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ABSTRACT ARTICLE HISTORY

This paper stresses the lack of attention paid to the geographical Received 18 July 2016

definitions of cities in LUTI models as one key detrimental aspect Accepted 9 February 2017

to transferring and generalising LUTI results. First, the

argumentation develops from a meta-analysis of peer-reviewed LUTI s L
Lo L . e models; Europe; city

publications about LUTI applications in European cities. We show delineation; urbansim;

that most authors do not assess findings against potential theoretical simulation

geographical biases. Second, theoretical simulations are

conducted with UrbanSim applied to a synthetic urban area. By

varying the geographical limits of the system and population

endowments, our simulations confirm that the absence of control

on city delineation weakens the results. Finally, the paper

suggests methodological guidelines to improve the comparability

of LUTI applications and push forward their theoretical agenda.
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1. Introduction

Defining the physical and functional limits of a city is a difficult task and obviously depends
on research and normative objectives. Each city has a different built-up footprint and a
functional hinterland determined by many interacting actors and processes, themselves
constrained by a particular physical geography, settlement history, economy, or land-
use and transport planning culture. Defining cities morphologically and functionally is a
key debate in urban geography literature continuously revived by evolving location and
transport behaviour and by new data (big data, crowd-sourced transport information,
etc.). It is less so in Land-Use and Transport Interaction (LUTI) literature. Rather, since the
beginning of LUTI models, researchers and consultants have taken a very pragmatic
view on the geographical delineation of the urban systems.

In the early stage of LUTI models, Lowry (1964) reflected upon finding relevant spatial
units for his model and opted for a gridded representation of data. In terms of the limits of
the study area; however, his choice was entirely data driven: “Since original field work was
out of the question, the model had to be accommodated to existing data-files” (Lowry,
1964, p. 55). He then addressed the size of his case study in terms of total surface,
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population and jobs and provided a map of the delineation of the area. He also stressed
the importance of having half of the total surface available for future growth. The link
between the selected study area and the goal of the model was clear, while today’s litera-
ture seems rather silent on these points.

While practical concerns are perfectly understandable, there is a risk of undermining
the effects of choosing the limits of an urban system. In most disciplines, assessing the
effect of system boundaries is important to provide certainty and robustness to model
findings. This has long been an issue for geographers, either from theoretical or empirical
perspectives (see, e.g. Berry & Lamb, 1974; Griffith, 1983; Hall, 2007; Kwan, 2012;
Openshaw, 1984 for the former, and Chakraborty, Wilson, & bin Kashem, 2015; Jones,
Peeters, & Thomas, 2015a; Raciti, Hutyra, Rao, & Finzi, 2012 for the latter). In urban and
transport research, it is of foremost importance as soon as one intends to contribute
generalisable scientific knowledge about the functioning of city regions. It is especially
true for LUTI models since they involve complex processes that are more and more
geographically detailed and disaggregate in terms of agents, and since they include
many nonlinear interactions and feedbacks across scales.

Ideally, contributed knowledge should be easily detachable from a specific dataset for
one particular region, and should also be easily transferable across case studies. Specific
local actors and processes, especially the decisions of urban planners and policy-
makers, obviously make such generalisation difficult. Nevertheless, identifying this local
context precisely requires transparency in how the geographical limits are selected and
how this choice impacts the spatial distribution and variability of data and whether or
not it affects results. In this paper we show how the size and extent of cities are dealt
with in recently published LUTI literature. We also show how they affect the results of
an LUTI model applied to a synthetic metropolitan area.

Land-Use and Transportation Interaction (LUTI) models are derived from the classical
four-step model. The first-generation of models, coming shortly after Lowry (1964), led
to numerous applications in the USA (e.g. MEPLAN, see Echenique et al., 1990; Hunt &
Simmonds, 1993; or TRANUS, see de la Barra, 1989) due to federal regulations requiring
land-use impacts of new transport infrastructure to be assessed. Their spatial diffusion
to Europe is more recent and scarce. Today, LUTI models still appear to be mostly a prag-
matic integration of bits of land-use within transport models rather than the opposite, and
therefore are weakly connected to urban land-use theory (Alonso, 1964 and subsequent
literature), especially regarding urban dynamics (Anas, 2013b).

As geographers and cartographers know for long, a city is not simply a dot on a map but
is characterised by extent, morphology, and mass (e.g. population) (Batty, 2008; Slocum,
McMaster, Kessler, & Howard, 2005). Moreover, each city has a different footprint deter-
mined by complex interacting actors and processes, including its geography, history,
and governance structure (e.g. Abdel-Rahman & Anas, 2004; Batty, 2005; Derycke,
Huriot, & Pumain, 1996; Parr, 2007; Tannier & Thomas, 2013). Furthermore, there is no inter-
national agreement about the delineation of functional urban regions (NUREC, 1994) and
various cut-off values are used for example to delineate commuting basins (e.g. Cheshire &
Gornostaeve, 2002; Dujardin, Thomas, & Tulkens, 2007; Thomas, Cotteels, Jones, & Peeters,
2013). Cities are interconnected, hierarchically organised (Pumain, 2006) and hence diffi-
cult to isolate. It is especially difficult to delineate a city because built-up surfaces dilute
farther and farther away from the city centre within rural areas, thus blurring the
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morphological and functional limits of the city (Caruso, Peeters, Cavailhés, & Rounsevell,
2007, 2011). This problem becomes even more complex when the polycentric nature of
the urban system is considered. These urban processes are a source of complex and multi-
faceted mobility behaviours (e.g. Cervero, 2002; Handy, Boarnet, Ewing, & Killingsworth,
2002).

When selecting a city for an LUTI application, the larger the study area, the larger the
risk of including functional or morphological parts of other cities. A different delineation
can therefore change the nature of the studied urban system and automatically determine
important parameters of the model, including transport outcomes, as well as the level of
system response to scenarios. This already was a point in Lee’s (1973) requiem on large-
scale models, emphasising wrongheadedness when implementing gravity processes at
all scales. Bypassing the discussion on the size and extent of cities, LUTI modellers may
have slowed down the integration in urban theory of their findings related to particular
cases and geographies. After almost 50 years of applications, the theoretical and legiti-
mate promises of a fully interacting land-use and transport system have then not been
fully met. While mature in practical terms, the field still seems to lack the capacity to con-
tribute generalisable scientific knowledge about the functioning of city regions, especially
because of difficulties in case studies comparability and full transparency in application.
On the other extreme, the standard urban economic literature, after Alonso, while inform-
ing clearly on generic policies and optimal instruments (cordon, taxes, etc. to tackle sprawl,
congestion or negative externalities; e.g. Brueckner, 2001; De Borger, Proost, & Van
Dender, 2008) stays far from empirical validation beyond stylised facts, and real case cali-
bration and implementation are rare. Hence urban geography and policy, or planners
cannot easily capitalise on transport and land-use models. Our statement here is
somehow a rejoinder to Saujot, de Lapparent, Arnaud, and Prados (2016) who emphasise
a gap between theory and end-users. Our viewpoint, however, is rather than the outcome
of LUTI implementations may not be sufficiently general and robust to transfer between
cases with a different geography.

Paulley and Webster (1991) summarised a comparative study of six applied LUTI models.
Among other things, they concluded that the size and characteristics of the city to which the
models are applied influence the results. Acheampong and Silva (2015) have recently con-
ducted a comprehensive review of the entire LUTI field and challenges but they do not
address the effect of the city definition on results. Our paper questions whether Paulley
and Webster's lesson on city definition has been taken up in more recent research. We
first perform a meta-analysis of the articles published over the last 25 years where LUTI
model applications are described (Section 2). Second, we run simulations on a theoretical
study area using a well-established LUTI model (UrbanSim) in order to test generic effects
of urban delineation on LUTI outcomes (Section 3). Finally, we propose recommendations
to mitigate the problems related to area delineation (section 4).

2. LUTI models applied to European cities: a meta-analysis

2.1. Corpus

Our search for scientific publications was restricted to peer-reviewed journals with impact
factor and published between 1990 and June 2016. All other types of documents, such as
proceedings, working papers, chapters in books, and reports were not considered here.
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This choice guarantees quality, although we are conscious that it may slightly bias final
interpretation. We particularly looked for applications of LUTI models in using Google
Scholar, Scopus and ResearchGate. Given that “LUTI models” are close to other transpor-
tation and land-use models, our decision to include a paper in our corpus was based on
whether the author(s) themselves stated their model was an LUTI or not.

The analysis is limited to European cities because their urban structure differs from Asia
or the USA (see e.g. Brueckner, Thisse, & Zenou, 1999; Bertaud & Malpezzi, 2003; Hohen-
berg & Lees, 1986). Moreover, conversely to the USA where the same methodology is
used to delineate all urbanised areas (see Federal Register, 2000, 2002), criteria and
thresholds vary from one country to another in Europe, making our problem more
acute (Corvers, Hensen, & Bongaerts, 2009; Dujardin et al., 2007). Table 1 reports the infor-
mation collected for each case study.

2.2. A small number of applied academic papers

Despite the existence of a large number of LUTI platforms, academic papers obviously do
not favour empirical analysis (confirming Wegener, 2011) but rather methodological
developments. Only 271 applied scientific papers were found. Interestingly it seems that

Table 1. Cities reported in the meta-analysis.

Population® Area“
City Authors Journal® Year Size® (109 (km?) Map®
Bilbao Echenique et al TR 1990 N (0.95) N
Dortmund Echenique et al TR 1990 N (0.58) N
Dortmund Mackett TR 1990 Y 1.1 833 N
Leeds Echenique et al TR 1990 N (0.72) N
Leeds Mackett TR 1990 Y 0.5 164 N
Dortmund Wegener et al TR 1991 Y 23 Y
Stockholm Anderstig et al Transp. 1992 N (2.1 N
Bilbao Burgos EPb 1994 Y 1 N
Naples Hunt EPb 1994 N (4.4) Y
The Netherlands Eradus et al JTG 2002 Y 16 Y
Edinburgh May et al TRR 2005 Y 27 2305 N
Leeds May et al TRR 2005 Y 2.1 559 Y
Oslo Vold TR-A 2005 Y 0.95 N
Dortmund Wagner et al disP 2007 Y 2.6 Y
Brussels Patterson et al JUPD 2010 Y 29 4361 Y
Brussels Patterson et al EPa 2010 Y 29 4361 Y
Lausanne Patterson et al EPa 2010 Y 0.277 200 Y
Lyon Patterson et al JUPD 2010 Y 1.6 3325 Y
Rome Di Zio et al JUPD 2010 Y 2.6 1500 Y
Paris Anas EPb 2013a N (12) (762) Y
London Batty et al EPb 2013 Y 14 Y
Santander Coppola et al JUPD 2013 Y 0.28 Y
Madrid Wang et al CEUS 2015 Y 6.5 8030 Y
Thessaloniki Pozoukidou Spatium 2014 N (1.08) (1455) Y
Besancon Bonin & Tomasoni UTr 2015 N 0.179 (222) Y
Madrid Guzman et al CSTP 2015 Y 6.5 8000 Y
The Netherlands Zondag et al CEUS 2015 N 16 N

TR = Transportation review; Transp. = Transportation; EPa/b = Environment and Planning A/B; JTG, Journal of Transport
Geography; TRR, Transportation Research Record; TR-A, Transportation Research — A; disP = disP — The planning review;
JUPD =Journal of Urban Planning and Design; CEUS, Computer, Environment, and Urban Systems; IJTr, International
Journal of Transportation; CSTP, Case Studies on Transport Policy.

bY = included in the paper, N otherwise.

“Value between bracket not mentioned; estimations by other means.
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there are virtually no applied peer-reviewed publications before our cut-off date of 1990,
corresponding more or less to the ISGLUTI report by Webster and Dasgupta (1991) and a
special issue of Transport Reviews in 1990. This may be seen as the impact of Lee’s requiem
(Jones, 2016) but may also demonstrate an early focus on model development rather than
on capitalising knowledge from applied cases.

The small total number of published applications can be seen as a result of several
causes. First, it can partly be due to the fact that recent LUTI models require micro-data
that are often difficult to collect (availability, privacy reasons) and costly to analyse. This
problem was already mentioned by the users of the very first LUTI platforms (e.g.
Burgos, 1994; Hunt, 1994) and is still up to date despite the emergence of “big-data”
and concomitant increase in computational capacities. Second, the variety in disciplin-
ary backgrounds of the authors adds difficulties in the speed of execution of the work.
Synthesis of a multidisciplinary approach in a compact scientific paper within the 3-4
years of a project’s timeline is difficult, and automatically leads to some drastic choices.
Publishing both methodological innovations and empirical results in a single paper is
indeed highly challenging, due to the format of most journal articles. Third, the small
number of published applications also pertains to the type of funding: a research
project financed by/to a consulting firm will clearly lead to operational contributions
and/or technical reports rather than academic papers. Fourth, most papers are pub-
lished in transportation journals, while urban studies and geography journals have wel-
comed such work more recently. We also suspect a high general reluctance of journals
to accept papers with an application focus, Yet, this seems to be less the case in the
most recent years of our corpus, which is perhaps in line with the release of new dedi-
cated journals such as Journal of Transport and Land Use or Case Studies in Transport
Policy.

2.3. A limited set of urban geographies with unclear limits

Within the 21 surveyed papers, 5 analyse more than one city, leading to a total of 27 case
studies (Table 1 and Figure 1). Dortmund, Leeds, Brussels, Bilbao, and Randstad Holland are
studied more than once. This repetition in case studies can certainly be related to time-
consuming data collection and parameter hungry implementation steps. Examples and
prepared dataset are used and re-used for scale economies, which are also important for
academic authors. We can also relate the lack of diversity in case studies to difficulties
in raising awareness within the community of planning practitioners and policy-makers
of the potential benefits to having an LUTI model developed for their city and ready to
simulate scenarios.

Two papers deal with a network of cities. They correspond to local transport planning
problems embedded within a broader application of TIGRIS in The Netherlands and
Randstad Holland (Eradus, Shoemakers, & van der Hoorn, 2002; Zondag, Bok, Geurs, &
Molenwijk, 2015). All other case studies (25 out of 27) refer to isolated urban areafs).
Their delineations are not well documented: most papers do not even include a paragraph
or a map devoted to the description of the study area. Official metropolitan areas are often
used, but authors neither mention the exact limits, nor the year considered, thus accepting
with no critical viewpoint that metropolitan boundaries are adequate. The delineation is
governed by policy/administrative reasons, by the agencies supplying the data and/or
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Figure 1. LUTI models’ applications in Europe: location and frequency.

by the researchers assembling the available data. Mackett (1990) raises that problem
without solving it.

Some studied areas are much larger than others, and include rural landscapes (e.g. Paris
lle-de-France, officially defined by the National Statistical Office). In other cases, they
encompass parts of the functional or morphological agglomeration of neighbouring
cities. This may radically affect accessibility measures, the type of transport practices
and actors considered, and call for different types of scenarios. For example, the delinea-
tion of Brussels used in the SustainCity project includes parts of the cities of Antwerp and
Ghent and the entire hinterland of Leuven, while the scenarios relate to intra-urban struc-
tures only (Jones, 2016; Thomas et al., 2013). This also questions intercity relationships and
the closure of the model, i.e. what is “the Rest of the World”, its relative attractiveness, and
how does it interact with the transport components of the model? In none of our 27 case
studies is the use of external zones explicitly stated, while it is of particular importance to
discuss how the Rest of the World relates to the modelling framework.

Surprisingly enough, in 25% of the reviewed papers, the studied urban area does not
even have a dimension (no population, no surface). For the other 75%, the size of the
studied areas varies between 0.2 (Besancon) and over 12 Mio inhabitants (Paris,
London). We know that transport infrastructures, modal choices, friction of distance and
land-use realities depend upon that size. Can we really expect parameters taken from
the literature (as is often the case) to be relevant for other applications? Especially
when the geographical context in which they have been estimated appear to be very



TRANSPORT REVIEWS 7

different and, actually, are not even described? How can we then generalise the land-use
or transport processes, the parameters estimates, or the implications of a policy scenario
while contexts are very diverse and the number of cases limited?

3. Simulations on a synthetic metropolitan area

Simulations are performed on a theoretical study area using UrbanSim (see Waddell, 2011)
in order to test generic effects of urban delineation on LUTI outcomes. The synthetic
geography is chosen in order to mimic a monocentric city on a flat plain with a circular
functional hinterland (commuting basin) near a second city. By varying the geographical
limits of the system, subparts of this hinterland are either cut out of the model or intermin-
gle with the second centre. Population endowments are also varied so as to generalise for
a system of two equal cities or a system of one city with a peripheral subcentre.

3.1. Synthetic geography and model set-up

We consider a study area made of a rectangular grid of 60 horizontal and 25 vertical cells.
Each cell represents a basic spatial unit, i.e. a zone of 1 x 1 km.! The study area is divided
into three regions: the western and eastern regions are identical in size (625 zones, or 25 X
25 km) and possess a CBD (called West and East) in their centre and the remaining central
region (250 zones, or 10 X 25 km) is a suburban area, as shown in Figure 2. We simulate the
evolution of this metropolitan area for seven different cases: the Complete study area and
six gradually smaller geographical Extents, named after the number of horizontal cells from
the Western border. They result in a progressive inclusion of the East CBD into the studied
area. Each Extent constitutes a closed world, meaning that the model does not represent
commuting or migration flows coming from the “Rest of the World". This is a methodologi-
cal limit related to the coupling of UrbanSim and MATsim, which does not permit such
interaction. Our choice is nevertheless, consistent with our review objectives and with

P = =

0 A W=
| \ e

o~

e CBD B Western region
Complete Extent [0 Central region
= = Smaller Extents O Eastern region

Figure 2. Structure of the theoretical study area and variation of the Extents.
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recent real case LUTI applications (e.g. Cabrita et al., 2015; de Palma, Picard, & Motamedi,
2015; Schirmer, Zollig Renner, Miilcer, & Axhausen, 2015). Furthermore, the Complete
extent constitutes here an isolated world, therefore. For any smaller Extents, the Rest of
the World is thus limited to the non-included portion of the Complete study area.

In addition to changing the area extents, three kinds of relative population endowment
are simulated: equal-sized CBDs, a small West CBD (West CBD half the size of the East CBD
for households and jobs) and a large West CBD (West CBD twice the size of the East CBD).
We end up with 7 x 3, i.e. 21 cases and will use the Complete cases as reference.

UrbanSim (see Noth, Borning, & Waddell, 2003; Waddell, 2000; or Hunt, Miller, & Kriger,
2005 for methodological details, and Section 3.2) is used to simulate the location of agents
and is interfaced with an external travel model, MATSim (Nagel et al., 2008; Nicolai & Nagel,
2015). For each zone, the model provides the number of households, the number of jobs,
commuting travel time and real estate prices. UrbanSim represents agents (households
and jobs) in a disaggregated way. All agents are homogenous, meaning that all households
have identical characteristics and that all jobs belong to the same employment sector.

The simulation period is 10 years, and a linear growth of 1% for both households and
jobs is assumed per annum. Each iteration of UrbanSim accounts for one year while, for
computational reasons, MATSim is run with an interval of three years. Each combination
of CBDs' size and area Extent is simulated 30 times to cope with the stochastic nature of
the model. All results presented are averaged values across these 30 simulations.

Since the landscape is featureless, the initial number of jobs and households per zone is
a function of the Euclidean distance to both CBDs (see Appendix 1). The main inputs of the
model are presented in Figure 3.

The initial conditions and characteristics of the zones are constant across all delinea-
tions of the study area (Extents), i.e. each zone starts with the same number of agents
and real estate prices in t,. There are two exceptions: first, the Euclidean distance to the
CBD is computed to the closest CBD for the Complete case, and to the Western CBD for
all other cases; second, the travel model (see next section) estimates car accessibility to
jobs independently for each Extent.

3.2. Econometric estimations

The calibration of UrbanSim requires the estimation of different econometric components,
hereafter referred to as “sub-models”.

Both household and job location models are a key components of the model system to
forecast the future distribution of jobs and households. They rely on a multinomial logit
model with random sampling of alternatives (see Waddell et al., 2003 for further
details). Since the synthetic city is assumed to be in a steady state, both sub-models are
estimated using a stratified sample of 10% of the agents per zone. The specification of
these sub-models has been kept simple in order to minimise the number of feedback
loops. Three variables are included for the households: car accessibility to jobs, residential
prices and Euclidean distance to the CBD. Including the latter leads to the expected sign
for the estimates of car accessibility and real estate prices (i.e. positive and negative) while
keeping the model as simple as possible (the distance to CBD is constant over time). Non-
home-based jobs only depend on car accessibility to jobs and on real estate prices of non-
residential buildings. These are standard variables considered in economic geography.
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© J5.11105.76] M ]8.371010.29]
@ 157610 6.41]

Figure 3. Model inputs in t,.

MATSim computes the evolution of the car accessibility over time (Nicolai & Nagel, 2015),
while the real estate price sub-model, using a log-linear form, updates real estate prices at
the end of each UrbanSim iteration.

Despite the low predictive power of the household location model (Table 2), explana-
tory variables for both location models have expected signs. As expected as well, high uti-
lities are found close to the CBD for all Extents. Parameter estimates for the real estate price
sub-model (Table 3) are estimated using the initial situation of the synthetic city (see
Appendix 1); they show a positive effect of both population and job densities.

Across the different Extents, we find important variations of the parameter estimates,
confirming the already reported Modifiable Areal Unit Problems effects (see, e.g.
Arauzo-Carod & Manjén-Antolin, 2004; Fotheringham & Wong, 1991; Jones et al., 2015a;
Jones, Thomas, & Peeters, 2015b). A second issue is endogeneity: real estate prices may
depend upon unobserved characteristics, not included in the real estate price sub-
model but correlated with independent factors used in the location choice sub-models.
The synthetic case study, however, avoids this potential bias since real estate prices
only depend on population and jobs’ densities, as indicated in Appendix 1 and showed
by the adjusted R? nearly above 0.99 in Table 3.

In our experiments, these variations mean that the arrival of one new household in one
particular zone for example will induce a different growth of real estate price in that zone.
Consequently, an identical change of population or job density will lead to different vari-
ations of the utility level of this particular zone from one Extent to another. Given the



Table 2. Parameter estimates of the agents’ location choice sub-models.

Households Non-home-based jobs
Extent Variable Equal-size CBDs Small West CBD Large West CBD Equal-size CBDs Small West CBD Large West CBD
Complete Prices —4.26e-06* —3.90e-07 —1.63e-06*** —1.17e-06*** —3.87e-09 2.78e-06***
(2.07e-06) (3.76e-07) (3.76e-07) (7.31e-08) (5.14e-08) (3.85e-08)
Car accessibility 0.053 (0.03) 0.07*** (0.02) 0.008 (0.021) 1.82*** (0.01) 1.38*** (0.009) 0.96*** (0.007)
Dist. to CBD —0.005 (0.01) 0.02** (0.006) —0.007 (0.006)
AlC 10,6577 106,473 106,471 11,0236 11,3000 117,307
LR 0.0002 0.0001 0.0002 0.46 0.45 043
Observations 15,670 15,654 15,654 30,418 30,374 30,374
E50 Prices —2.28e-06*** —7.10e-07 —6.15e-07 5.06e-06*** 3.07e-06*** 6.94e-06***
(5.47e-07) (5.81e-07) (3.66e-07) (3.88e-08) (3.47e-08) (2.85e-08)
Car accessibility 0.022* (0.011) 0.045%** (0.013) 0.006 (0.005) 0.58%** (0.004) 0.86*** (0.005) 0.08*** (0.002)
Dist. to CBD —3.21e-06 (0.0007) —0.001 (0.001) —0.002 (0.001)
AlC 88,683 82,967 94,288 12,5750 12,0787 132,646
LR 0.0002 0.0002 0.0002 0.37 0.38 0.34
Observations 13,039 12,199 13,863 29,340 28,970 29,641
E45 Prices —1.91e-06** —1.57e-06 —1.14e-08 8.05e-06*** 3.03e-06*** 7.74e-06***
(5.93e-07) (1.30e-06) (4.10e-07) (5.19e-08) (1.33e-07) (3.35e-08)
Car accessibility 0.006 (0.012) 0.01 (0.03) 0.003 (0.005) 0.22*** (0.005) 1.26*** (0.01) —0.04*** (0.002)
Dist. to CBD 0.002 (0.001) 0.004 (0.002) 0.0007 (0.001)
AIC 75,397 65,394 85,413 69,470 47,711 86,513
LR 0.0002 0.0002 0.0002 0.37 0.39 0.39
Observations 11086 9615 12558 16287 11589 20922
E40 Prices —2.67e-06*** —3.06e-06** —1.14e-06 6.55e-06*** 2.81e-06*** 5.91e-07***
(6.62e-07) (1.08e-06) (1.10e-06) (5.55e-08) (1.36e-07) (5.48e-08)
Car accessibility 0.012 (0.014) 0.008 (0.03) 0.015 (0.024) 0.38%** (0.006) 1.14*** (0.01) 1.42%** (0.01)
Dist. to CBD —0.0007 (0.003) 0.0006 (0.005) —0.002 (0.003)
AlC 64,195 50,620 77,736 63,575 40,042 74,505
LR 0.0002 0.0004 0.0003 0.38 0.42 0.45
Observations 9439 7444 11,430 15,244 10,226 20,218
E35 Prices —1.0e-06 —1.006e-05*** —3.35e-06** —1.09e-06*** 2.46-e-06*** 7.04e-06***
(1.4e-06) (1.6e-06) (1.05e-06) (1.0e-07) (1.36e-07) (3.28e-08)
Car accessibility 0.003 (0.045) 0.13%** (0.03) 0.008 (0.006) 1.80*** (0.02) 1.21*** (0.01) —0.029*** (0.002)
Dist. to CBD —0.006 (0.01) 0.0009 (0.007) —0.023** (0.008)
AlC 57,231 41,679 72,730 54,789 40,449 86,061
LR 0.0002 0.0004 0.0003 0.47 041 0.37
Observations 8415 6129 10,694 15,209 10,185 20,189
E30 Prices —2.89%-06 —7.09e-07 —6.52e-07 —1.42e-06*** 2.93e-06*** 6.92e-06***
(2.83e-06) (3.86e-06) (2.12e-06) (1.03e-07) (1.29e-07) (3.29e-08)
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Car accessibility 0.05 (0.04)

Dist. to CBD 0.001 (0.02)
AIC 53,287
LR 0.0002
Observations 7835

E25 Prices —1.20e-06

(4.63e-06)

Car accessibility 0.11% (0.044)
Dist. to CBD 0.034 (0.035)
AlC 49,338
LR 0.0003
Observations 7255

0.013 (0.034)
0.014 (0.017)
37,136
0.0006
5462
—7.81e-06
(7.89e-06)
0.006 (0.03)
—0.026 (0.038)
33,725
0.0006
4960

0.001 (0.006)
—0.015 (0.019)
69,320
0.0002
10,192
—6.3e-06*
(3.1e-06)
0.0004 (0.007)
—0.06* (0.03)
64,780
0.0002
9525

1.88*** (0.02)

54,389
0.47
15,209
—1.92e-07*
(8.79e-08)
1.59*** (0.01)

56,582
0.45
15,209

1.16*** (0.01)

40,104
0.42
10,185
3.0e-06***
(1.3e-07)
1.14*** (0.01)

40,141
0.42
10,185

—0.008** (0.003)

86,060
0.37
20,189
6.92e-06***
(3.27e-08)
—0.012*** (0.003)

86,126
0.37
20,189

Note: Between brackets: standard deviation; a < 0.05%, 0.01**, and 0.001***; LR, Likelihood Ratio; AIC, Akaike Information Criterion.
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Table 3. Parameter estimates of the real estate price sub-model.
Non-residential buildings

Extent Variables Equal-size CBDs Small west CBD Large west CBD

Complete Constant 6.21*** (0.08) 5.61%** (0.06) 5.60%** (0.06)
(Log) Job density 0.35*** (0.004) 0.32*** (0.004) 0.32*** (0.004)
(Log) Pop. Density 0.39%** (0.01) 0.51%** (0.01) 0.51*** (0.01)
R? 0.95 0.95 0.95
Observations 1500 1500 1500

E50 Constant 6.27%** (0.08) 5.71%** (0.07) 5.72*** (0.07)
(Log) Job density 0.36*** (0.005) 0.34*** (0.005) 0.33*** (0.004)
(Log) Pop. Density 0.38*** (0.0176669) 0.48*** (0.01) 0.49*** (0.01)
R? 0.95 0.95 0.95
Observations 1250 1250 1250

E45 Constant 5.87*** (0.08) 5.52*** (0.07) 5.41%** (0.07)
(Log) Job density 0.32*** (0.005) 0.30%** (0.004) 0.31*** (0.005)
(Log) Pop. Density 0.46*** (0.01) 0.53*** (0.01) 0.55*** (0.01)
R? 0.95 0.95 0.96
Observations 1125 1125 1125

E40 Constant 5.86*** (0.08) 5.54*** (0.08) 5.62*** (0.07)
(Log) Job density 0.33*** (0.005) 0.31*** (0.005) 0.33*** (0.005)
(Log) Pop. Density 0.46*** (0.01) 0.52*** (0.01) 0.51*** (0.01)
R? 0.96 0.94 0.96
Observations 1 000 1 000 1 000

E35 Constant 5.98%** (0.09) 6.14%** (0.1) 5.68%** (0.07)
(Log) Job density 0.34*** (0.006) 0.34*** (0.006) 0.33*** (0.005)
(Log) Pop. Density 0.44*** (0.01) 0.39%** (0.02) 0.50*** (0.01)
R? 0.96 0.95 0.96
Observations 875 875 875

E30 Constant 6.21%** (0.11) 6.38*** (0.12) 6.10%** (0.11)
(Log) Job density 0.35%** (0.006) 0.35%** (0.006) 0.34*** (0.006)
(Log) Pop. Density 0.39%** (0.02) 0.34*** (0.02) 0.42%** (0.02)
R? 0.95 0.95 0.96
Observations 750 750 750

E25 Constant 6.94%** (0.16) 6.93*** (0.16) 7.13%** (0.16)

(Log) Job density
(Log) Pop. Density
RZ

Observations

0.37*** (0.007)
0.26%** (0.03)
0.94
625

0.37*** (0.007)
0.23%** (0.03)
0.94
625

0.38*** (0.007)
0.24*** (0.03)
0.94
625

Note: Between brackets: standard deviation; all parameters significant at a < 0.001.

sequential nature of UrbanSim, there will be a snowball effect on the location choice
models, and an uncertain final effect on all other model outputs.

In addition to the household and job location models, econometric estimations are
made, respectively for the location of home-based jobs as a function of population
density, and for the location of future real estate projects as a function of real estate
prices and car accessibility (see Jones, 2016 for further details).

3.3. Predictions

As a calibration step, we first examine the evolution of land uses, prices and commuting
times between t; and t;( (Table 4). The order of magnitude of the values per zone in t;,
reflects the exogenous growth of the population. The largest differences with t, are
observed for jobs and can be explained by the small number of jobs in many peripheral
zones (see input in Figure 3). Moreover, most of the changes take place near the CBDs (see
negative Pearson correlations in Table 4), which is consistent with our previous econo-
metric estimates (see Tables 2 and 3).
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Table 4. Calibration for equal-size CBDs (Complete Extent in t;o and evolution between t, and t;o).

Value in tq
Indicator Min Mean Max "
Households 21,93 110,40 243,97 —-0.97
Jobs 0,00 211,50 16,371,00 —0.38
Prices 2 109 21 382 820 021 —0.47
Commuting times 0,00 60,96 119,19 0.86
Evolution to—t1o (in %)
Min Mean Max

Households 9,44 10,56 14,13 —0,97
Jobs —100,00 31,45 100,00 -0,15
Prices 3,59 6,75 10,48 —0,47
Commuting times NA NA NA NAP

®r="Pearson correlation between the Euclidean distance to the closest CBD and indicator (column 1); all correlations sig-
nificant for a <.001.
PCommuting times are estimated by MATSim at the end of t, and therefore not available for this time-step.

Four indicators are used to compare the land-use and transport outcomes of the LUTI
model across the different Extents: the final number of (1) households and (2) non-home-
based jobs per zone? in t;q, (3) the evolution between t, and t;o of real estate prices for
non-residential buildings, and (4) the mean home-to-work travel time in t;,. The Complete
case is used as reference, and relative differences (in %) are computed for each Extent: a
negative difference means larger final values than for the Complete case, and vice-versa.
Deviations from the Complete area are given both for the regions (Western, Central, and
Eastern, in Table 5) and for the zones (see maps in Figures 4-7). The number of agents
varies from one Extent to another. Therefore, we focus here on the spatial structure of
the differences rather than discussing their absolute level.

Households - Variations per region and zones between Complete area and small Extents
are limited (Table 5 and Figure 4). Since their magnitude is lower than the inter-runs vari-
ations (which vary from 0.58 to 1.27%) they can be considered as noise with no specific
spatial pattern. Changing the size of the CBDs slightly influences these variations (increas-
ing the size of the Western CBD leads to a decrease in variation). Note that the growth of
the number of households between t; and t;q is larger near the CBDs for all Extents.

Jobs - Large differences are observed (Table 5 and Figure 5), and they are significantly
larger than inter-run variations. A strong spatial structure emerges, with a higher concen-
tration of jobs near the CBD for all smaller Extents (negative differences with the Complete
Extent), and a lower one in the “dense suburbs”. From Extent E35 to E25, this denser suburb
shrinks to a ring with limited width (see Figure 5 for details). Due to the concentration of
jobs close to the CBDs, no variation is observed for Extents that do not include any part of
the Eastern region. Variations per zone increase with the size of the West CBD, due to the
larger number of new jobs. Peculiarities (E40 and E45 for Small and Large West CBD cases)
will be discussed hereafter.

Real estate prices — Prices of non-residential buildings depend on population and job
densities. The spatial structure of their variation between Extents is similar to that observed
for jobs and therefore important, though with a larger level of noise due to the observed
random pattern of households. Variations at both regional (Table 5) and zonal (Figure 6)
levels show in most cases positive differences close to the CBD, meaning that an increase
in real estate prices is lower in these zones for Smaller Extents than for the Complete Extent.



Table 5. Final values per region for the Complete Extent and relative differences (%) with Small Extents (a < 0.05% 0.01**, and 0.001**¥),

Equal-size CBDs

Small West CBD

Large West CBD

Indicator Extent West CBD Suburban East CBD West CBD Suburban East CBD West CBD Suburban East CBD
Households 60 0.46 0.08 0.046 0.31 0.08 0.61 0.61 0.08 0.31
(%) 50 0.002 -0.03* 0.002 —0.07** —0.04* 0.02%** 0.001 0.03** —0.02%**
45 -0.001 -0.007 0.01 —0.005 -0.03 0.02%** 0.003 —0.0001 -0.01
40 0.002 0.001 -0.02 0.005 -0.02 0.002 0.001 —-0.005 -0.01
35 0.006** —0.04** 0.07%** —0.06*** 0.07%** —0.07***
30 0.003* —0.04* —-0.005* 0.05* 0.07%** —0.7%**
25 0 0 0
Jobs 60 0.50 0 0.50 0.35 0 0.65 0.65 0 0.35
(%) 50 —2.17%** 0 2.27%** —12.7%%* 0 7.3%%% 2.96%** 0 —5.9%**
45 0.77%%* 0 —T11.7%%* -0.02 0 0.17 0.24%** 0 —6.5%*%*
40 0.05%** 0 —59.6%** —0.007*** 0 0.77%** —0.004** 0 10.7%*
35 0 0 0 0 0.001 0
30 0 0 0 0 0 0
25 0 0 0
Price 60 24 757 4 499 24 760 16 698 4 541 33 209 33 211 4 539 16 705
(Euros) 50 —1.7%** -0.01 —1.17%%* —5.25%% -0.24 —5.68%** —2.65%** -0.05 —2.75%**
45 —0.46*** 0.38 —0.24*** 11.9%** -0.1 8.7%%* 3.9%%* 0.11 2.54%**
40 —0.43%** 0.34* 0.36%** 8.39%** 0.31* 1.53%%* 2.45 —-0.06 0.17
35 —0.64*** 0.55 —0.70%*%* —0.62%** —1.7%%* -0.14
30 —1.7xx* 0.13 —1.7*x* —1.7%** —2.4%¥* —0.52*
25 —2.]*¥* —1.9%*%* —3.8%*%*
Commuting 60 46.9 64.1 454 355 79.9 77.7 62.5 68.2 346
Times 50 —6.7%% —16.7*** —30.9%** —7.0%** —35.6%** —49.0%** -10.7* —8.9%** —15.7%*
(Minutes) 45 —7.4%* —7.4%%* —7.6%* —17.4%%* —47.3%*%* —54.4%x* -87 12.9%*%* 52.3%%*
40 —9.2%*% —3.3%x% —18.9%** —18.5%** —40.0%** —34,1*** -9.0* 15.7%%* 75.7%%*
35 —12.8¥%* —4. 7% —21.7%%* —41.9%%* -9.1* 14.5%**
30 —16.3%*%* -11.9 —23.0%%* —39.5%xx —13.5%* —3.4xx*
25 —20.7%** —26.6%** —16.6%**

IV LISYWOHL'T () 1
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Figure 4. Number of households (value: (Complete — Exx)/Complete in t;o, with Exx = E25 to E50, in %;
discretization: quantiles).

The parameter estimates of the real estate price sub-model vary from one case study to
another, therefore, affecting the evolution of these prices. In particular, the parameter esti-
mates of the population density (log) are slightly larger for E40 and E45, which explain the
peculiarities observed for these Extents for real estate prices and jobs.

Commuting travel time — The main transport output from the model, for it is simulated
after the land-use part, is even more influenced by differences in extents. Observed vari-
ations are greater than for the previous indicators and their spatial structure is clear® and
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Equal-size CBDs Small West CBD Large West CBD
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Figure 5. Number of jobs (value: (Complete — Exx)/Complete in t;o, with Exx = E25 to E50, in %; dis-
cretization: quantiles: White area: no jobs in t).

highly influenced by the relative size of the West CBD. The commuting time per region
increases close to the largest CBD, and decreases in the zones furthest from this CBD
(Table 5). Hence, for the Small west CBD case, a large increase in commuting time (negative
differences with the Complete extent) is observed for all zones located East of this CBD,
while for the case of the Large west CBD a decrease is observed (Figure 7). These variations
are larger for Extents E35 to E45 that include a portion of the eastern region, but not the
East CBD itself (Table 5).
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Equal-size CBDs Small West CBD Large West CBD
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Figure 6. (non-residential) real estate prices (value: (Complete — Exx)/Complete, with Exx = E25 to E50,
evolution between t, and t;q in %; discretization: quantiles).

3.4. Implications

The different Extents of our synthetic geography were not designed with a concern for
realism beyond the Alonso-Muth-Mills standard trade-off, but to provide a systematic
evaluation of the influence of the delineation of cities. Interestingly, we end up with
quite realistic situations such as Extents E30 and E35 that consist of adding to the
studied CBD a rural area with few or no functional links (commuting) with the CBD.
Such a situation is found in several of the papers reviewed in Section 2 (e.g. the case of
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Equal-size CBDs Large West CBD
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Figure 7. Home-to-work commuting time (value: (Complete — Exx)/Complete in t;o, with Exx = E25 to
E50, in %; discretization: quantiles).

Paris). On the opposite, Extents E40 to E50 include a portion of another CBD within the
studied urban area (see, for instance, the case of Brussels mentioned in Section 2).

Our simulations suggest that the inclusion of rural areas has only a limited influence on
model outcomes (Extent E30, where the relative variations can be associated with noise).
Nevertheless, we have demonstrated that if the study area is not well associated with a
functional region, it dramatically impacts the location of agents, especially jobs, and sub-
sequent model outputs, in particular, commuting time. More precisely, a bias arises (1)
when the study area fails to encompass some portions of the area of influence of one
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CBD (Extent E50, where peripheral areas of the East CBD are excluded), and (2) when the
study area includes some portions of the catchment area of a nearby CBD but excludes its
centre (Extents E35 to E45, do not include the East CBD itself). These cases show major dis-
crepancies to the Complete Extent that can lead to a wrong understanding of transport and
land-use coefficients and outputs. Moreover, from the Extent E50, we see that the magni-
tude of the bias is proportional to the size of the excluded CBD (the bias increases when
the East CBD is larger than the one under focus), pointing out clearly the importance of
accurately delimiting a functional area within its wider geographical environment and
nearby competing cities.

4, Discussion and recommendations

In the scientific literature related to LUTI applications (see Section 2), the size and number of
spatial units is sometimes described, but very few authors discuss the reason for choosing a
spatial extent for their urban case study. This is a remarkable vet worrying result given the
popularity of LUTI models in geography and urban studies. Most likely, the political/admin-
istrative authority that supports the development and application of an LUTI model will
require the area to encompass only its activity area, whatever the functional reality of the
delineation. Similarly, the land-use and transport data needed for an LUTI application can
be directly associated with a particular regional setting, independent of any functional
reasoning. Beyond these very pragmatic reasons, there seems to be a presumption in
research articles that the delineation of a study area is not very problematic. A probable
reason for this lack of precision and interest may be the fact that the major ingredients of
the urban system (number of jobs, of residents, and the transport infrastructure) are
included in the model. Another believe could be that because densities decrease with
distance, cutting the more distant locations out of the model has only benign effects.

Section 3 shows that these assumptions cannot hold even with a simple urban struc-
ture. The delineation of the study area plays a capital role in the results and the conse-
quences for not controlling the city delineation are clearly underestimated in the
literature. This being said, defining what is a coherent functional urban system is still far
from obvious. There is a large amount of literature and a wide variety of existing
methods for delineating a city (see Dujardin et al.,, 2007; Thomas et al., 2013; or Jones
et al,, 2015a for review and examples). In light of our findings and keeping in mind, the
practical objectives of most LUTI models, we can make three main recommendations:
(1) modellers should search for an optimal delineation of the study area based on com-
muting flows prior to any simulation; (2) as a corollary, a clear coupling of the model com-
ponents must then be made with the “Rest of the World”; and (3) a detailed reporting of
aggregates (population, jobs, etc.) and geographical pattern of densities, prices and flows
should be communicated for transparency and understanding.

An optimal endogenous delineation — Given the still very dominant role of the trade-off
between commuting costs and real estate prices, commuting flows should be the base for
delineating the application area of an LUTI model. As long as jobs’ places are known, this
criterion can be used independently of whether the city is mono or polycentric. Typically, a
delineation method could be based upon the partition of a wider origin — destination
matrix for commuting, and use an endogenous criterion to produce clusters with
maximal intra-group flows and minimal inter-group flows. Examples can be found in
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Farmer and Fotheringham (2011), Coombes (2014), and Thomas et al. (2013). Obviously
the level of spatial detail then comes into play as well. Ideally, the base matrix should
be as detailed as possible and the robustness of the partition to aggregation controlled for.

Defining an optimal delineation by such method meets three desirable characteristics
for LUTI models. First, commuting is the product of the spatial mismatch between residen-
tial locations and employment centres. The focus is therefore set on the interactions
between places through the transport infrastructure, as assumed by the “transport and
land-use feedback cycle” (Simmonds, Waddell, & Wegener, 2013). Second, commuting
flows typically produce large delineations, which is consistent with the extended urban
area favoured in most LUTI models’ applications (see Section 2). Third, the proposed
approach seeks to create a study area with strong internal ties while lowering links with
the Rest of the World that are not simulated with the same detail, thus reducing bias
from the border effect.

Coupling with the “Rest of the World” - In some LUTI models external boxes are used to
represent outer zones, for which results are not under focus. Mostly, this is done in the
transport system, e.g. with in/out commuting flows or exogenous background traffic.
Such interactions can be found in MEPLAN, IRPUD, or DELTA LUTI models (see Bosredon,
Doson, & Simmonds, 2009; Echenique et al., 1990; Simmonds et al., 2013; Wagner &
Wegener, 2007).

Defining what is outside of a modelling system is a corollary to defining what is inside.
In facts, the same method of origin - destination matrix partition suggested for the deli-
neation of the study area can be used to draw external zones. How many of them are
needed is then again a question of significance of flows with the modelled system and
internal consistency of the available “Rest of the World”. The more spatial disaggregation
there will be of the external system, the more scenarios related to a wider territory (e.g. as
in Eradus et al,, 2002; Zondag et al., 2015) can be tested, though mainly as input. However,
the question will then be raised on where to put the limit again and what the benefits are
of having two levels of details for a single LUTI model: one disaggregated and full feedback
effects and one more aggregated at the outskirts with fewer spatial details and less
interactions.

Given the difficulty of calibrating and reaching robustness for a single precise system
and known effects of spatial aggregation (see Jones, 2016), our opinion is rather to
keep the external world as simple as possible as an attractor/sender of flows. The
purpose of LUTI models is to handle land-use and transport feedbacks in a dynamic
fashion for prospective research. If one wants to question more regional interactions'’
effects, relying on more standard spatial interaction models (even in a static manner)
seems rather sufficient and typically the detail of traffic assignment, and the precise posi-
tioning of households and prices are unnecessary burdens. Moreover, interpretation of a
single coherent urban region is easier to relate to processes in urban economics.

Transparency — Reproducibility of LUTI applications is often deemed insufficient due to
the lack of details on the methodological framework (te Brommelstroét, Pelzer, & Geert-
man, 2014; Lee, 1973; Nguyen-Luong, 2008; Saujot et al., 2016). Our results demonstrate
that this criticism is also valid for the choice of geographical delineations. Relying on a
clearly stated methodology for optimising the definition of a study area would allow for
better liaising findings across case studies. Especially it would help showing similarities
and dissimilarities for particular sets of regions - e.g. large or small city regions, mono-



TRANSPORT REVIEWS (&) 21

or poly-centric — while being certain that the geographical delineation has not impacted
the comparison. Furthermore, regulation and planning can have decisive impacts on
urban and transport development. Understanding the impact of specific policies is only
possible after a good knowledge of the functioning of the study area is obtained, which
in turn requires transparent and accurate understanding of its geographical context.
Finally, with clearly stated methods for optimising the definition of study areas, results
of LUTI applications can then be discussed in light of other research fields. Typically knowl-
edge transfer would be easier with other empirical and theoretical research on urban
expansion forms or in the field of urban and transport economics. While offering more
comparative power, coming-up with an explicit and optimised delineation methodology
could progress the theoretical urban agenda.

5. Conclusion

We have shown that there is a lack of care in the European LUTI research community for
properly delineating case study applications. This is a problem that not only challenges the
reproducibility and comparability of results but also weakens the results themselves. The
call made here for a more careful delineation of study areas is not only of a theoretical
interest (making LUTI models capable of contributing to generalisable scientific knowl-
edge), but also has practical implications. For example, a remarkable result in many appli-
cations of LUTI models to European cities is their strong inertia (e.g. Cabrita et al., 2015;
Nguyen-Luong, 2008): land-use adjustments to external (including policy) perturbation
have a very long-time span (see Wegener, Gand, & Vannahme, 1986). Incorrect delinea-
tions of study areas may de facto contribute to such stability, because areas that are not
under the influence of the city under focus and strongly impacted by policy scenarios,
are included in the process.

We definitely need LUTI models for understanding, planning, and anticipating transpor-
tation and urban development problems within city regions. LUTI models, require numer-
ous and diverse competences that would gain to be better integrated as the field is now in
a maturing phase. Very recently Moebius (Luxembourg; see Lord, Frémond, Biltgen, &
Gerber, 2015) and Sustaincity (Paris, Zirich, and Brussels; see Bierlaire, de Palma, Hurtubia,
& Waddell, 2015) research projects illustrated the difficulties in applying LUTI models in
Europe. There are of course many other technical and conceptual challenges than the geo-
graphical aspects assessed here. However, the delineation of functional urban areas, a
major concern in geographical science for decades, has been too much ignored in Euro-
pean LUTI applications so far. We show this is detrimental to model results and compar-
ability. Hopefully, there is space for improvements and the guidelines we offer
constitute only a very first step towards “better spatial practices” in LUTI models.

Notes

1. We use the zone-version of the UrbanSim model. For consistency purpose, the cells of the grid
will be referred to as “zones”.

2. Since all zones have the same size, absolute numbers are equivalent to densities.

3. Note that some noise appears in the estimates of commuting times, since MATsim uses only
25% of the agents (the maximum compatible with the computer power required, which is still
larger than the 10% recommended by Nicolai & Nagel, 2015).
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Appendix 1 - Initial structure of the synthetic urban areas

The synthetic city is developed on a featureless landscape. We decided to define the utility of house-
holds and jobs as in the Alonso-Muth-Mills model, i.e. increasing with the accessibility to jobs and
decreasing with real estate prices. However, in UrbanSim, this utility level derives from the indepen-
dent factors selected in the household and employment location sub-models. Therefore, we set the
initial distribution of households and jobs per zone using a function of the distance to the CBD. The
functional form is obtained by trial and error, until the parameter estimates have the desired signs
within the real estate model of UrbanSim. The mathematical forms obtained are an inverted logistic
curve for households, and a negative exponential curve for non-home-based jobs. An advantage of
this choice is that jobs are more highly concentrated towards the centre than households, which is
consistent with the multi sector version of the Alonso-Muth-Mills model.

Let H be the total number of households h, in t, and J is the total number of jobs j. It is assumed
that every household includes two workers, hence J = 2H. Equations (A1), for households, and (A2),
for non-home-based jobs, allow for determining the attraction potential of a zone (cell) i, denoted by
P;. Hereafter, a denotes the relative size of the CBDs, f is the distance-decay parameter (unitary in this
case), d;, the distance between i and the CBD n, and N is the number of CBDs.

1
Pi(h) = a———]/N, (A1)
(n_Xh:N 14+e Bin)

Pij) = (Z ae—ﬁdm>/N. (A2)

n="1N

The potential P(h) and Pyj) are re-scaled between 0 and 1. The total number of households h; and
non-home-based jobs j; in a zone i in t, are then equal to HP(h) and 0.95JPj) (among all jobs
95% are non-home-based jobs). Home-based jobs are distributed between zones proportionally
to the household’ density. To simulate the bi-centric settings, we set N=2 and a=2, 1 or 0.5.

In zone versions of UrbanSim, agents are located in buildings, which in turn are situated in a zone.
In our experiment, buildings are mono-functional (i.e. purely residential or non-residential) and
limited to Houses and Offices. Their characteristics depend on the number of agents per zone. For
residential buildings (Houses), the number of existing residential units (i.e. dwellings) in t, is given
by ru;=h;(1+vr) with vr the average, long-term, vacancy rate (set here to 10%). The residential
units capacity ruc; is equal, for all Houses, to the maximal value of ru;. Hence, we assume that the resi-
dential developments’ capacity is null in the CBD and increase with the Euclidean distance to the
CBD. Finally, the average value per residential unit, p{ru) is defined by Equation (A3), where u(h)
denotes the average number of households per zone and C,, is a constant (set to 50,000 € here).
Note that its actual value has no practical importance: since the income level is uniform among
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households, only the spatial variations of the residential prices matter in their location choices.

hi

pi(ru) = Gy ) €. (A3)
Non-residential buildings (Offices) are characterized by their existing floor space for jobs, their floor
space capacity (existing + developable) and their average price. This latter characteristic is the value
of one-square metre of floor space, not the price of the entire building. This is a hard-coded assump-
tion in the source code of UrbanSim. The non-residential surface in ty, noted nr; is equal to 20ji(7 + vr).
In other words, we assume that each job requires a surface of 20 square metres. The non-residential
surface capacity (nr.) is equal to the maximal value of nr;. The real estate prices in t, are given by
Equation (A4), where u(j) denotes the average number of jobs per zone, and C,, is a constant
equal to 100 €/m>.

hi ji 2
P:(nr) = Cnr (,U«(h) + M(]))€/m . (A4)
Note that the buildings are assumed to be mono-functional, meaning that the non-residential
surface (both existing and potential) is set to zero for all Houses. Non-residential buildings, conver-
sely, do not include any residential units.

Two macro-economic parameters have to be defined in any application of UrbanSim. (1) The
population growth is assumed to be linear, meaning that H,, the number of households in t, is
equal to H(1 + g)t — 1 with t being the number of year and g is the population growth rate. The
control totals for jobs are derived from these values for households, following the rule that J = 2H.
(2) The relocation rates are identical for households and jobs and set to 10% per year. Finally, a
bi-directional road network connects the centroid of each zone to the centroid of all adjacent
zones, on a von-Neumann neighbourhood. The length of each link is the Euclidean distance
between the two centroids. Maximal speed is set to 13.88 m/s (i.e. 50 km/h, the maximal authorised
speed in urban areas in the most European countries), and the capacity of each lane (one in every
direction) to 500 vehicles per hour.
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