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The previous chapters in this Handbook have shown that spatial development, or land use,
determines the need for spatial interaction, or transport, but that transport, by the accessibility
it provides, also determines spatial development. However, it is difficult to empirically isolate
impacts of land use on transport and vice versa because of the multitude of concurrent
changes of other factors. This poses a problem if the likely impacts of integrated land-use and
transport policies to reduce the demand for travel are to be predicted.
There are principally three methods to predict those impacts. The first is to ask people how
they would change their location and mobility behaviour if certain factors, such as land use
regulations or transport costs, would change ('stated preference'). The second consists of
drawing conclusions from observed decision behaviour of people under different conditions
on how they would be likely to behave if these factors would change ('revealed preference').
The third method is to simulate human decision behaviour in mathematical models.
All three methods have their advantages and disadvantages. Surveys can reveal also subjective
factors of location and mobility decisions, however, their respondents can only make conjectures about how they would behave in still unknown situations, and the validity of such conjectures is uncertain. Empirical studies based on observation of behaviour produce detailed
and reliable results; these, however, are valid only for existing situations and are therefore not
suited for the assessment of novel yet untested policies. In addition it is usually not possible to
associate the observed changes of behaviour unequivocally with specific causes, because in
reality several determining factors change at the same time.
Mathematical models of human behaviour are also based on empirical surveys or observations. The difference is that the conclusions to be drawn from the survey and observation data
are quantified. Strictly speaking, the results of mathematical models are no more universally
valid than those of empirical studies but are only valid for situations which are similar to those
for which their parameters were estimated. Nevertheless it is possible to transfer human behaviour represented in mathematical models within certain limits to still unknown situations.
In addition, mathematical models are the only method by which the effects of individual determining factors can be analysed by keeping all other factors fixed.
In this chapter recent developments in the field of operational integrated land-use transport
models will be reviewed with special emphasis on their ability to test both land use and transport policies and to assess their impacts.
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EXISTING URBAN LAND-USE TRANSPORT MODELS
The models reviewed here are integrated, i.e. incorporate the most essential processes of spatial
development in urban regions. This implies that they forecast urban land use, where land use
denotes a range of land uses such as residential, industrial and commercial. This excludes partial
models addressing only one subsystem such as housing or retail. It is essential that the links from
transport to land use are considered; transport itself may be modelled either endogenously or by
an exogenous transport model. The models are operational in the sense that they have been implemented, calibrated and used for policy analysis for at least one metropolitan region.
The number of real-world applications of models falling under the above definition has increased steadily over the last two decades. There has been a continuous reflection of purpose,
direction and theoretical basis of land-use transport modelling as witnessed by volumes edited
by Hutchinson et al. (1985); Hutchinson and Batty (1986), Webster et al. (1988) and Webster
and Paulley (1990) and by reviews by Harris (1985), Mackett (1985a), Wegener (1986b, 1987),
Kain (1987), Boyce (1988), Berechman and Small (1988), Aoyama (1989), and Batty (1994),
Harris (1994), Southworth (1995), Wilson (1997), Wegener (1994, 1995, 1998a), Wegener and
Fürst (1999) and EPA (2000).
To assess the current state of the art in urban modelling, in this section first a framework for the
classification and evaluation of urban models is established.
Urban Change Processes
For the evaluation of operational urban models, the urban change processes to be modelled are
identified. Eight types of major urban subsystem are distinguished. They are ordered by the
speed by which they change, from slow to fast processes:
- Very slow change: networks, land use. Urban transport, communications and utility networks
are the most permanent elements of the physical structure of cities. Large infrastructure projects require a decade or more, and once in place, are rarely abandoned. The land use distribution is equally stable; it changes only incrementally.
- Slow changes: workplaces, housing. Buildings have a life-span of up to one hundred years and
take several years from planning to completion. Workplaces (non-residential buildings) such as
factories, warehouses, shopping centres or offices, theatres or universities exist much longer
than the firms or institutions that occupy them, just as housing exists longer than the households that live in it.
- Fast change: employment, population. Firms are established or closed down, expanded or relocated; this creates new jobs or makes workers redundant and so affects employment. Households are created, grow or decline and eventually are dissolved, and in each stage in their life
cycle adjust their location and motorisation to their changing needs; this determines the distribution of population and car ownership.
- Immediate change: goods transport, travel. The location of human activities in space gives
rise to a demand for spatial interaction in the form of goods transport and travel. These interactions are the most flexible phenomena of spatial urban development; they can adjust in minutes or hours to changes in congestion or fluctuations in demand, though in reality adjustment
may be retarded by habits, obligations or subscriptions.
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There is a ninth subsystem, the urban environment. Its temporal behaviour is more complex. The
direct impacts of human activities, such as transport noise and air pollution are immediate; other
effects such as water or soil contamination build up incrementally over time, and still others
such as long-term climate effects are so slow that they are hardly observable. All other eight subsystems affect the environment by energy and space consumption, air pollution and noise emission, whereas only locational choices of housing investors and households, firms and workers
are co-determined by environmental quality, or lack of it. All nine subsystems are partly marketdriven and partly subject to policy regulation.
In the 1950s first efforts were made in the USA to study the interrelationship between transport and the spatial development of cities systematically. Hansen (1959) demonstrated for
Washington, DC that locations with good accessibility had a higher chance of being developed, and at a higher density, than remote locations ("How accessibility shapes land use").
The recognition that trip and location decisions co-determine each other and that therefore
transport and land use planning needed to be co-ordinated, quickly spread among American
planners, and the 'land-use transport feedback cycle' became a commonplace in the American
planning literature. The set of relationships implied by this term can be briefly summarised as
follows (see Figure 1):

Figure 1. The 'land-use transport feedback cycle'.
- The distribution of land uses, such as residential, industrial or commercial, over the urban
area determines the locations of human activities such as living, working, shopping, education or leisure.
- The distribution of human activities in space requires spatial interactions or trips in the
transport system to overcome the distance between the locations of activities.
- The distribution of infrastructure in the transport system creates opportunities for spatial interactions and can be measured as accessibility.
- The distribution of accessibility in space co-determines location decisions and so results in
changes of the land use system.
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This simple explanation pattern is used in many engineering-based and human-geography derived urban development theories (see chapters by Haynes and Thisse).
Lowry's (1964) Model of Metropolis was the first attempt to implement the urban land-use
transport feedback cycle in an operational model. The Lowry model essentially consists of a
residential location model and a service and retail employment location model nested into
each other (see chapter by Horowitz and Putman). The Lowry model stimulated a large number of increasingly complex modelling approaches, such as the work by Goldner (1971),
Echenique (Geraldes et al., 1978), Putman (1983, 1991) and Mackett (1983). Boyce et al.
(1981) developed combined equilibrium models of residential location, mode and route
choice. From these pioneering efforts, a wide range of different approaches to model urban
land use and transport have evolved. The following section provides an overview.
Twenty Urban Models.
For this overview, twenty contemporary urban land-use transport models were selected for a
comparative review. The twenty models represent the current state of the art of urban modelling
– though it cannot be excluded that promising new approaches in this rapidly moving field were
overlooked.
BOYCE

the combined models of location and travel choice developed by Boyce (Boyce et
al. 1983, 1985; Boyce and Mattsson, 1991; Boyce et al. 1992);
CUFM
the California Urban Futures Model developed at the University of California at
Berkeley (Landis 1992, 1993, 1994; Landis and Zhang, 1998a, 1998b);
DELTA
the land-use/economic modelling package by Davids Simmonds Consultancy,
Cambridge, UK (Simmonds and Still, 1998; Simmonds, 2001);
ILUTE
the Integrated Land Use, Transportation, Environment modelling system under
development at several Canadian universities (Miller and Salvini, 2001);
IMREL
the Integrated Model of Residential and Employment Location developed at the
Royal Institute of Technology, Stockholm by Anderstig and Mattsson (1991,
1998);
IRPUD
the model of the Dortmund region developed at the University of Dortmund
(Wegener, 1982a, 1982b, 1985, 1986a; Wegener et al. 1991; Wegener, 1996,
1998b);
ITLUP
the Integrated Transportation and Land Use Package by Putman (1983, 1991,
1998) consisting of the residential location model DRAM and the employment
model EMPAL;
KIM
the non-linear urban equilibrium model developed at the University of Illinois at
Urbana by Kim (1989) and Rho and Kim (1989);
LILT
the Leeds Integrated Land-Use/Transport model developed at the University of
Leeds by Mackett (1983, 1990c, 1991a, 1991b);
MEPLAN
the integrated modelling package developed by Marcial Echenique & Partners
(Echenique et al., 1969; Echenique and Williams, 1980; Echenique, 1985;
Echenique et al., 1990; Hunt and Echenique, 1993; Hunt and Simmonds, 1993,
Williams 1994; Hunt 1994);
METROSIM the microeconomic land-use and transport model developed for the New York
Metropolitan Area by Anas (1992, 1994, 1998);
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MUSSA

PECAS

POLIS

RURBAN
STASA
TLUMIP
TRANUS
TRESIS
URBANSIM

the '5-Stage Land-Use Transport Model' developed for Santiago de Chile by
Martinez (1991, 1992a,1992b; Martinez and Donoso, 1995; Martinez, 1996,
1997a, 1997b);
the Production, Exchange and Consumption Allocation System developed at the
University of Calgary (Parsons Brinckerhoff Ohio et al., 1999; Hunt and Abraham, 2003);
the Projective Optimization Land Use Information System developed by Prastacos for the Association of Bay Area Governments (Prastacos, 1986; Caindec and
Prastacos, 1995);
the Random-Utility URBAN model developed by Miyamoto (Miyamoto et al.,
1986; Miyamoto and Kitazume, 1989; Miyamoto and Udomsri, 1996);
the master-equation based transport and urban/regional model developed for the
metropolitan region of Stuttgart by Haag (1990);
the land-use transport model of the US State of Oregon developed in the Oregon
Transport and Land Use Model Integration Program (ODOT, 2002);
the transport and land-use model developed by de la Barra (de la Barra, 1982; de
la Barra et al. 1984; de la Barra 1989, 1998);
the Transportation and Environment Strategy Impact Simulator developed at the
University of Sydney by Hensher and Ton (2001);
the microeconomic model of location choice of households and firms by Waddell
(1998a, 1998b, 2002; Waddell et al., 1998).

These twenty models are now compared in terms of the criteria comprehensiveness, model structure, theoretical foundations, modelling techniques, dynamics, data requirements, calibration
and validation, operationality and applicability.
Comprehensiveness. All twenty models are comprehensive in the sense that they address at least
two of the eight subsystems identified above. Only ILUTE, MEPLAN, STASA, PECAS, TLUMIP and TRANUS encompass all eight subsystems. IRPUD, LILT, METROSIM and TRESIS
address all subsystems except goods transport and KIM models goods movements but not physical stock and land use. Half of the models make no distinction between activities (population
and employment) and physical stock (housing and workplaces). Six models (DELTA, CUFM,
MUSSA, POLIS, RURBAN and URBANSIM) do not in themselves model transport but rely on
interaction with existing transport models. Only DELTA, ILUTE, IRPUD, LILT and URBANSIM model demographic change and household formation. Table 1 shows the urban subsystems
that are modelled with each model.
Model structure. With respect to overall model structure, two groups can be distinguished. One
group of models searches for a unifying principle for modelling and linking all subsystems; the
others see the city as a hierarchical system of interconnected but structurally autonomous subsystems; The resulting model structure is either tightly integrated, 'all of one kind', or consists of
loosely coupled submodels, each of which has its own independent internal structure. The former type of model is called 'unified', the latter 'composite' (Wegener et al. 1986). Nine of the
twenty models (BOYCE, MUSSA, KIM, MEPLAN, METROSIM, PECAS, RURBAN,
TRANUS and STASA) belong to the unified category, the remaining eleven are composite. The
distinction between unified and composite model designs has important implications for the
modelling techniques applied and for the dynamic behaviour of the models (see below).
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Table 1. Urban subsystems represented in land-use transport models
Speed of change
Very slow
Slow
Fast
Networks Land use Work- Housing Employ- Populaplaces
ment
tion
BOYCE
+
+
+
CUFM
(+)
+
+
+
+
+
DELTA
(+)
+
+
+
+
+
ILUTE
+
+
+
+
+
+
IMREL
+
+
+
+
+
+
IRPUD
+
+
+
+
+
+
ITLUP
+
+
+
+
KIM
+
+
+
LILT
+
+
+
+
+
+
MEPLAN
+
+
+
+
+
+
METROSIM
+
+
+
+
+
+
MUSSA
(+)
+
+
+
PECAS
+
+
+
+
+
+
POLIS
(+)
+
+
+
RURBAN
(+)
+
+
+
STASA
+
+
+
+
+
+
TLUMIP
+
+
+
+
+
+
TRANUS
+
+
+
+
+
+
TRESIS
+
+
+
+
+
+
URBANSIM
(+)
+
+
+
+
+
(+) provided by linked transport model
Models

Immediate
Goods
Travel
transport
+
(+)
(+)
+
+
+
+
+
+
+
+
+
+
+
(+)
+
+
(+)
(+)
+
+
+
+
+
+
+
(+)

Theoretical foundations. In the last thirty years great advances in theories to explain spatial
choice behaviour and in techniques for calibrating spatial choice models have been made. Today
there is a broad consensus about what constitutes a state-of-the-art land use model: Except for
one (CUFM), which uses allocation rules, all models rely on random utility or discrete choice
theory to explain and forecast the behaviour of actors such as investors, households, firms or
travellers. Random utility models predict choices between alternatives as a function of attributes
of the alternatives, subject to stochastic dispersion constraints that take account of unobserved
attributes of the alternatives, differences in taste between the decision makers or uncertainty or
lack of information (Domencich and McFadden 1975). Anas (1983) showed that the multinomial logit model resulting from random utility maximisation is, at equal levels of aggregation,
formally equivalent to the entropy-maximising model proposed by Wilson (1967, 1970); he thus
laid the foundation for the convergence and general acceptance of formerly separate strands of
theory. The STASA model is based on the master equation approach and may be seen as a dynamic and decision based multi-agent system (Haag, 1990). Underneath that uniformity, however, there are significant differences between the theoretical foundations of the models:
- Eleven models (DELTA, IMREL, KIM, MEPLAN, METROSIM, MUSSA, PECAS, RURBAN, TLUMIP, TRANUS and TRESIS) represent the land (or floorspace or housing) market
with endogenous prices and market clearing in each period; three (ILUTE, IRPUD and URBANSIM) have endogenous land and housing prices with delayed price adjustment. These
models are indebted to microeconomic theory, in particular to Alonso's (1964) theory of urban
land markets or bid-rent theory. The models without market equilibrium rely on random utility
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maximisation; however, three of the microeconomic models (MUSSA, RURBAN and
STASA) are hybrids between bid-rent and random utility theory. All models with transport
submodels use random utility or entropy theory for modelling destination and mode choice,
except the STASA model.
- Only KIM and METROSIM determine a general equilibrium of transport and location with
endogenous prices. Other models are equilibrium models of transport only (ILUTE, IRPUD,
ITLUP and TLUMIP), of transport and activity location separately (IMREL, MEPLAN, PECAS, TRESIS and TRANUS), or of transport and location combined but without endogenous
prices (BOYCE and LILT). Five models apply concepts of locational surplus (IMREL,
POLIS), random utility (DELTA, IRPUD and ITLUP) or profitability (CUFM) to locate activities. ITLUP may be brought to general equilibrium, but this is not normally done; METROSIM may produce a long-run equilibrium or converge to a steady state in annual increments. STASA describes the short-term redistribution of population during a day due to transport events.
- IMREL uses its equilibrium mechanism to determine the distribution of housing that maximises locational surplus and so is a true optimisation model, whereas all other models in the
sample simulate one particular scenario only. Despite earlier attempts at optimisation in urban
models (e.g. Brotchie et al., 1980), optimisation approaches in urban models have all but disappeared (a recent exception is described in Pfaffenbichler and Shepherd, 2002).
- Several other theoretical elements are built into some models. MEPLAN, METROSIM, PECAS and TRANUS use export base theory to link population and non-basic employment to
exogenous forecasts of export industries. DELTA, ILUTE, IRPUD, LILT, TLUMIP and URBANSIM apply standard probabilistic concepts of cohort survival analysis in their demographic and household formation submodels. IRPUD also utilises ideas from time geography,
such as time and money budgets, to determine action spaces of travellers in its transport submodel.
Modelling techniques. In all twenty models, the urban region is represented as a set of discrete
subareas or zones. Time is typically subdivided into discrete periods of one to five years. This
classifies all models except IMREL (which is static) as recursive simulation models:
- STASA uses a one-year period for the urban/regional modelling and a one-hour period for redistribution effects due to transport events. In nine models (BOYCE, IMREL, KIM, LILT,
MEPLAN, METROSIM, PECAS, RURBAN and TRANUS) transport and location are simultaneously determined in spatial-interaction location models in which activities are located
as destinations of trips; in the remaining models (and in the employment location model of
IMREL) transport influences location via accessibility indicators. In the models with network
representation, state-of-the-art modelling techniques are applied, with network equilibrium the
dominant trip assignment method despite its weakness of collapsing to all-or-nothing assignment in the absence of congestion. Only ITLUP, MEPLAN, STASA and TRANUS have multiple-path assignment allowing for route-choice dispersion, and only ILUTE and TLUMIP use
activity-based trip generation.
- For representing flows of goods, spatial input-output methods are the standard method.
DELTA, KIM, MEPLAN, PECAS and TRANUS use input-output coefficients or demand
functions for intersectoral flows and random utility or entropy models for their spatial distribution. MEPLAN, PECAS and TRANUS incorporate industries and households as consuming
and producing 'factors' resulting in goods movements or travel.
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- With the exception of CUFM, all models are aggregate at a meso level, i.e. all results are given
for medium-sized zones and for aggregates of households and industries. CUFM, ILUTE and
TLUMIP are disaggregate, i.e. apply microsimulation techniques. CUFM uses detailed land information in map form generated by a geographical information system. IRPUD starts with
aggregate data but uses microsimulation in its housing market submodel; work is underway to
make more submodels microscopic (Salomon et al., 2002). ILUTE and URBANSIM apply
zones but use smaller spatial units such as grid cells or parcels in some submodels.
Dynamics. The discussion on dynamics is related to the issue of equilibrium (see above). Equilibrium models are based on the assumption that interdependent model variables, such as prices,
supply and demand, adjust to equilibrium with zero delay or, if adjustment is delayed, equilibrium is eventually reached. Dynamic models, on the other hand, are based on the assumption
that some changes, e.g. changes in demand, are faster than others, e.g. responses of supply, and
that these differences in speed of adjustment are so large that urban systems are normally in disequilibrium. All but three (BOYCE, IMREL, KIM) of the twenty models are recursive simulation models. Recursive simulation models are called quasi-dynamic because, although they
model the development of a city over time, within one simulation period they are in fact crosssectional. This is however only true for strictly unified models. Composite models consist of
several interlinked submodels that are processed sequentially or iteratively once or several times
during a simulation period. This makes composite models well suited for taking account of time
lags or delays due to the complex superposition of slow and fast processes of urban development
(cf. Wegener et al., 1986). However, this feature is insufficiently used by some models, because
their simulation period of five years has the effect of an implicit time lag – a too long time lag in
most cases. This problem is likely to disappear as faster computers will make shorter simulation
periods of one or two years more feasible.
Data requirements. The data collection for a model of a large metropolis has remained a major
effort. However, in many cases the introduction of computers in local government has generated
a pool of routinely collected and updated data that can be used as the information base for a
model, in particular in the fields of population, housing, land use and transport. Another factor
reducing the data-dependency of urban models is the significant progress made in urban theory
in the last decades. The models of today are more parsimonious, i.e. can do with less data than
previous models. Examples illustrating this are the techniques to generate regional input-output
matrices from national input-output matrices and regional totals through biproportional scaling
methods; or techniques to create artificial microdata as samples from multivariate aggregate
data.
Calibration and Validation. All twenty models of the sample have been (or could have been)
calibrated using observed data, using readily available computer programmes and following
well-established methods and standards. In particular, maximum-likelihood estimation of the
ubiquitous logit model has become routine. Yet, while calibration has become easier, the limits
to calibrating a model with data of the past have become visible. Calibration of cross-sectional
models, as it is practised today, provides the illusion of precision but does little to establish the
credibility of models designed to look into the far future. There has been almost no progress in
the methodology to calibrate dynamic or quasi-dynamic models. In the face of this dilemma, the
insistence of some modellers on 'estimating' every model equation appears almost an obsession.
It would probably be more effective to concentrate instead on model validation, i.e. the comparison of model results with observed data over a longer period. In the future, the only real test of a
model's performance should be its ability to forecast the essential dynamics of the modelled system over a past period at least as long as the forecasting period.
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Operationality. All models in the sample are operational in the sense that they have been applied
to real cities. However, there are differences. Some models have remained primarily research
models applied to one particular study area. Other models have been applied to only a few cities.
Some models are actually families of models each specifically tailored to the needs of a particular urban area or client. Only few models are on their way to become standard software for a
wider market. ITLUP has been applied by a large number of metropolitan planning agencies in
the United States. TRANUS stands out as a particularly advanced and well documented software
with an attractive user interface in Spanish or English. MEPLAN is applied in more and more
cities all over the world and DELTA to an increasing number of UK cities. The time seems not
far when any planning office will be able to buy a complex and versatile urban model with full
documentation, default values and test data sets for less than a thousand dollars.
Applicability. If one considers the enormous range of planning problems facing a typical metropolitan area in industrialised countries today, the spectrum of problems actually addressed with
the twenty urban models in the sample is very narrow. The majority of applications answer traditional questions such as how land use planning or housing programs would affect land use development and transport, or how transport improvements or changes in travel costs would shift
the distribution of activities in an urban area.
FUTURE URBAN LAND-USE TRANSPORT MODELS
Today there are many urban modelling projects underway all over the world. In the United
States, environmental legislation, such as the Clean Air Act amendments of 1990, the Intermodal Surface Transportation Efficiency Act (ISTEA) of 1991 and the Transportation Equity
Act for the 21st Century (TEA-21) of 1998, gave a boost to the development and application
of urban land-use transport models. ISTEA required cities to consider the likely effect of
transportation policy decisions on land use development. In Europe, the European Commission has funded a number of studies employing land-use transport models. The SPARTACUS
project applied MEPLAN to three urban areas and connected the model with spatially disaggregate environmental submodels, the PROSPECTS project applied several models DELTA
and IMREL, and the PROPOLIS applied MEPLAN, TRANUS and IRPUD in seven urban
regions in six European countries. There is an increasing number of applications of DELTA,
MEPLAN and TRANUS.
Nevertheless, there remain challenges to be met. The transport submodels used in most existing land-use transport models do not apply state-of-the-art activity-based modelling techniques but the traditional four-step travel demand model sequence which is not suitable to
model behavioural responses to many travel demand management policies presently discussed. Moreover, the spatial resolution of existing land-use transport models is too coarse to
model activity-based travel behaviour or neighbourhood-scale travel demand management
policies.
Their insufficient spatial resolution is also one of the reasons why only very few land-use
transport models are linked to advanced environmental submodels of air quality, traffic noise,
land take and biotopes (Wegener, 1998a). Environmental issues are certain to play a more
prominent role in the future when the manifest unsustainability of present urban lifestyles and
mobility patterns will increasingly come under scrutiny. However, most present efforts to link
environmental submodels to transport or land-use transport models are content with modelling
emissions where actually air quality, i.e. local impacts of emissions occurring elsewhere,
should be forecast.
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This leads to issues of spatial equity. Most land-use transport models are utilitarian in that
they favour solutions yielding the greatest aggregate social benefit. However, urban societies
are increasingly becoming socially and spatially fragmented and polarised, which means that
distributional issues, both in social and spatial terms, are becoming more prominent. Distributional issues are particularly relevant in environmental conflicts where polluters and those affected by pollution tend to come from different social groups or neighbourhoods of a city.
Most present land-use transport models are insensitive to issues of social exclusion and spatial
equity – one notable exception is the PROPOLIS project in which different concepts of equity
are explored with the results of land-use transport models (LT et al., 2002).
The future of land-use transport modelling will largely depend on whether emerging new
models will live up to these challenges.
From a technical point of view, the prospects are excellent. More powerful computers will
remove former barriers to increasing the spatial, temporal and substantive resolution of models. The wealth of publicly available high-resolution spatial data will reduce aggregation error
in spatial models. Geographic information systems will become the mainstream data organisation of urban models. Spatial disaggregation of land use and transport network data in raster
GIS will permit the linkage between land-use transport models and air quality and noise
propagation models. Multiple representation of spatial data in raster and vector GIS will combine the advantages of spatial disaggregation (raster) and efficient network algorithms (vector). Aggregate probabilistic approaches (e.g. entropy maximising) will be replaced by disaggregate stochastic (microsimulation) approaches.
Microsimulation was first used in social science applications by Orcutt et al (1961), yet applications in a spatial context remained occasional experiments without deeper impact, though
covering a wide range of phenomena such as spatial diffusion (Hägerstrand, 1968), urban development (Chapin and Weiss, 1968), transport behaviour (Kreibich, 1979), demographic and
household dynamics (Clarke et al., 1980; Clarke 1981; Clarke and Holm 1987) and housing
choice (Kain and Apgar, 1985; Wegener, 1985). Only recently microsimulation has found new
interest because of its flexibility to model processes that cannot be modelled in the aggregate
(Clarke, 1996). In the last two decades, several microsimulation models of urban land use and
transport have been developed (Hayashi and Tomita 1989; Mackett 1985b, 1990a, 1990b;
Landis, 1992, 1993, 1994; Landis and Zhang, 1998a, 1998b; Waddell, 1998a, 1998b, 2002;
Wegener and Spiekermann, 1996; Salomon et al., 2002, Miller and Salvini, 2001).
A different approach emerged from the theory of cellular dynamics. Cellular automata (CA)
are objects associated with areal units or cells. CA follow simple stimulus-response rules to
change or not to change their state based on the state of adjacent or near-by cells. By adding
random noise to the rules, surprisingly complex patterns that closely resemble real cities can
be generated (White and Engelen, 1994; Batty and Xie, 1994; Batty, 1997). More complex
stimulus-response behaviour is given to CA models in multi-reactive agents models. Multireactive agents are complex automata with the ability to control their interaction pattern; they
can change their environment but also their own behaviour, i.e. are able to learn (Ferrand,
2000). The distinction between the behaviour of multi-reactive agents and the choice behaviour generated in microsimulation models is becoming smaller.
Probably the most advanced area of application of microsimulation in urban models is travel
modelling (see Handbook 1). Aggregate travel models are unable to reproduce the complex
spatial behaviour of individuals and to respond to sophisticated travel demand management
measures. As a reaction, disaggregate travel models aim at a one-to-one reproduction of spatial behaviour by which individuals choose between mobility options in their pursuit of activi10

ties during a day (Axhausen and Gärling, 1992; Ben Akiva et al., 1996). Activity-based travel
models start from interdependent 'activity programmes' of household members of a 'synthetic
population' (Beckman et al., 1995) and translate these into home-based 'tours' consisting of
one or more trips. This way interdependencies between the mobility behaviour of household
members and between the trips of a tour can be modelled as well as intermodal trips that cannot be handled in aggregate multimodal travel models. Activity-based travel models do not
model peak-hour or all-day travel but disaggregate travel behaviour by time of day, which
permits the modelling of choice of departure time. There are also disaggregate traffic assignment models based on queuing or CA approaches, e.g. in the TRANSIMS project (Barrett et
al., 1999; Nagel et al., 1999), which reproduce the movement of vehicles in the road network
with a level of detail not known before.
However, it will take some time until the first urban land-use transport models fully based on
microsimulation will be operational. Miller et al. (1998) presented a matrix in which the past and
future evolution of urban land-use transport model was charted. The following diagram is an adaptation in which a sixth row L6 was added (Figure 2).

Figure 2. Evolution of urban land-use transport models (adapted from Miller et al., 1998)
In Figure 2, the rows correspond to different levels of levels of land-use modelling capability:
L1
L2
L3
L4
L5
L6

No land use model.
Activities are allocated to zones by professional judgement.
Non-market-based land allocation model.
Land allocation with price signals.
Fully integrated market-based model
Activity-based land-use model using microsimulation

Similarly, the columns in Figure 2 represent different levels of travel demand modelling capability:
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T1
T2
T3
T4

Only roads and auto travel are modelled.
Public transport with simplified (non-logit) modal choice.
Logit-based modal choice, peak-period assignment.
Activity-based travel model using microsimulation.

Each cell in the figure therefore represents a land-use transport modelling combination. The
arrows indicate incremental paths local governments can take to develop their land-use transport modelling capability.
CONCLUSIONS
Predicting the impacts of integrated land-use transport policies is a difficult task due to the
multitude of concurrent changes of pertinent system variables. In general, there are three
groups of methods to predict those impacts. The first one is to ask people about their anticipated reaction to changes such as increased transport costs or land use restrictions ('stated
preference'). The second possibility is to draw conclusions from empirically observed behaviour of people ('revealed preference'). The third group of methods comprises mathematical
models to simulate human decision making and its consequences. While all three possibilities
have shortcomings, mathematical models are the only method to forecast still unknown situations and to determine the effect of a single factor while keeping all other factors fixed.
Urban land-use transport models incorporate the most essential processes of spatial development including all types of land uses. Transport may be modelled either endogenously or by
an exogenous transport model. Urban systems represented in land-use transport models can be
divided into nine subsystems according to the speed by which they change. The urban fabric
consisting of infrastructure networks and land use patterns are subject to very slow change
over time. Workplaces and housing change relatively slow while the employment and residential population adjust their spatial behaviour fairly quickly to changing circumstances.
Goods transport or travel destinations are the most flexible phenomena of urban spatial development. They can be modified almost instantly according to changes in congestion or fluctuations in demand. There is a ninth subsystem, the urban environment, which is more complex
regarding its temporal behaviour.
A number of integrated land-use transport models are in use today. There are significant
variations among the models with respect to comprehensiveness, model structure, theoretical
foundations, modelling techniques, dynamics, data requirements and calibration and validation. Despite the achievements in developing these models further, there remain some challenges to be met. The transport submodels used in most current land-use transport models do
not apply state-of-the-art activity-based modelling techniques but the traditional four-step
travel demand model sequence which is inadequate for modelling behavioural responses to
many currently applied travel demand management policies. The most promising technique
for activity-based land use and transport modelling is microsimulation which makes it possible to reproduce the complex spatial behaviour of individuals on a one-to-one basis.
In addition, the spatial resolution of present models is still too coarse to model neighbourhood
scale policies and effects. In the future, the integration of environmental submodels for air
quality, traffic noise, land take and biotopes are likely to play a prominent role. Issues of spatial equity and socio-economic distributions are expected to gain similar importance in model
building.
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