHETIC MICRO DATA

Microsimulation models require micro data. However, the collection of micro data, i.e. data that can be associated with single buildings, households or firms is in most countries neither allowed nor desirable for privacy reasons. The ILUMASS model therefore works with 'synthetic' micro data disaggregated from generally accessible aggregate data using iterative proportional adjustment or Monte Carlo sampling such that the synthetic micro data are statistically consistent with the aggregate input data. 

The synthetic population consists of individual households and household members. Each household has certain characteristics such as size, income, number of cars and address (dwelling). Each person is represented by characteristics such as age, sex, nationality and employment. These agents engage in activities during a day: they go to work, shop, visit friends or attend school. They select a transport mode and so generate traffic. Households move into or out of or within the region and so affect land use. 

The synthetic businesses are described by their industry, number of employees, number of vehicles and microlocation (raster cell). Public facilities are special cases of businesses. They include institutions like kindergartens, schools, universities or museums. Businesses affect land use by their establishment, relocation or closure and affect transport by the person and goods movements they generate.

Residential buildings and floorspace of non-residential buildings are characterised by building type, size, quality, tenure and price. Every dwelling has a microlocation (raster cell). Non-residential floorspace is distinguished by industrial, retail, office, and public use. Raster cells are used as addresses for the microsimulation.

Geographic information system techniques were used for the disaggregation of zonal data to raster cells. To spatially disaggregate zonal data within a zone the land-use distribution within the zone was taken into account, i.e. it was assumed that there are areas of different density in the zone. The spatial disaggregation of zonal data consists of three steps: the generation of a raster representation of land use, the assignment of probabilities to land-use categories and the allocation of dwellings and non-residential buildings to raster cells (Spiekermann and Wegener 1999, 2000).

4.  MICROSIMULATION MODULES

In this section the most important six submodels of the ILUMASS land use model are briefly presented: the submodels modelling population, firms, residential mobility, business location/relocation and residential and nonresidential buildings.

4.1  Population 

The population model simulates the development of persons and households. In each year all persons get one year older and, depending on their age and sex, have a certain probability to die. Couples move together and establish a new household, households become smaller as persons die, children leave or partners separate. Women give birth to children depending on their ethnic background and age and whether they live together with a partner or not. Young people move together and establish non-standard households. In the population submodel also changes in employment are modelled. Depending on their age, persons are assigned to educational facilities, such as kindergartens, elementary or secondary schools or universities. Workers change the place of work, become unemployed or retire, and their income is adjusted accordingly. Unemployed people try to find a new job. Car ownership is modelled as a function of the mobility budget of the household. Figure 2 shows the possible events occurring to a person.
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Figure 2. Microsimulation of persons and households

4.2  Firms

Like persons and households, also firm lifecycles are modelled by microsimulation of foundation, growth and eventual relocation, decline and closure. The simulation of firms provides information for the forecast of employment, the demand for land and the demand for freight and business trips and their environmental impacts. The simulation of firms consist of two parts, firm lifecycles and firm location. The simulation of firm lifecycles is, in analogy to demography, also called firmography. Firmography includes the simulation of new establishments, growth, decline and closure of firms. Firmographic events are modelled by transition probabilities subject to exogenously provided economic structural change and business cycles. Firmographic events may lead to relocations of firms. (see below).

4.3  Residential mobility

The residential mobility submodel models location and housing decisions of households who move into the region (immigration), move out of the region (outmigration), move into a dwelling for the first time (starter households), or have a dwelling and move into another dwelling (moves). The submodel is based on a similar submodel of the IRPUD model, which was designed as a microsimulation model already before ILUMASS (Wegener, 1986). Moves are modelled as Monte Carlo simulation of transaction of households and landlords on the regional housing market. A market transaction is every successful operation by which a household moves into or out of  a dwelling or both. The attractiveness of a dwelling for a household is a weighted aggregate of the attractiveness  of its location, its quality and its rent or price in relation to the household's housing budget. A move can be effected in two ways: a household looks for a dwelling (housing demand) or a landlord looks for a tenant or buyer (housing supply). In the first case the household first selects a zone and then a vacant dwelling in the zone. If the offered dwelling promises a significant improvement of its housing satisfaction compared to its present dwelling, the household accepts the dwelling. Otherwise it continues its search until it find a suitable dwelling or abandons the search until the next year. In the second case the landlord looks for a household, if necessary in several attempts. Figure 3 shows the steps of the two search processes.
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Figure 3.  Microsimulation of residential mobility

4.4  Firm location/relocation

The second part of the simulation of firms simulates location or relocation decisions of firms as logit choice models. All firms are tested in random order whether they are satisfied with their present location. A new firm, which still has no location, or a firm which is dissatisfied with its present location examines up to ten alternative locations with respect to accessibility, size, price, quality and image. The firm selects one of the examined locations if it offers a significant improvement of locational satisfaction. Otherwise the firm keeps its present location and may start a new search in the subsequent year. Figure 4 shows the steps of the location/relocation process.
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Figure 4.  Microsimulation of location/relocation of firms

4.5  Residential buildings
The residential development submodel simulates investment decisions of private developers to demolish, upgrade or build residential buildings for rent or sale as a function of supply and demand on the housing market and profitability expectations. The residential developments model proceeds in three phases. In the exploration phases supply and demand are assessed. If the developer believes that positive returns can be achieved by upgrading or new construction, investments projects are planned. In the decision phase these projects are executed in random order. For each project, a zone and a microlocation (raster cell) are selected among the land zoned for residential use in the municipal land use plans subject to location criteria, such as accessibility, neighbourhood facilities, environmental quality and land price. In the implementation phase the projects are executed. Demolition of dwellings creates households without dwellings, which will have to find housing in the subsequent year. Land used for new buildings is designated immediately as built-up land, but the new dwellings enter the housing market as vacant dwellings for rent or sale in the residential mobility submodel only after their completion one year later to take account of construction time. Figure 5 shows the three phases of the development process.
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Figure 5.  Microsimulation of housing projects

4.6  Nonresidential buildings

Firms select locations on agricultural, industrial or commercial land. Agricultural firms require agricultural land; all other industries require floorspace in industrial, retail or office buildings. As floorspace demand per worker continues to increase, there is in each year demand for new floorspace. The model of nonresidential development examines the demand for floorspace in each zone and develops new floorspace in zones in which the vacancy rate is low. Floorspace development is constrained by land use restrictions in the municipal land use plans. Within a zone at first microlocations (raster cells) close to exiting firms are developed before isolated locations. Newly developed land is immediately designated as built-up land, but the new floorspace is offered on the market only one year later to take account of construction time.

5.  THE REDUCED ILUMASS MODEL

When the microscopic land use submodels described in the previous section were linked with the very detailed travel, freight transport and environmental submodels, it turned out that the computing times of the integrated model were so long that in the limited time frame of the ILUMASS project only few complete test runs until the simulation horizon of 2030 were possible (Beckmann et al., 2007). Therefore, for testing the land use submodels, the detailed transport and environment simulations were temporarily replaced by the aggregate transport model of the IRPUD model (Wegener, 1998) and the environmental impact models developed in the EU projects SPARTACUS and PROPOLIS (Lautso et al., 2004):

-
The transport model calculates work, shopping, service and ed​uca​tion trips for four socio-economic groups and three modes walking/cycling, public trans​port and car/motorcycle. The model determines user-optimum set of flows where car ownership, trip rates, modal split and route choice are in equilib​rium subject to conges​tion in the network. The transport submodel proceeds in eight steps: trip generation, car ownership, network analysis, trip utilities, trip distribution, modal split, trip assignment and capacity restraint. Network capacity-flow equilibrium is approached by adjusting in each iteration car own​ership, trip rates, travel flows and link loads. 

-
The environmental impact model consists of four submodels: The emission submodel uses emission functions to calculate CO2 and air pollutant emissions from modal traffic flows. The air pollution and exposure submodel applies a Gaussian air dispersion model to the emissions to calculate air quality at the places of residence of the population. The noise submodel calculates noise generation at sources and noise propagation to residential locations. The environmental quality submodel calculates a land fragmentation index as contiguous open space undisturbed by traffic noise. The accessibility to open space submodel calculates a potential indicator in which the attraction term is open space and the impedance is walking distance (Spiekermann, 2003).

This fast-running combination of models with different degrees of substantive, spatial and temporal resolution allowed a greater number of test runs and scenario simulations. Figures 6 to 15 show screenshots of the animated user interface indicating the progress of the simulation in each year during a model run.
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Figure 6.  Study area with municipalities, zones and built-up area
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Figure 7.  Synthetic micro data: businesses and households
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Figure 8.  Simulation of businesses: new businesses and business closures
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Figure 9.  Simulation of households: births and deaths
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Figure 10.  Simulation of dwellings: demolitions and new dwellings
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Figure 11.  Migrations: outmigrations. immigrations, new households, moves
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Figure 12.  Travel simulation: traffic flows by mode
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Figure 13.  Travel simulation: link loads by mode
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Figure 14.  Environmental impacts: traffic noise
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Figure 15.  Environmental impacts: air quality NOx

6.  FIRST RESULTS

The reduced ILUMASS model was used to examine a number of land use, transport and fiscal policies and policy combinations.  
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As an example for the use of the reduced model, the impacts of a land use planning on the spatial distribution of workplaces in the urban region were examined in a study on business location (Moeckel, 2006). First a base scenario of the expected development between 2000 and 2030 was run. In the base scenario no planning policies working against current trends in land use development were implemented. Then a scenario representing a strict anti-sprawl policy as an attempt to return to higher-density mixed-use urban forms ("compact city") was run. In the compact-city scenario only the city of Dortmund is allowed to offer new land for commercial or industrial development; all other municipalities can only develop already designated land. Figure 16 shows the changes in the distribution of workplaces as three-dimensional  surfaces: 

Figure 16.  Changes of workplaces in the Dortmund urban region 2000-2030 in the base scenario (left) and differences between the base scenario and the compact-city scenario in the year 2030 (right) (Moeckel, 2006)

The left-hand surface in Figure 16 shows the change of the number of workplaces in the raster cells of the urban area in the base scenario between 2000 and 2030: red indicates growth in workplaces and blue indicates decline. It can be seen that the general trend of suburbanisation of workplaces continues. In particular the city centre of Dortmund loses jobs, but also most other larger cities in the urban area. The right-hand side of Figure 16 shows the results of the compact-city scenario as difference in workplaces between the policy scenario and the base scenario in the year 2030. Red indicates that a raster cell has more workplaces in the compact-city scenario than in the base scenario in 2030; blue indicates that it has less. During the thirty years simulated Dortmund gains a significant number of workplaces at the expense of the other municipalities.

The results of these and other policy scenarios showed that restrictions on land use development and transport reduce urban sprawl, road congestion and environmental emissions. Offering more sustainable options (pull measures) is less effective than restricting unsustainable behaviour (push measures), and integrated strategies are more effective than isolated measures. These results call for a strong system of regional planning. 

7.  CONCLUSIONS

The ILUMASS project demonstrated that a fully microscopic model of urban land use, transport and environment (LTE) is feasible. The land use components were tested with the transport and environmental components of the integrated ILUMASS model. In parallel, a reduced model consisting of the microscopic land use components and simpler transport and environmental models was compiled and applied to the simulation of a number of land use and transport policies.  

All planned functions of the land use parts of the ILUMASS were implemented and tested. For the following functions, however, further improvements and extensions are desirable: in the population submodel emergent new life styles and household types and car ownership as a function of household income, residential location and level of service of public transport, in the residential buildings submodel amalgamation and change of use of dwellings and in both the residential and nonresidential buildings submodels the response of land and house prices and rents to changes in supply and demand.

A comprehensive evaluation of integrated microsimulation models for urban land use, transport and environment planning leads to a differentiated assessment of their advantages and limitations. Without doubt, microsimulation models of urban land use, transport and environment are an important step towards fully integrated, behavioural and policy-sensitive urban models. Only with microsimulation models it is possible to anticipate future developments in life styles, work patterns and mobility. Only with microsimulation models it is possible to anticipate the likely effects of innovative planning policies in the fields of travel demand management and organisation. Only with microsimulation models it is possible to model the environmental impacts and feedbacks of land use and transport policies with the necessary spatial resolution. 

However, microsimulation models are no universal solution. There are ultimate limits to increasing the substantive, spatial and temporal resolution of behavioural models:

- There are theoretical limits when further disaggregation brings no additional information or the number of processes simulated is too small to yield reliable results due to stochastic variation. 

-
There are empirical limits when the marginal costs of obtaining micro data are larger than their added value. 

-
There are practical limits when the computing time of the models exceeds the duration of the modelled processes. 

-
There are, finally, ethical limits to the collection of data about private lives only for purposes of research.

These considerations lead to a reassessment of the hypothesis that eventually all spatial modelling will be microscopic and agent-based. This hypothesis was expressed by the authors in the adaptation of a diagram of the evolution of urban models by Miller et al. (1998). In the extended diagram (Moeckel et al., 2003) all trends pointed towards greater disaggregation until the ultimate, microscopic model in the lower right-hand corner of the diagram was reached. 

From today's perspective, this view of microsimulation may have been too enthusiastic. Until further evidence a question mark in the lower right-hand corner of the diagram may be more appropriate (Figure 17). A more robust hypothesis seems to be that for every modelling problem there is an optimum level of substantive, spatial and temporal resolution. If this more cautious hypothesis is correct, future urban models will be multi-level in substance, space and time. The challenge would then be to develop a theory of balanced multi-level spatial models which are, to quote Albert Einstein, as simple as possible – but no simpler. 


Figure 17. Evolution of urban land-use transport models (adapt​ed from Miller et al. 1998)
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