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Introduction

Urban transport is essential for citizens to perform their daily activities, but at the same time constitutes one
of the major sources of urban pollution (GHG emissions, local air quality, noise), directly affecting citizens’
health and well-being. Urban traffic produces 40% of CO, emissions and 70% of emissions of other pollutants
(CO, NO,, SOy, particulate matter) produced by road traffic [Com0Q7]. Traffic accidents are also increasing,
with two thirds of the accidents and one third of the victims taking place in cities. The quest for
environmentally sustainable urban transport, while ensuring competitiveness and addressing social concerns
such as health problems or the needs of persons with reduced mobility, is a common and urgent challenge
for all major cities in Europe.

The European Commission's first policy proposal in the area of urban mobility launched a series of initiatives
based upon a best practice approach [Com95]. The Commission's 2001 White Paper on Transport [Com01]
aspired to change the direction of EU transport policy to deal with the increasing challenges of congestion,
noise, pollution, and accidents, largely caused by excessive use of the private car. The White Paper aimed to
break the link between transport and economic growth by urging a shift towards more sustainable transport
modes and promoting the modernisation of public transport. With the continued rise in transport demand,
the Commission's mid-term review of the White Paper [ComO06] shifted the focus from curbing overall
transport growth to decoupling transport growth from its negative effects, and emphasised the concept of
comodality. The Green Paper Towards a New Culture for Urban Mobility [Com07] opened a broad
consultation on the key issues of urban mobility. Following the consultation results, the European
Commission Action Plan on Urban Mobility [Com09] proposed twenty measures to encourage and help local,
regional, and national authorities in achieving their goals for sustainable urban mobility. With the Action
Plan, the European Commission presents for the first time a comprehensive support package in the field of
urban mobility.

To tackle the challenge of sustainable urban mobility, urban planners need models, decision support tools,
and input data allowing the assessment of policies and their resulting effects. Cities have been treated as
systems for several decades, but only recently has the approach changed from aggregate equilibrium
systems to complex, evolving systems of systems. Different types of urban models have been developed,
from the static and aggregate land use-transportation interaction (LUTI) models first developed in the 1960s,
to recent, bottom-up, activity-based microsimulation models which seek to represent cities in more
disaggregate and heterogeneous terms [Bat76, Bat07, Hep12].

In recent years, quantitative models for transportation and spatial planning have received a renewed
attention. Urban development along the last two centuries has been driven by an increasing mobility of
people and goods facilitated by relatively cheap energy. The growth of urban areas, the increasing concerns
about sustainable development, and the challenges posed by energy scarcity and climate change, raise new
questions such as the influence of higher transport costs on mobility and location (e.g. will distances to
workplaces, shops, services and leisure be reduced?) or the impact of new policies (e.g. promotion of more
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efficient vehicles, transport demand management, anti-sprawl legislation) aiming at fostering a more
sustainable mobility and location behaviour [Wegl0]. In parallel, the emergence of new social media and
electronic communications is leading to profound changes in social relationships, which is in turn modifying
location and mobility patterns in cities. This new landscape makes it necessary to develop new models, tools,
and methodologies enabling city governments and their citizens to design sustainable mobility policies.

Urban models serve various purposes. First, models help achieve an enhanced understanding of urban
dynamics (in an explanatory role). Second, they enable virtual experimentation allowing the prediction of the
impact of new infrastructures, technologies, or policies (in a predictive role). Finally, models are powerful
tools to facilitate participatory processes for collaborative decision making (in policy and design roles).
Despite significant effort carried out in the last two decades, urban models still require progress along
several axes to fully satisfy these three objectives, and ultimately to support the assessment of urban
mobility policies in terms of a comprehensive set of economic, social, and environmental sustainability
indicators. Further research is needed in three main directions:

1. Data collection. Urban modelling is a data-intensive task. The development and validation of
improved models critically relies on the availability of data. Despite significant progress in this area in
recent years, the EC acknowledges that there are still big gaps in urban mobility statistics at the EU
level [Com07], and that urban modelling research can greatly benefit from additional international
effort in standardising, collecting, and sharing data. Data collection efforts have traditionally been
focused on trip data (origin-destination, travel time, mode, etc.), but there is still a lack of appropriate
data especially on non-motorised modes and on factors determining mobility behaviour, such as
attitudes and lifestyle. There is also a need for further progress in the development of standard
definitions, indicators, and data collection methods allowing comparative studies of urban transport
planning throughout Europe [Eur07].

2. Theoretical research. In October 2007, the FP6-funded Coordination Action 'European Research
Forum for Urban Mobility' (EURFORUM) presented a ‘Strategic Research Agenda’ for urban mobility
[EurQ7], highlighting a number of areas where further research is needed, from both the demand and
supply perspective. On the transport demand side, many questions are still open, such as the social
determinants of mobility behaviour, i.e. norms, social perception, age and demographic, personal
security, or comfort; the activity patterns underlying human travel behaviour; the impact of
information campaigns on user behaviour; the social acceptance of transport systems and mobility
policies; the expectations that transport systems have to meet to be accepted and successful without
inducing new travel needs; or the relationship between land use and transport demand. As for the
transport supply side, research must be undertaken to investigate the potential of technology to
supply integrated mobility services and transport systems. Particularly interesting are questions such
as the impact of ICT-based services on the interaction between demand and supply; new services with
the potential to improve urban mobility; the integration of transport systems and intermodality; or
the alternatives to private, fossil fuel-based car such as electric and hybrid.

3. Link between modellers, decision makers, and societal actors. The use of system models in policy
making and planning is very heterogeneous. Many cities do not use any quantitative models at all;
among the cities using simulation models, traditional LUTI models are still the most applied [Bat76,
Bat08]. The use of more advanced, state-of-the-art models—particularly of agent-based models—for
policy-making purposes is still scarce, and in many cases the potential users do not have the skills to
use such models or are not convinced of the benefits. To bridge this gap, the development of the
models needs to be user-driven and account for the requirements of the policy makers [Bra08]. The
use of system models in a policy decision context will only be successful if the development of these
tools is accompanied by user-model interaction methodologies and procedures facilitating a smooth
integration into the decision-making processes.
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The term ‘smart city’ has become widely spread in the last few years. While more technocentric concepts,
such as ‘digital cities’, are built around ICT infrastructures, the concept of smart city—even if still not clearly
delimited—is now generally understood as a holistic concept encompassing not only the use of modern
technology (including modern transport or energy technologies, in addition to ICT), but also the investment
in human, social, and environmental capital, to create sustainable development and high quality of life.
Giffinger et al. [Gif07] define a smart city as a city performing well along six main axes or dimensions: smart
economy, smart mobility, smart environment, smart people, smart living, and smart governance.

Though the smart city concept goes beyond ICT, it is clear that ICT remains a key element to enable
sustainable urban development. When it comes to urban models and policy support tools, the increased
penetration of ICT, the rise of the Big Data movement, and the emergent concept of smart cities open new
opportunities to make progress in the three directions previously identified:

1.

Modern ICT, such as smart phones, e-transactions, Internet social networks, or smart card
technologies, allow the automatic collection of spatial and temporal movement data that can
complement and enhance the data collected by using traditional methods (census data, travel
surveys). Yet, the collected data have to be analysed, making it necessary to develop new data mining
techniques in order to obtain useful knowledge about urban mobility patterns and improve our
understanding of cities.

This improved understanding can in turn inform the modelling of the mechanisms behind observed
mobility patterns, helping develop new theory and better models for the quantitative assessment of
different scenarios and policy options.

Finally, ICT opens the door to the development of new tools which can help capture the inputs from
societal actors (e.g. algorithms for reconstructing citizens’ opinion from data resources distributed
throughout the Internet), support an increased participation of citizens (e.g. through applications that
allow citizens to monitor and report the system status in real time), and enable collaborative,
multi-stakeholder policy assessment and decision making processes.
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Spatial analysis of mobility patterns. The
explosion of available data

For many networks, such as transportation systems, power grids, the Internet, or neural networks, space is
relevant: their nodes are located in space and there is usually a cost associated with the length of the links.
Such networks can be termed as ‘spatial networks’ and have specific properties due to the physical
constraints existing in these systems [Barl1]. In particular, their degree distribution is peaked, clustering is
large, the assortativity spectrum is flat, and the betweenness centrality of a node is not only a function of its
degree, but it also depends on its geographical location.

The use of data obtained from online and mobile devices to better characterise human behaviour has
recently been the focus of a lot of attention from the complex systems research community, and has been
dubbed as one of the most promising venues for the development of quantitative approaches to social
sciences in the XXI century [Wat07, Laz09, Ves09]. In the field of mobility and transport, the recent explosion
of data availability on individual movement at all scales has triggered the emergence of studies on mobility
networks, allowing a better understanding of the statistics of individuals movements, opening new
directions for mobility modelling, and providing new insights into individual behaviour in the social, urban
context. Mobility networks describe the statistics of movements of individuals between various locations. A
simple way to formalise this problem is to divide the area of interest in different zones and to count the
number of individuals going from one location to another. These flows constitute the origin-destination (OD)
matrix, which is at the core of many transportation models and whose properties have been discussed in a
large number of papers [Barll]. The OD matrix describes a network, directed and weighted, and in the
general case is time-dependent. These matrices are usually extremely difficult and costly to measure, and it
is only recently, thanks to technological advances such as the GPS or the democratisation of mobile phones
together with geosocial applications, that we can obtain precise measurements on large data sets, opening
the door to an improved quantitative understanding of urban movements.

The first works focused on the traces left by the dollar bills registered by the “Where’s George?” project site
(http://www.wheresgeorge.com). The different cities, counties, and states where the same bill was recorded
were used as a proxy for human mobility [Bro06] and also to evaluate the possible pathways of propagation
of infectious diseases [Huf04].

Calls from cell phones are another source of mobility data. In large urban areas, the density of antennas for
mobile phone network base stations is large enough so that triangulation gives a relatively accurate
indication of the users' location (mobile phones are regularly in contact with the base station; triangulation
allows to determine the location of the device at a resolution that depends on the local density of base
stations). Mobile phone data has recently been used to detail individual trajectories [Aha05], to identify
‘anchor points’ where individuals spend most of their time [Aas08, Eag09, Son10b], or statistics of trip
patterns [Onn07, Lam08, Gon08, Wan09, Kri09, Sev10, Quel0, Sim11]. In [Gon08], Gonzalez et al. used a set
of mobile phone data at a national level and found that the distribution of displacement of all users can be
fitted by a Levy law with an exponent of order 1.7. In a recent paper [Son10a], Song et al. propose a model of
human mobility in order to reproduce this power law, and suggest that the dominant mechanisms of
individual movements are based on the facts that the tendency to explore additional locations decreases
with time and that there is a large probability of returning to a location visited previously.
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GPS is another interesting tool in order to characterise individual trajectories. In [Baz10, Ram07], GPS data of
private vehicles for the city of Florence (ltaly) were used to show that the total daily length trip is
exponentially distributed and seems to be independent of the structure of road network, pointing to the
possible existence of more general principles governing human movements [Koe03].

At an intra-urban scale and even at the scale of social networks, Radio Frequency IDentification (RFID) might
provide interesting insights. This technology is usually composed of a tag which can interact with a
transceiver that processes all information contained in the tag. RFIDs are used in many different instances,
from tagging goods or dynamical measures of social networks [Cat10], to the Oyster card system in London,
which provides information about instantaneous flows of individuals in the subway system. These individual
trajectories were analysed [Rot11], displaying evidence for a polycentric organisation of activity in this urban
area. It was also found that the traffic is broadly distributed, in agreement with many other transportation
networks, but also that the displacement length distribution is peaked.

Similarly to other electronic data, the information coming from interactions in online social networks can be
used to understand the characteristics of user mobility and how factors such as distance can affect the
relation between individuals. Online social media have received relatively less attention because it has been
only recently that some of the most popular online social networks, e.g. Twitter, have included detailed
geolocation for the origin of the messages interchanged by the users. However, an item that was
systematically requested at new user registration is the city of residence. This is the information on which
the first works on the relation between geographical distance and online relations were based, like [Lib05].
Later works in the area have also analysed the mobility patterns and features of the trajectories of the users
of Twitter [Scel0, Kin11], FourSquare [Chell, Noull, Scell], or Facebook [Bac10]. Other works have also
explored the connection between distances to acquaintances and mobility [Cho11], the probability of having
a friendship given the distance between two users [Cral0], or the relation between belonging to social
groups (communities) in the networks and distance [Onn11]. Online social networks show thus a high
potential to study geolocation together with social interactions between the users [Grall].
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Urban simulation models

Urban models are mathematical representations of the ‘real world’—typically implemented through
computational simulation tools—that describe, explain, and forecast the behaviour and complex interactions
between different elements of the urban system. As far as urban mobility is concerned, one can distinguish
between transport-only models and land use-transport interaction (LUTI) models. Transport-only models
require land-use inputs which are forecast exogenously, whereas LUTI models generate their own forecasts
of land-use as a function of land-use policies and changes in the transport system.

Trip-based and tour-based models

The need for travel demand models was recognised by urban and transport planners and researchers as
early as the mid-19th century, with the development of the first macroeconomic models of the spatial flows
of people and goods, such as the one proposed in [Car59]. For about a century, transport planners relied on
various aggregate trip-based models, such as gravity-based models. The 1950s saw the development of a
sequential process of estimating travel demand, known as the urban transportation modelling system
(UTMS) or four-stage model. The process starts with the definition of the study area, which is typically
divided into a number of zones, whose attributes are the levels of population and zonal activity
(e.g. households, population, employment, shopping space, educational, and leisure facilities). The classic
UTMS model comprises a sequence of four sub-models:

1. Trip generation. The trip generation model estimates the number of trips with origin or destination in
each zone as a function of zonal activity.

2. Trip distribution. Trips by zone of origin are allocated to destination zones using trip distribution
models, e.g. gravity models in which the trip flow for a given origin-destination (OD) pair is positively
influenced by levels of activity contained in the two zones, and negatively influenced by the
zone-to-zone impedance (travel time and/or cost). The output of the trip distribution model is an OD
matrix which defines the number of trips from each zone to every other zone.

3. Modal split. Trips are allocated to different transportation modes based on modal and traveller
attributes, e.g. by using some sort of factoring or more formally through a discrete choice model.

4. Route assignment. Each trip between an origin and destination by a particular mode is assigned to a
route, e.g. by using equilibrium route assignment models. If the network is capacitated and congestion
occurs, travel costs are changed and the four-step process is repeated until equilibrium occurs.

The simple four-step models of the 1950s and the 1960s have evolved greatly over the past 50 years, with
diverse advances that have led to an increasing sophistication of individual stages and inter-stage feedback,
such as the development of discrete choice methods based on utility maximisation [McF81], or the work in
the field of deterministic (DUE) [War52] or stochastic (SUE) [Dag77] user equilibrium route assignment
models. Advances in modelling techniques resulted in a shift towards more disaggregated trip-based models,
which consider the individual (or household or firm) as the decision-making unit, thus taking into account the
effects of individual characteristics on travel-related choices. A detailed discussion of the UTMS and the
variety of modelling approaches to the different stages can be found in [Ortl11]. A serious limitation of
trip-based models is that they do not consider the linkages between trips. Tour-based models partially
address this limitation by adopting the tour (or trip-chain) as modelling unit. Tour-based models typically

© EUNOIA Consortium Page 8 of 25



E " Dla Urban models for transportation and spatial planning
" State-of-the-art and future challenges

divide individual travel into home-based tours and non-home based trips, so they still neglect linkages
between trips forming part of non-home based tours, as well as linkages between different tours [Siv07].

Trip-based and tour-based four-stage models remain the dominant framework for operational
transportation planning and policy analysis. Four-step models perform reasonably well in representing and
forecasting aggregate travel demand. However, as the problems under study become more disaggregated,
they face several limitations. The fundamental weakness is that they are not based on a coherent theory of
travel behaviour, and therefore are not suitable to capture travellers’ responses to measures influencing
travel behaviour, such as demand management policies. Also, they are essentially static in that they
represent travel over a particular time period with a single state. As a consequence of these weaknesses,
they fail to adequately represent aspects such as the time of day chosen for travel, e.g. time shifting in
response to congestion or mobility pricing. For a discussion of these limitations, see e.g. [TRBO7].

Activity-based models

In the 1970s and early 1980s, the work of different researchers [Hag70, Cha74, Jon83] set the basis for a
paradigm shift in travel demand modelling, with the development of the activity-based approach, as a
solution to the shortcomings of the trip and tour-based approaches. The main idea behind activity-based
models is that the travel needs of an individual are driven by the desire or need to participate in activities at
different locations, thus shifting the focus from the analysis of flows to the understanding of travel decisions.
Activity-based models simulate the activities of individuals during a typical period of travel, often the
working day or even over the entire week, with the time-budgets of travellers dictating the mode and means
of travel, and accounting for various sequences of trips which bind together the activities undertaken during
the day.

As opposed to the four-step approach, activity-based models include a consistent representation of time, a
detailed representation of persons and households, time-dependent routing, and microsimulation of travel
demand and traffic. Comprehensive activity-travel schedules contain information on what activities are
performed, where, when and for how long, and which travel modes and routes are used for the trips
between the activities. The differences between trip/tour-based and activity-based models are described in
detail in [Bha03]. In comparison with the four-step model, the activity-based approach allows for a more
realistic modelling of travel decisions. It provides an improved capability to model non-work and non-peak
travel, to move beyond traditional explanatory variables (i.e. zone-based socio-economics, travel time and
cost), and to deal with the effects of household interaction, lifestyle, etc. on travel behaviour [Fei09], making
it possible to model trip chaining, car sharing, or interdependencies between household members.

Examples of state-of-the-art activity-based travel demand models are MATSIim (www.matsim.org) and
TRANSIMS (www.anl.gov/TRACC/Computing Resources/transims.html).

In parallel to the development of the four-step transportation model, urban planners began to recognise the
complex interactions between the transport network and the rest of the urban system. Indeed, land use and
transportation systems are closely intertwined: land use patterns influence travel needs, mobility patterns,
and the evolution of transportation infrastructure; and the transportation system, in turn, influences where
people engage in activities and how urban form changes.

Land use models intend to predict future changes in land use, socio-economic, and demographic data, based
on economic theories and social behaviours. The term land use-transport interaction (LUTI) model describes
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a model which brings together urban form and travel analysis’. LUTI models are also referred to as
integrated land use-transport models or, more simply, as integrated urban models.

The first integrated mathematical models of urban land use and transport appeared in the United States in
the early 1960s. Many of these early efforts failed in their goals due to technical restrictions: data collection,
calibration and validation difficulties, and insufficient computing power [Wegl0]. Additionally, there were
also serious drawbacks in the conception of the models, which were essentially static and suffered
from an excessive spatial aggregation [Siv07]. In 1973, Lee published a paper entitled Requiem for
Large Scale Models [Lee73] where he pointed out the ‘seven deadly sins’ of large-scale models:
hypercomprehensiveness, grossness, hungriness, wrongheadedness, complicatedness, mechanicalness, and
expensiveness. After a near total abandonment in the 1970s and the 1980s, the 1990s and the 2000s
brought a new boom in urban modelling research, boosted by the appearance of Geographical Information
Systems (GIS) and simultaneous advances such as parallel computing, data mining, or agent-based
modelling. The dominant trend has evolved towards disaggregation of population and employment groups
by various socio-economic attributes, and there has been a shift towards bottom-up approaches
(activity-based and agent-based models) relying on data of single households and their members, together
with their daily activities and the resulting transportation needs, thus merging to an extent with the
activity-based travel models described in the previous section. At the same time, other classes of land use
models that we will not detail here have been developed based on physical evolution of locational patterns
and morphologies in cities, in particular cellular automata models and various more ad hoc agent-based
models of particular urban sectors such as residential location, housing markets, or retail choice [Bat08§,
Hep12]. The evolution of urban modelling suggests that the field is not converging to a unified modelling
approach, but to the coexistence of a variety of models.

LUTI models can be classified into the following broad categories:

e Spatial interaction (Lowry-type) models. The first of these models to gain notice was Lowry’s model
of Metropolis in 1964 [Low64]. Spatial interaction models estimate flows between locations as a
function proportional to the size and attraction of origins and destinations, and inversely proportional
to the travel time and/or cost, as in the gravity model underlying many travel demand models.
Inversely, population is concentrated in areas with high accessibility to employment, and employment
is concentrated in areas with high accessibility to population. The land use model provides population
and employment distributions based on assumed travel impedances to the travel model, which
calculates updated impedances to be fed back into the land use model; the loop is iterated until
reaching equilibrium. A widely use spatial interaction LUTI model is DRAM/EMPAL [Put95].

e Spatial input-output models. Spatial input-output models account for producers and consumers of
goods and services and their interactions. Households are included as both producers and consumers:
they supply labour to employers (resulting in work trips) and consume goods and services (resulting
e.g. in shopping trips). Land is considered a non-transportable production factor. Production factors
are allocated to zones according to zonal production costs (including land prices) and travel
impedances to zones of consumption. Land prices are determined endogenously through an iterative
procedure which aligns land demand (elastic to price) with land supply. Examples of models of this
type are MEPLAN [Ech90], TRANUS [Bar05], and PECAS [Hun03].

e Microeconomic-based, computable general equilibrium (CGE) models. They have their roots in
Alonso's bid-choice land use model [Alo64], which assumes that firms or households are willing to pay

! The term LUTI model is sometimes used interchangeably with land use model. This is potentially confusing because,
within the group of land use models, the degree of integration with travel demand models varies considerably. Some
include, or are fully integrated with, transportation models, while others incorporate transportation-related measures
in a much more indirect, static manner.
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higher rents if they report larger benefits in terms of production and transport cost balance [Alo64].
Firms or households bid for space up to a maximum value, trying to maximise the difference between
their willingness to pay and the rent they actually pay; and landlords rent to the highest bidder. The
model assumes a static equilibrium in which supply equals demand. The land use model is typically
connected with a four-stage travel model. An example of this type of model is MUSSA [Mar96].

e Agent-based microsimulation models. Microsimulation models of land use are activity-based models
with the individual (or household, firm, or any other agent in the urban system) as the unit of analysis.
They integrate naturally with agent-based transport models, allowing the exploration and simulation
of the behaviour of urban systems at an extremely fine level of detail and fidelity. Activity patterns are
modelled from the bottom up, generating emergent spatial and temporal patterns at more aggregate
levels. Examples of models in this category are UrbanSim [Wad03], ILUTE [Sal05], or ILUMASS [Str05].

e ‘Sketch’ models. With the development of web 2.0 technologies, there is also a parallel move to
building simpler, faster, more visually accessible desktop tools. These tools are based on ‘lightweight’,
less data-intensive and/or less theory-rich approaches (e.g. rule-based / GIS-based tools) and aim to
support rapid scenario analysis, visualisation, and community engagement using state-of-the-art
interactive graphics embedded in web-based interfaces. A review of this kind of tools, such as CUF,
UPlan, Index, Community Viz, PLACE3S, or MetroQuest, can be found in [Con09].
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Challenges and opportunities

Despite the close interrelationship between land use and transportation, and the profound effects of such
interaction on quality of life and the environment, in most urban areas of the world land use and
transportation have historically been planned separately. Urban transportation planning has been the most
active application area of simulation models, while land use planning has to a large extent been based on
gualitative considerations and urban planners’ experience, with computational land use models being used
to a lesser degree than in transportation planning.

Though transportation-only models are still widely used, the situation has progressively changed along the
last two decades, and there is an increasing awareness about the importance of an integrated planning
approach. This increasing awareness has even begun to influence legislation, such as the State of California
SB 375 bill passed in 2008 [Cal08], which explicitly requires integration of planning processes for
transportation, land-use, and housing. However, there is still a sense among practitioners that integrated
land use-transportation models are immature with respect to institutional integration and operational policy
decision support [Bra08, Koc09]. According to a recent survey of U.S. metropolitan planning organisations
(MPOs) with more than 200,000 residents [Lee10], a few MPOs (7%) do not use any kind of modelling tool;
46% use transport-only models; and the remaining 47% use transport and land use models, though only 27%
carries out an integrated planning. There have been various surveys in a European context, but the focus has
been much less on models, and more on the use of ICT in planning agencies. This betrays the fact that most
planning agencies are not engaged with the use of LUTI or related urban models in their policy deliberations.

Depending on the size of the urban area and the available skills at the local level, standard four-stage models
including logit choice of mode and destination choice are commonly employed [Ort11, TRBO7]. About 90% of
the transportation demand models currently in use, either in an isolated manner or combined with land use
models, are variations of the traditional four-step model; TRANSCAD, VISUM, and CUBE are the tools most
widely spread. These models seem to satisfy the demands of the local and regional political processes, even
if implemented less than optimally from a technical viewpoint [TRBO7]. At the same time, agent-based
models are finding increasing application in regions with more complex planning issues (New York, NY;
Portland, OR; San Francisco, CA or now Los Angeles, CA). In these advanced regions, generally land use
models are also considered or actively in use. In addition, agent-based models are the rule for fine-grained
and spatially detailed models of traffic flow and traffic operations. Here a range of commercial software are
available and in widespread use (e.g. VISSIM, PARAMICS, or AIMSUN, among others). The agent-based
models of travel demand are generally one-off implementations (with the exception of MATSim), in most
cases delivered by research groups. This lack of professional support is holding many cities and regions back.

Land use-transport models are in the same situation, i.e. between research and commercial software. The
tool for integrated land use-transport planning most widely spread is UrbanSim, followed by commercially
supported tools such as DRAM/EMPAL, DELTA, or MEPLAN. UrbanSim is probably the most advanced of the
‘research tools’, and its agent-based approach makes it a natural match to agent-based transport models.
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Activity-based microsimulation captures the interactions between land use and transport systems to the
greatest extent possible, and represents the most advanced approach to land use and transport modelling.
Although the state-of-the-art is fairly advanced, there are several areas where further research is needed:

Generation of artificial agent population. Activity-based models require more detailed information
about population demographics than is usually available from surveys or census data [TRBO7]. The lack
of easy tools to generate the artificial agent-population is an obstacle for their implementation.
Current progress is lowering that hurdle, and ‘population synthesisers’ are being developed so that
available data can be used to extrapolate synthetic populations that are statistically equivalent to
actual populations. A review of current population synthesis tools can be found in [Mul11].

Generation of comprehensive all day activity-travel schedules. The combinatorial size of the solution
space for the schedule of an individual increases dramatically with the level of detail allowed for the
agents’ choice sets (number of activities, activity types, time intervals, location, tour/sub-tour/trip
mode choice, etc.). As a consequence, modellers are usually forced to reduce the number of choice
dimensions or the number of alternatives within each dimension. At the same time, the problem of
multimodal choice and multipurpose trips remains a crucial issue which increases the complexity of
travel decisions: new transport solutions become available, and intermodality (e.g. park & ride) is
being promoted as a promising approach to solve today’s mobility problems; people not only merge
different purposes in single or multistage trips, but also use different modes.

Scheduling in activity-based modelling follows three major lines of research: econometric models,
which use systems of equations to capture relationships among attributes [Bha0O4] and tend to be
difficult to operationalise [Joh04]; utility-based microsimulation, which applies a sequential decision
making process and employs heuristic methods to search for a solution; and computational process
models (CPMs), which replace the utility maximising framework by open-ended approaches based on
behavioural principles of information acquisition and context-dependent decision making, typically
through ‘if-then’ rules. Despite promising approaches such as the concept of schedule recycling, which
significantly reduces the runtimes of utility-based microsimulations [Fei09], or the open-ended
approach proposed in [Mar11], further research is still needed to deal with the huge magnitude of the
solution space achieving acceptable computational costs without sacrificing behavioural validity.

Influence of social contacts on travel decisions. Travel behaviour is nearly always modelled as a set of
independent decisions across travellers. This approach provides satisfactory results for
regularly-scheduled or very inelastic activities, like work trips, but ignores the fact that intra- and
extra-household interactions play a key role in many other trips and activities (e.g. leisure trips) that
are planned jointly and/or depend on the trips and activities of the social contacts. The concept of a
‘full individual daily pattern’, which constitutes the core of the original activity-based approach, needs
to be expanded to account for the influence of the social network.

Recent research has begun to develop the theoretical foundations to incorporate the social context
into activity-based models [Axh07] and to model the mechanisms for information sharing—both
face-to-face and through ICT—and coordination of activities in time and space [Hac09, Car09]. A key
issue is incorporating realistic geographic social networks into agent-based models, which makes it
necessary to characterise the form and statistical properties of the underlying social structures and
the strengths of their influences. Empirical survey work [Axh08, Kow11, lll11] needs to be expanded. In
parallel, the analysis of new data sources, such as online social networks, can help improve the
understanding of the interdependencies and co-evolution of the social networks and the
activity-travel patterns.
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e Joint resource use. Households and groups of friends, relatives, and acquaintances share resources,
such as cars or bicycles. Existing models claim to reproduce such processes, e.g. being a car passenger,
but do not verify that the vehicle and its driver are physically available for the specific trip. To
overcome this deficiency, activity-travel models need to be enhanced to account for the availability of
shared resources, as well as for interdependence between the decisions leading to the joint use.

e Scalability, multiscale aspects, and granularity. Urban dynamics exhibits multiple spatial and
temporal scales. The increasing level of disaggregation and sophistication of microsimulation models
comes at the expense of large amounts of computational resources and serious implications for the
calibration, validation, and application of the models, e.g. the need to reduce the number of sensitivity
tests to check the plausibility of model behaviour. The identification of the time horizons and spatial
resolutions relevant for the analysis of different phenomena is still a very active research area, and the
question of the right level of disaggregation remains open [Wad09]. In a recent paper [Weg09],
Wegener calls for a ‘theory of multi-level models’, according to which for each question under
investigation there is an appropriate level of conceptual, spatial, and temporal resolution.

The transfer of models developed in an academic environment, where theoretical foundations receive the
highest priority, to an operational, policy-making context, raises also practical and methodological issues
that need to be addressed [Wad11]:

e Data availability and quality. Microsimulation models require a lot of input data to specify, calibrate,
and validate them. Data requirements are not always met, which hinders their operational use. While
the situation is still not optimal, GIS is being integrated with many models, and large scale systems are
being developed for new data sources, opening promising venues: Open Data government initiatives,
Open Street map, GSM traces, self-tracing apps employing GPS-enabled smart phones, etc.

e Professional support. The fact that most tools are still in a research and development phase and the
lack of professional support is another barrier, especially for medium-sized cities with typically limited
in-house capabilities. This situation is beginning to change, and agent-based models are being
professionalised in collaboration with various software houses, e.g. the MATSIim-VISUM interface
recently created by PTV AG and senozon AG.

e Transparency and ease of use. Models will not have credibility in complex, controversial domains such
as land use, transportation, and environmental planning, unless it can be explained in relatively simple
terms what the models are doing, and why. The term ‘black box’ has often been used to criticise the
lack of transparency. Models must also achieve a threshold of usability that makes it possible for staff
within planning agencies to use them without excessive support.

Although there are rapid developments in making urban simulation models more visual and in scaling
them down to use in the policy context [Bra08], many sketch planning tools provide simplicity at the
cost of sacrificing theoretical soundness and validity. Progress is still needed to conciliate transparency
and ease of use with the necessary sophistication required for a realistic modelling of a system as
complex as the city.

o Flexibility. Because of the continuous progress in theory, data collection, computational performance,
or user-model interfaces, as well as of the fact that different users have different data and needs,
modularity, adaptability, and scalability are mandatory requirements for a model to be widely used.
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e Uncertainty. Complex systems are characterised by large—partly irreducible, partly unquantifiable—
uncertainties. Policy modelling requires a comprehensive treatment of uncertainty; answers to policy
guestions can often only be given in probabilistic terms. However, uncertainty is a concept that has
only recently come into the lexicon of policy makers, and it is still difficult to communicate.

e Conflicting stakeholders and methodologies. Sustainable urban development requires coordinated
action in different areas (land use, transportation, environment). These policy areas are subject to
distributed, multi-level decision processes—from infrastructures and regulation depending on local
authorities, to national and European directives—and have a profound impact on a wide variety of
stakeholders. Assessing these policies in terms of a comprehensive set of meaningful indicators and in
relation to a set of shared objectives is a challenging task, which requires a continuous involvement of
stakeholders [Wim11]. The increasingly widespread use of the design charrette in urban planning
illustrates one response to this complexity [Kwa08]. A charrette can be defined as a policy formulation
event that brings together diverse stakeholders to produce sustainable policies through collaborative
interaction [Con07]. The theory underpinning charrettes is that sustainability requires a holistic
integration of all relevant dimensions in a collaborative and interdisciplinary setting [Con09].
Recent practical experiences in some major European cities, such as the Madrid Mobility Round
Table [Lucl0, Lucl1], have shown the potential of collaborative processes to increase the quality of
policy evaluation and reach consensus on mobility policies. However, these processes are still based
to a large extent on qualitative considerations and expert judgement. The challenge is to integrate
state-of-the-art simulation tools in a form that fluidly intersects the multi-stakeholder decision-making
process [Con09], bridging the gap between implicit and explicit knowledge [Bro10].
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The EUNOIA project

The overall goal of the EUNOIA project is to take advantage of the opportunities brought by smart city
technologies and the most recent advances in complex systems science to develop new urban models and
ICT tools empowering city governments and their citizens to design better mobility policies.

The specific objectives of the project are the following:

e to investigate how new data available in the context of smart cities can be exploited to understand
mobility and location patterns in cities;

e to characterise and compare mobility and location patterns in different European cities;

e to improve the understanding of the interdependencies between social networks and travel
behaviour;

e to enhance urban land use and transportation models, by integrating the role of the social network
and new models of joint trips and joint resource use into state-of-the-art agent-based models;

e to develop useful policy interfaces and appropriate methodological procedures for the use of
simulation tools in multi-stakeholder, collaborative assessment of urban transport policies;

e to apply the new models and methodologies to several case studies of interest for policy makers.

Data

EUNOIA will analyse different sets of heterogeneous data, including traditional data sources—such as census
data or travel surveys—as well as new data sources available through smart technologies.

Data from traditional well-proven sources will be accessible online or available upon request, such as
population, employment, land uses, housing census data, or travel surveys. EUNOIA will rely on the direct
involvement of the municipal authorities of Barcelona, London, and Zurich, which will support the project by
providing additional data.

Data from Internet social networks (e.g. Twitter geolocated data, Foursquare, locational data from Flickr) will
be also retrieved and mined. Internet social networks enclose a lot of information about activity-travel
behaviour that can inform the modelling of travel decisions and trip purposes, as well as the
interrelationship between the spatial distribution of social network and the mobility patterns.

The EUNOIA Consortium has reached an agreement with Banco Bilbao Vizcaya Argentaria, S.A. (BBVA) to
analyse data on credit card payments in Barcelona. BBVA is the second largest bank in Spain and one of the
biggest financial institutions in Europe. The Consortium has also reached an agreement with Telefénica, the
biggest Spanish telecommunication company and one of the largest telecommunication companies in the
world, to analyse data on mobile phone records for Barcelona. The data from BBVA and Telefénica will be
anonymised and managed under the necessary precautions to protect their confidentiality.

The previous data will be complemented with two surveys specifically designed for the purpose of the
project, which will be run in Barcelona as a joint survey: a survey on the spatial spread of the members of
egocentric social networks, the frequency of contacts, and the modes chosen for them (egocentric survey);
and a life course survey which will address the question of to what extent life style and mobility habits are
passed on or modified from generation to generation. The egocentric survey and the life course survey will

© EUNOIA Consortium Page 16 of 25



E " Dla Urban models for transportation and spatial planning
" State-of-the-art and future challenges

be respectively similar to the ones documented in [Axh08, Kow11] and in [Beill] for Zurich, which will allow
the comparison of the two cities.

Characterisation of mobility patterns in different types of cities around the world

The data sets described above will be mined with a view to discern general and local basic features of urban
mobility patterns, such as the existence and organisation of centres of activity in the cities. To extract useful
knowledge from the data, EUNOIA will make use of standard statistical analysis and data mining methods, as
well as new spatial analysis methods recently developed in the context of network theory [Barll]. The study
will be focused on the three cities that participate in the project: Barcelona, London, and Zurich. This will
allow a wide comparative analysis of urban mobility patterns in cities with very different geographical,
structural, political, institutional, socio-economic, and cultural characteristics.

Interaction between social networks and travel behaviour

Social interactions are of crucial importance for realistic modelling of travel decisions. The results of the
egocentric surveys (the one run in Barcelona, as well as previous surveys such as the ones already available
for Zurich) will be combined with the analysis of Internet social networks to extract new knowledge about
the spatial spread of social contacts and the influence of social interactions on activity-travel behaviour.
EUNOIA will investigate aspects that are still not well reproduced by existing transportation models, such as
the influence of the social network on the planning of joint trips (mainly leisure trips, but also other joint
trips, such as car pooling to go to work, or group day care trips for elderly people) and joint resource use;
peer influence on travel behaviour; the changes in mobility induced by the changes in social relationships
brought about by new ICT technologies (e.g. telecommuting); or the influence of the transport network on
the spatial and topological features of the social network and the way social networks co-evolve with the
activity-travel patterns of the individuals.

Improvement of urban transportation models

The analysis of urban mobility patterns in different types of city and their relation to the spatial structure
and socio-economic characteristics, as well as the conclusions about the interrelationship between social
networks and mobility patterns, will be the basis for the formulation, calibration, and testing of new models
of location and travel behaviour. The new models will be integrated into comprehensive, state-of-the-art
urban simulation tools. Tools currently being used and developed by Consortium members, in particular
MATSIim (http://www.matsim.org/), which originates from IVT and is also being developed for London by
CASA, will be enhanced by plugging in the models developed by the project. The project will also link the
patterns of travel acquired from the data analysis to SIMULACRA (http://www.simulacra.casa.ucl.ac.uk/), a
more aggregate model of London developed by CASA. The new models will be later on validated against
other data sets and evaluated through three case studies carried out in collaboration with the cities of
London, Zurich, and Barcelona.

Policy interfaces and methodological procedures for collaborative assessment of urban transport policies

EUNOIA will aim at involving policy makers and other social stakeholders in the development of the models
from its initial stages, with the purpose of reinforcing the credibility and usability of the model and fostering
the application of state-of-the art transport models in policy decision contexts.

The project will identify the key stakeholders for urban mobility policy modelling (policy makers, interest
groups, citizens’ associations, etc.) and will carry out a consultation to identify the current practices and
needs in different cities around the world. The consultation will help elicit stakeholders’ expectations and
requirements for collaborative generation of scenarios and policy options.
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The analysis of stakeholders’ expectations will be used to derive requirements for ICT tools enabling
stakeholders’ collaboration in policy assessment, in particular for the development of user-friendly analysis
tools allowing interaction with the policy simulation results. This will include the development of visual
interactive interfaces and data representations facilitating analytical reasoning.

These requirements will be refined in the specific context of the Barcelona case study. We will define a
methodology for collaborative assessment of mobility policies supported by the demonstrative simulation
and visualisation tools developed by EUNOIA. The proposed methodology will aim at the active participation
of the policy makers and the main mobility stakeholders, and will be implemented and tested in close
collaboration with the Barcelona City Council, through several workshops and policy formulation events.
Experience of similar stakeholder involvement processes for location problems in which CASA is involved for
the GLA in London will be available for comparison.

Case studies

The models and methodologies developed by EUNOIA will be iteratively evaluated, refined, and validated
through three case studies conducted in cooperation with the cities of London, Zurich, and Barcelona. The
case studies will be selected during project execution. Some examples of potentially interesting questions
identified during proposal preparation are: mobility pricing (road tolls, parking, public transport), such as
congestion charging in central London; policies to increase the attraction of urban hubs and activity centres
(e.g. traffic calming), with a view to foster a polycentric urban structure with more sustainable mobility
patterns; optimisation of new, emergent transport services around the idea of providing common access to
resources at a lower cost and in a more energy-efficient manner, e.g. optimisation of the location of public
bikes, optimisation of car sharing locations and fleet sizes, etc.; optimisation of the location of the charging
infrastructure for electric vehicles; demand-side management policies to foster a sustainable use of electric
vehicles; interactions between aging, migration, and travel behaviour, including intergenerational aspects.

The EUNOIA project will deliver the following results:

e Improved methods and tools for collecting and mining urban data relevant for the study of mobility
and location patterns in cities.

e Improved understanding of the factors determining mobility and location patterns in cities with
different characteristics, focusing on the analysis of three exemplar cases: London, Zurich, and
Barcelona.

o New theoretical models of the influences of social networks on travel behaviour.

e Improved urban simulation tools, which will enhance state-of-the-art microsimulation urban models
by implementing the new theoretical models developed by the project, as well as innovative, user-
friendly visual analytics tools.

e A methodology for the use of urban modelling tools in collaborative policy assessment processes
involving policy makers and communities of stakeholders.

e An evaluation of the models, tools, and methodologies through their application to three case studies
tackling relevant policy questions in the cities of London, Zurich, and Barcelona.
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