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Abstract A multi-agent system is presented here. Agent decisions are based on eco-
nomic partial utilities. It’s a new computational tool using cellular and agent-based
models. Decision processes are represented through computational agents. Land-use
and land cover changes are represented through a cellular model. It belongs to kind of
models called Multi-Agent Systems model of Land-Use Cover Change. Decisions con-
cern the estate development in the neighborhood of the agents. Space is discretized in
heterogeneous cells where heterogeneous agents interact together (directly or via space).
Based on partial utility probabilities, several stochastic simulations are achieved. These
simulations are then summarized, replicated and a parameter sensitivity analysis pro-
vided. The main parameters influencing the decisions of an agent depend on his type
(ecologist, etc.) and on the expected economic activities in his neighborhood. Little
information is assumed to be known about the mechanisms determining the parameter
values guiding the decisions of the agents, except their type. The whole system consti-
tutes a general virtual model, mostly independent from initial conditions and real data.
Sensitivity analysis are used to explore behavioral paths and influencing parameters.
In summary, the main contribution of this paper consists in: (i) defining a simulation-
based framework for modeling the decisions of many heterogeneous economic agents
involved in in spatial interactions; (ii) capturing the decision process using general
utility-based equations; (iii) providing a sensitivity analysis of initial parameter val-
ues. An example of possible application investigating strategies of various categories of
agents (institutions, landowners, homeowners, etc.) facing an intense residential devel-
opment is provided. The framework consists of abstracting institutional characteristics
of actual local Urbanism Plan procedures in France. This model constitutes a first step
to be further specified.
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1 Introduction

As noted by Koomen and Stillwell (2007) (p.5), land is a special economic asset. First,
supply of land is fixed and involves specific demand-supply relations. Especially in
touristic countries, which are facing an intense residential development, this leads to
pressures on land prices. Every parcel of land has a fixed location with associated
unique features. Externalities are associated with the use of land (land-use at a partic-
ular location influences its neighborhood). This specificity is an important factor in the
cover change. Empirical results, exhibiting such a behavior, have been obtained [e.g.,
cf. Verburg et al. (2004)]. When an intense estate development occurs, the increase
of both population and constructions leads to important ecological and economical
management issues: as noted between others by Collins et al. (2000), Alberti (2005)
and Irwin (2010), while urban and urbanizing land represent only a small fraction of
the total land area worldwide, they generate a disproportionate share of total environ-
mental impacts. Moreover, the development of particular economic activities involves
land competition with other economical sectors (e.g., between tourism and agricultural
sectors). In this context, it can be assumed that a better understanding of the main
decision mechanisms, related to the building propagation (sales, protestations, etc.)
integrating both environmental impacts and socioeconomic and demographic impacts
of human settlement, is necessary to better manage “available” lands.

In land-use modeling, when compared to analytical resolutions, simulation has sev-
eral advantages. First, simulation allows modeling explicitly space: through disconti-
nuity and heterogeneity aspects that generally make land-use models intractable (see,
between others, Parker, 2000 and 2007). Discontinuity and heterogeneity aspects arise
because land-use and land cover changes are driven by many factors (climate, technol-
ogy, and economics, at different spatial and temporal scales, cf. Koomen and Stillwell,
2007) and processes. Land-use changes are so complex and ill-defined that it is quite
impossible to determine universal rules to control this kind of process in various places
(cf. Wu, 2002, Ligtenberd et al., 2004). A difference between simulations and ana-
lytical models, used in environmental economics and neoclassical tradition, concerns
the informational structure of decision assumptions. As noted by Parker et al. (2003),
Koomen and Stillwell (2007) and Irwin (2010), land-use models involve various spatial
dependencies and feedback mechanisms. It is then impossible for an individual agent to
be aware of all his acts and all the acts of other agents. Models assuming fully informed
agents (taking long-term decisions and having infinite analytical capabilities permit-
ting forward-looking expectations) are unable to deal with the complexity of human
decision making. In Land-Use Cover Change problems, multi-agent models generally
require limitations of agent’s rationality [Parker et al. (2003)].

Even if, as noted by Irwin (2010)1, great progresses have been made in economet-
ric. Monocentric models have been extended to account for multiple sources of spatial
heterogeneity and in the development of general equilibrium models with spatial dy-
namics, this class of models always suffer from lack of realism. Concerning dynamical
aspects of urban growth, some forms of spatial dynamics have been studied by the
mean of monocentric urban area models (cf., e.g., Capozza and Helsley, 1989 or Braid,

1 This text provides an exhaustible survey on the subject of recent urban economic models of
land-use change both in traditional neo-classical perspective and in agent-based computational
models. Readers can refer to this work for a more complete overview of the papers on the
subject and a full investigation of the comparison of the relative strengths and weakness of the
two approaches.
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2001) or models defining space along a line (this is the case for example for the models
of Lucas and Rossi-Hansberg, 2002 and Berliant and Wang, 2008: additional references
can be found in this papers). However, as noted by Irwin (2010, p.78): “[...] because of
the need for tractability, these models remain highly stylized in terms of space.” More-
over, they do not incorporate political decision making and heterogeneous preferences.
This last point has been studied by the means of locational equilibrium models with
heterogeneous households (Epple and Platt, 1998; Epple and Sieg, 1999; Bayer and
Timmins, 2005). These models permit to obtain a set of individual location decisions
that are optimal given the location decisions of all other individuals in the population
defining an equilibrium. However, despite the great interest of the questions they study
(and the results they obtain), these models do not incorporate any explicit representa-
tion of space. Moreover, they do not consider issues linked to environmental impacts of
land-use changes. On the other hand, Multi-Agent Systems currently used for studying
virtual estate development provide a flexible means of linking microwaveable behaviors
and interactions with macro-level land-use dynamics thus exhibiting substantial gains
in comparison with more traditional economics models: “[this] methodology permits
the modeling of individual behavior, multiple sources of spatial and agent heterogene-
ity and, because the simulation approach allows one to ’step the system through time,
a ready means to modeling transitional and spatial dynamics” (Irwin, 2010, p.68). Be-
cause they are not bounded by the need of analytical tractability, these models permit
to integrate a high degree of complexity in terms of spatial dynamics and sources of
spatial and agent heterogeneity. Hence, there is a need for simulation models to be
easily adaptable to dynamic land-use changes and local specificity in terms of spatial
and agent features.

Using simulation models helps also modelers understanding the main parameters
of the urbanization process and policymakers anticipating possible future hypothetical
scenarios (see, e.g., Ligtenberd et al., 2004, Verburg et al., 2004, Koomen and Stillwell,
2007). A new computational tool is proposed here using cellular and agent-based mod-
els. Decision processes are represented through computational agents. Land-use and
land cover changes are represented through a cellular model. This kind of models are
called Multi-Agent Systems model of Land-Use Cover Change (MAS/LUCC, cf., Gim-
blett, 2001, Sengupta and Bennet, 2003, Parker et al., 2003, Ligtenberd et al., 2004,
Monticino et al., 2005). MAS/LUCC allow modeling and simulating complex phenom-
ena in a spatialized environment. Interactions between cellular and agent-based models
allow considering land-use and land changes as a consequence of relations between bio-
physical and human dimensions - in space and time (cf. Veldkamp and Verburg, 2004).

An example of possible application, investigating strategies of various categories
of agents (institutions, landowners, homeowners, etc.) facing an intense residential
development, is proposed here. The framework consists of abstracting institutional
characteristics of actual local Urbanism Plan procedures in France: main features of
Urbanism Plan procedures in France are presented infra, cf. Section 2. Decision mak-
ings of agents are achieved according to the expected utility of the decision. Various
attitudes according to the environmental quality are embedded. As seen before, in
Economics, using such an approach usually faces a main issue: very few agents can be
considered and spatial dynamics (land-use changes, environmental quality, etc.) cannot
be modeled explicitly. Economic studies dealing with multi-agents usually reduce the
number and types of agents, directly experimenting well known problems (as prisoner’s
dilemma). The main advantage of using agent-based simulation consists in the possi-
bility to model many heterogeneous categories of agents. However, the main difficulty
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(and advantage) when dealing with many agents relates to the richness of interactions,
behaviors, and results. Therefore, new methods need to be developed to analyze the
results of simulations.

In our simulation model, due to the lack of information concerning agent decision
mechanisms, it is assumed that agents do not have rational and forward-looking expec-
tations. At each time step, an expected utility function (as in Monticino et al., 2005) is
computed to choose between possible actions. Then, an action, with the most expected
benefit, is selected. This allows focusing on individual interactions in a framework with
a great number of heterogeneous agents with, potentially, different individual attitudes
concerning the apprehension of the various aspects of the decisions regarding land-use:
in this work, for example, environmental aspects, economical aspects or tradition-based
aspects. However, simulation also induces disadvantages. Models based on analytical
resolutions have the advantage to have accurate assumptions leading to deterministic
predictions. Instead, simulation results depend on initial parameter values. Automatic
tests of hypotheses (as initial conditions), as well as sensitivity parameter analysis,
need to be performed. Besides, simulations are usually performed to fit real experi-
mental data. However, at the agent level, it is almost impossible to collect exhaustive
data about: the decisions achieved by an agent, his believes, the characteristics of the
lands concerned by his decisions, etc. Considering the lack of knowledge about the
decision parameters, modeling assumptions (parameter influences) are evaluated after
simulation. In such a framework, simulations represent the various experiments that
the modeler performs to design his model.

The main contribution of this paper consists in:

1. Defining a simulation-based framework for modeling the decisions of many hetero-
geneous economic agents involved in in spatial interactions.

2. Capturing the decision process using general utility-based equations.
3. Providing a sensitivity analysis of initial parameter values.

The rest of the paper is organized as follows. In the next section, the main assumptions
of the model and the overall simulation sequence are presented. Section 3 describes the
software environment and particular simulation results. Section 4 provides a sensitivity
analysis of the parameters used in the simulation. Section 5 concludes and presents
perspectives.

2 Model Structure and Simulation Sequence

Since December 13th 2000 (Loi solidarité et renouvellement urbain: solidarity and ur-
ban renewal law), estate development is governed by the a Local Urbanism Plan pro-
cedure (Plan Local d’Urbanisme). Only the main mechanisms of this law are presented
hereafter, in order to establish the basis of our simulation: for a detailed overview of
all aspects of the law and its consequences, cf. Cassin (2007 In French). The procedure
for developing a Local Urbanism Plan must follow five key steps (of different length).
The first step is a phase of association and consultation. This phase involves consul-
tation with terms set by the municipal council. This should involve consultations of
residents, local associations and other interested parties (including representatives of
the farming profession. Terms of cooperation are left to the discretion of Commons
public meetings, exhibitions, information disseminated in local newspapers or newslet-
ters municipal, creating a extra-municipal committee... (cf. Cassin, 2007, p.27).. At
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the end of the consultation phase, Mayor presents the results of the consultation at
the council. The council deliberates and decides (at the end of this second step) the
general Project. The project is then forwarded, during the third step, to the competent
authorities for verification of compliance with the rules in force regarding land-use.
The fourth step is a public hearing on its audits. Finally, in the fifth step, the Local
Urbanism Plan is definitively approved and should be kept available to the public. As
its publicity measures, it becomes enforceable against third parties.

These institutional characteristics of actual local Urbanism Plan procedures in
France are abstracted hereafter. Here, various strategies of various categories of agents
(institutions, landowners, homeowners, etc.) facing an intense residential development
are investigated. This is why the specific regulations applicable in the mountain areas
and the coast (which are those outside of major cities, which are more subject to strong
pressure of urbanization) are taken into consideration. These regulations stipulate that
urbanization must be done in these areas in continuation to existing buildings. Indeed,
it is well established that the property constituted, for the vast majority of owners, the
most important part of their heritage, which makes them particularly sensitive to any
event that may affect its value affecting, in particular, their decision to vote in local
elections (cf., Fischel, 2001).

Mathematically, the main assumptions and entities of the model consist of:

– Activities: Our model is a sector-specific model (see Koomen and Stillwell, 2007,
p.4). Three types of activities are considered: Industrial [indexed by (I)], commer-
cial (C) and residential (R). They are localized on cells (all cells have the same
size). A cell can also be undeveloped: in this case it is considered to be a wild
cell (W ). Activities are associated to particular environmental damages and tax
revenues. Environmental damages and tax revenues in cells are averaged (i.e., the
amount of environmental damages depends on the total amount in the cells of same
activity). Let Bj (A) and Zj (A) respectively be the environmental damages and
the tax revenue associated with a cell j; j = {1, ..., J}; where J is the total number
of cells; for A = {I, C,R,W}, it is simply assumed that:

Bj (I) > Bj (C) > Bj (R) > Bj (W ) (1)

Zj (I) > Zj (C) > Zj (R) > Zj (W ) (2)

– Agents: There are five types of agents in the model. The first two types consist of
industrialists and traders, (respectively owners of industrial and commercial cells).
Their activities are not specifically modeled as they do not influence directly the
overall simulation sequence.
The three other types of agents are: Mayor and residents who are considered to
be owners of their own (single) house or landowners of wild cells. For all agents,
decision making is modeled using standard expected utility functions. The main
characteristics of these agents can be described as follows2:
– Mayor: The institutional framework is represented by Mayor (or a Local Coun-

cil). The latter can be considered as the resultant of all administrative proce-
dures of the Municipal Council. Mayor is first characterized by a utility function
according to a particular cell. This utility function is the sum of three different

2 In Appendix A, the various kinds of agents are described more formally and precisely in
terms of utility functions.
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partial utilities with different weights: a partial utility relative to environmental
quality (uEN ); a partial utility relative to the tax revenues collected in the cell
(uRF ) and a partial utility relative to citizens’ welfare (citizens correspond to
landowners and residents and are characterized by a voting decision function.)
and depending on protestations, adhesions and neutralities of residents and
landowners, after a constructability proposition or a decision concerning a wild
cell (uW ). Mayor’s type depends on the relative weights Mayor assigns to the
different partial utilities. The weight for citizen welfare (αW ) is fixed whatever
the type of mayor. If Mayor assigns a relative weight for the environment (αEN )
higher than the one for tax revenue (αRF ), he is considered to be an “ecologist”;
conversely, Mayor is considered to be “concerned by economic development”.
Finally, the total utility function of Mayor for a cell j is:

Um = αENuEN + αRFuRF + αWuW (3)

– Residents: Resident’s utility corresponds to the sum of two partial utilities
with different weights: a partial utility relative to the environmental quality
of resident’s cell (uE) and a partial utility relative to the value of resident’s
cell (uF ). This value depends on the environmental quality and on the type of
economic activities in the neighborhood of the cell. A resident can be of two
types: if the resident assigns a relative weight to the environment (αE) higher
than the one assigned to the cell’s value (αF ), the resident is considered to be
“ecologist”; in the opposite case, the resident is considered to be “property-value
concerned”. Finally, the utility function of a particular resident is:

Uv = αEuE + αFuF (4)

According to his type, a resident has two kinds of decision to make. First, he
has to decide whether to protest or not, when he faces Mayor’s constructability
proposition in his neighborhood. To take his decision, a resident compares the
expected utility if the construction will take place and the expected utility if the
construction will not take place. This decision making includes a cost attached
to protesting or agreeing. Second resident’s decision consists in voting a new
Mayor. As noted before, owners are generally particularly sensitive to any event
that may affect their property’s value. These events can affect their decision to
vote in local elections. Since the seminal work of Downs (1957), voting decisions
have been represented as an economic calculation on the basis of the costs and
advantages of the act of voting. Four factors explain the expected return on
voting: the satisfaction the individual obtains by participating to the vote,
the cost of the action of voting or the opportunity cost of the time devoted
to make a decision, the rational individual’s probability of being the decisive
voter among the whole of the voting population, and the utility the individual
obtains from the result of the election. Because our main goal is not to provide a
model of municipal elections but to reflect the impact of the four factors on the
decisions of the Mayor (and his future reelection), the deliberately restrictive
assumption is adopted that the probability of voting for a certain kind of Mayor
can directly be connected to the expected utility of a resident relatively on the
election result. Thus, a resident will determine his vote in relation with the
weight he gives to the two partial utilities. Before the elections, and according
to the new land-uses, residents’ weights change. For example, if the resident
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protested for a certain constructability decision, the weight he assigns to the
partial utility related to the actual Mayor decreases. Finally, each resident votes
a new Mayor: the probability to vote for an ecologist mayor is proportional to
the weight he assigns to environmental quality. The probability to vote for a
mayor more concerned by economic development is proportional to the weight
he assigns to his cell’s value.

– Landowners: A landowner can be of three types depending on the relative
weights he assigns to three partial utilities. The first partial utility (αTR) is
based on “tradition”. The partial utility for tradition (uTR) is an increasing
function of the time that the cell is owned by the landowner. If the weight that
the landowner assigns to tradition is the biggest one, he is considered to be
“traditionalist”. The second partial utility (uQ) is based on the environmental
quality. If the weight that the landowner assigns to the environmental quality
(αQ) is the biggest one, he is considered to be “ecologist”. The third partial
utility (uR) is based on the value of the cell. If the weight that the landowner
assigns to it (αR) is the biggest one, he considered to be “ land-value concerned”.
Finally, the utility function of a particular landowner is:

UP = αQuQ + αTRuTR + αRuR (5)

Using his utility function, a landowner takes three decisions. First, he chooses to
protest or not against mayor’s constructability proposal in his neighbourhood. Here
the mechanism is the same than for residents. Second, he chooses to sell or not in
case of constructability decision. To take his decision, he calculates his expected
utility in both cases. Finally, he votes once the final constructability decision is
adopted. The mechanism used is quite similar to the one used by residents.

– Information structure: Agents do not perform anticipations in the simulation
model. At every time step, a utility function is computed by agents to choose
between possible actions. The action with the most expected benefit for the agent
is selected by the agent. Due to the lack of information concerning other agents,
agents do not perform rational expectations. For example, the mayor does not have
any information on the type of residents and landowners. He collects information
only on the protestations, adhesions and neutralities of residents and landowners.
Therefore, information in the simulation model transits through the cellular space.
In this particular example: (i) The mayor sends a signal to the other agents by
taking the constructability proposition for some cells, (ii) Other agents protest or
not for these particular cells.

– Land Market: The land market can be considered at the equilibrium. The price
of land cells is determined by an argument3of the utility function of residents and
landowners. The possibility for agents to sell or not is determined by a probability
depending on the activity in the neighborhood cells4 of the agent. Tendencies of
concentration of the economic activity for a same sector is a well-known and studied
phenomenon especially by the strand of literature called New Economic Geography
mostly for industrial sectors but also, in fewer studies, for service sectors (cf.,
between others, Braunerhjelm and Johansson (2003) and Brulhart and Traeger,
2005). To capture this phenomenon, it is supposed that the establishment of an

3 Cf. function F in Appendix A.2, equation (15).
4 For more details, cf. Appendix A.1, step 1 of Mayor’s decision.
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activity of a certain kind when a cell is developed is positively correlated to the
proportion of the same kind of activity present in the neighborhood.

– Space: The space is discretized in cells. Landowners own a set of cells. Many cells
are allocated to landowners at the beginning of the simulation. Maps are generated
graphically by the user. This solution has been chosen to allow designing various
input scenarios. In every scenario, clusters of economic activities can be defined.
These cells can be constructable or not. A graphical interface has been developed
to enhance communications between economists and computer scientists, as well as
to facilitate the specification of scenarios (cf. Figure 3). Circles represent different
types of agents. Cell colors indicate the type of agents and cells. The environmental
quality of cells is calculated through agents’ perception according to local and
neighboring activities in cells. The environmental quality calculation depends on a
local cellular automaton, which represents a portion of space. Different values of
quality and different neighboring cells can be taken into account for the calculation.

Details about both usage and architecture of the software developed are provided in
the next section. Based on these assumptions, the overall simulation sequence consists
of:

1. At the initialization, for every cell, an activity value is attributed.
2. The mayor scans cells and decides a constructability proposal.
3. The mayor informs both residents and landowners about the constructability pro-

posal.
4. All resident and landowner choose to protest or not.
5. Each decision is transmitted to the mayor who decides the final constructability of

the cells.
6. Landowners decide to sell or not.
7. A new land-use is obtained.

The simulation flowchart summaries the overall decision making simulation sequence
(cf. Figure 1).

3 Software Presentation and Simulation Results

This section first briefly introduces the modeling and simulation software developed.
Then, spatial graphical results are presented and discussed.

3.1 Presentation

In order to facilitate the modeling and simulation of stochastic agent-based land-use
models, a software interface has been developed. The interface has been programmed
using PCSoft Windev language. The simulation kernel is coded using Python object-
oriented programming language.Two main interacting modules are used: The Model
Manager and the Simulation Manager (cf. Figure 2).

The Model Manager supports graphically the creation and the edition of cells and
agents. A friendly user interface allows the user specifying accurately the space allo-
cation to agents. As depicted in Figure 3, to create a new model, the user selects an
agent type (corresponding to a particular color) and then drops it on the cellular space.
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Then, the size of the cellular space attributed to the agent is selected and the type of
the cellular space is automatically attributed to fit agent’s type.

Fig. 1 Simulation flowchart
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Fig. 2 Software modules for MAS/LUCC simulations

Fig. 3 Model Manager module

The Simulation Manager supports the creation and the edition simulation files
graphically. To create a new simulation, the user selects a model from a list and then
set the corresponding simulation parameters by simply pointing-and-clicking on the
interface (cf. Figure 4).
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Fig. 4 Simulation Manager module

When the user has completed a configuration, the corresponding simulation can
be executed directly on his computer or sent to a symmetric multiprocessing (SMP)
computer to achieve parallel simulation. Because of the many replications, parallel
simulation is necessary to perform simulations under acceptable executions times. After
a simulation, the simulation manager is able to present data graphically to the user.
Data interpretation and analysis are achieved using a list box to select the data map
to be displayed.

During the validation phase, simulation results can be observed through the main
graphical interface of the simulator (cf. Figures 5 to 10).

3.2 Simulation Results

Hereafter, simulation results are presented in order to represent the main functionnali-
ties of the software. Figure 5 depicts the agents in the initial cellular domain (of 30×100
cells). The influence of spatial dimension needs to be decorrelated from any particular
simulation replication. This domain is representative of all possible cells and agents
combinations. Even changing the spatial positions and the type of cells and agents will
not affect the main simulation results and sensitivity analysis presented hereafter. At
each replication, the general parameters of the model are drawn. Each agent type also
is drawn. All possible interactions between agent types are then simulated. For each
agent of Figure 5, a particular type has been drawn. Figure 6 represents such a map
(for replication 20).
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Fig. 5 Owner agent representation.

Each color represents one agent type. The latter corresponds to only one agent
owning all the cells. Except for white cells, where each cell is owned by one agent (in-
dustrialists, residents, and traders). In our simulation, although all economic activities
are taken into account, only landowners, mayor and residents are explicitly modeled.
Industrialists and traders are not modeled.

The general parameters of the simulation consists of:
θ = 3; τ = 0.76;F0 = 432.94; δ = 45.65

B (W ) = 0;B (R) = 1.862;B (C) = 0.2232;B (I) = 0.6409
Z (W ) = 0.2;Z (R) = 1.96;Z (C) = 2.48;Z (I) = 3.77


Figure 7 presents an excerpt (for readability) of Figure 6 of mayor’s proposal. All

the decision proposals have been summed. This technique is called spectral analysis (for
more information, cf. Colloquial and Hill, 1997). Comparing Figure 7 with Figure 6
allows noticing that more propositions are made to ecologist landowners than land value
concerned landowners. The same way, more propositions are made to traditionalist
landowners than value concerned landowners.

Figure 8 corroborates the results of Figure 7. Ecologist landowners protest more
than land value concerned landowners. The same way, traditionalist landowners protest
more than land value concerned landowners. Protestations impact the final constructabil-
ity decisions. Indeed, the mayor proposes again and again the cells for constructability.
These cells do not (or hardly) become constructable because they face a high level of
protestations.
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Fig. 6 Spatial representation of the initial map

Fig. 7 Middle right excerpt of the proposal map
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Fig. 8 Middle right excerpt of the protestation map

Figure 9 represents an excerpt of the final constructability decision of the mayor.
According to the number of local protestations, and to its own utility partial weights,
the mayor decides or not to finally confirm cell constructability. Comparing Figures 7
and 9, it can be noticed that not all the cells proposed for constructability, are finally
constructable. Furthermore, many (100, 99, 98, and 97) mayor’s decisions are required
when the cells are not sold, and only one mayor’s decision is required when the cell is
immediately sold (just compare with Figure 10).

Fig. 9 Top left excerpt of the decision map

Figure 10 represents a propagation snapshot after 100 years (or cycles) of estate
development. When compared to the initial map of Figure 6, it can be noticed that
the propagation area is facing more residential development than commercial and in-
dustrial developments. Most of the residents are ecologists. Also, it can be noticed, in
red, a change of resident types changing from property value concerned to ecologist.
This is due to a change type mechanism (cf. Figure 1). According to his protesta-
tion level, a landowner/resident can change type. A precise study of the impact of
landowner/resident type change is a major perspective of this work (cf. Conclusion).
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Fig. 10 Final virtual estate propagation map after 100 years. Top left corner excerpt. In red
is indicated a change of resident category.

4 Sensitivity Analysis

The results obtained in the previous section are heavily dependent on parameter values.
To determine how sensitive these results are to parameter values, a sensitivity analysis
has been conducted. This analysis is achieved using a stepwise regression analysis of the
influence of the different parameters on Mayor’s choice variables: Proposals (number
of wild cells proposed for constructability) and Mayor Decisions (wild cells proposed
for constructability that finally become constructable). Citizen’s decisions are cate-
gorically distributed dependent variables, which can take three discrete modalities:
Adhesion,Neutrality, Protestation. To predict the probabilities of the different pos-
sible outcomes associated with these modalities regarding the different parameters, a
multinomial logistic regression is provided.

The following parameters5are defined for the simulation:

– The minimum threshold number for proposing wild cells to constructability consists
of natural numbers drawn using a continuous uniform distribution between 1 and
4: θ = U (1, 4), with θ ∈ N.

– Damages and tax revenues are drawn using the following constraints: Zj (I) >
Zj (C) > Zj (R) > Zj (W ) and Zj (I) > Bj (I); Zj (C) > Bj (C); Zj (R) >
Bj (R); Zj (W ) > Bj (W ). Tax revenues consist of real values drawn using con-
tinuous uniform distributions: Zj (W ) ∈ [0, 1[; Zj (R) ∈ [1, 2[; Zj (C) ∈ [2, 3[;

5 For a more detailed description of the various parameters and their impacts on utility
functions and decision-making, cf. Appendix B.
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Zj (I) ∈ [3, 4[. Damages are proportional to tax revenues: Bj (I) = U (0, 1)Zj (I);
Bj (C) = U (0, 1)Zj (C); Bj (R) = U (0, 1)Zj (R); except those corresponding to
the wild activity, which is null: Bj (W ) = 0.

– Constants of house value parameters are obtained as follows: δ = U (25, 50), with
δ ∈ R+; F0 = U (0, 1000), with F0 ∈ R+; τ = U (0, 1), with τ ∈ R+.

– Initial environmental qualities are drawn using a continuous uniform law: Q0 (R) =
U (40, 60) with Q0 (R) ∈ R+; Q0 (C) = U (20, 40) with Q0 (C) ∈ R+; Q0 (I) =
U (20, 40) with Q0 (I) ∈ R+; and Q0 (W ) = U (50, 100) with Q0 (W ) ∈ R+

– For agents: possession time tpos = U (0, 100) and utility weights are defined as
described in Appendix A.

A number of 30 replications is achieved, each replication running for 100 time steps
(or years). Proposals and decisions of Mayor are analyzed using a stepwise regression
method (cf. Appendix B). Decisions of landowners and residents are analyzed using a
multinomial regression method (cf. Appendix C).

In Appendix B the results of the stepwise regression analysis are presented. For the
two stepwise regression analysis, the significance level for removal from the model is
5%. The analysis is based on the study of explicative and explicated parameters. Other
two tables (Table 1 for the proposals variable and Table 2 for Mayor decisions variable)
describe the results obtained using a stepwise regression procedure. Table 3 presents the
quality of the approximations. It can be seen that all regressions lead to high values
in terms of R². "This method is a combination of forward and backward selection
methods. The forward selection is used to add variables to an existing model and, after
each addition, a backward elimination step is introduced to assess whether the variables
entered might now be removed because they no longer contribute significantly to the
model." (cf. Rabe-Hesketh and Everitt, 2007).

Significant results can be described as follows:

– Mayor decisions (cf. Table 2) are influenced by the threshold θ (the number of
already built cells, necessary for Mayor to propose a cell for constructability). The
influence6 of this variable is negative, i.e., the more this threshold is high, the less
wild cell proposed to constructability finally becomes constructable.

– Both proposals and Mayor Decisions are negatively influenced by β (the number of
cells developed surrounding the wild cell). This result seems to be counter-intuitive.
However, it can be explained by the fact that this parameter has two opposite ef-
fects on the endogenous variables. On the one side an increase of β increases the
probability that a wild cell would be proposed for constructability and finally be-
come constructable but, on the other side, as the number of cells developed increase
there are less wild cells available for a new development. The second effect, that is
more prominent here, leads to less proposals and final constructability decisions.

– As expected Mayor Type (which is a binary variable equal to zero if Mayor is
“concerned about economic development” and to one if Mayor is “ecologist”) has a
negative influence on Mayor Decisions: if Mayor is ecologist, less wild cells become
constructable.

– An increase of the protestation threshold ε of the two categories of citizen thresh-
olds (denoted by indexes εR for the residents and εLO for the landowners), which
reflect the cost attached for protesting or agreeing, increases the number of neutral

6 Positive and negative influences are indicated by the sign of the regression coefficient: ∂yi
∂xi

,
where yi represents an explicated variable, and xi represents an explicative variable.
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positions for the citizens and decreases the number of protestations. As a result,
protestations have a negative influence on both proposals and Mayor Decisions.
Same reasons explain the positive influence of αR on the number of proposals.
Conversely, opposite reasons explain the negative influence of αQ on the number
of Mayor Decisions.

– F0 impacts positively both house and land values and, as expected, has a positive
influence on the number of proposals.

– An increase of the damages caused by residential cells, B(R), for obvious reasons,
have a negative influence on both proposals and Mayor Decisions. The same in-
fluence is observed concerning the damages associated caused by industrial cells,
B(I), on Mayor Decisions.

– The tax revenues for wild cells, Z(W ), have a negative influence on both proposals
and Mayor decisions: If wild cells already provide enough revenues to Mayor, the
latter does not have any interest to propose more cells for constructability. Con-
versely, the tax revenues for commercial cells, Z(C), have a positive influence on
the two endogenous variables.

– Finally, the initial environmental quality in cells, Q0, can be considered to have no
influence on Mayor Decisions.

In conclusion, parameter influences obtained by stepwise regression regarding Mayor’s
choices are always coherent. Only the elimination of certain variables (namely αE (αF

and αTR are reference variables); δ; B(C) and Z(I)) in both models were unexpected.
The non influence of these parameters should lead to further model simplifications.
Because Citizen’s decisions are categorically distributed dependent variables, linear
regressions cannot be used. Indeed, in this case the probabilities of the different possible
outcomes associated with the different modalities of the decision have to be predicted,
rather than to reason about the number of decisions of each category taken by the
landowners or the residents. For this purpose a multinomial logistic regression is used.
Multinomial logistic model was first introduced at the end of the 1960’s by Mc Fadden
(1968)7. This model is briefly described in Appendix C. Because our aim is not here to
test the regressions’ predictability but to determine which parameters have significant
influence on each endogenous variable and determine if the direction in which this
influence is consistent with intuition, this can of analysis is satisfactory in our case.

In Appendix D the results of the multinomial logistic regression are presented. The
number of observations are respectively 27 014 and 10 126 for landowners and residents.
Tables 4 to 7 present the quality of the approximations and show the efficiency of the
model and satisfactory pseudo-R².

Significant results can be described as follows:

– As expected, an increase of the weight citizens assign to environmental preferences
(αQ and αE) increases the probability they have to protest rather than the prob-
ability they have to be neutral or to adhere. It also increases the probability to
be neutral more than the probability they have to adhere. The same impacts are
observed concerning an increase of the importance the landowners assign to tradi-
tion αT and to the constant weight relative to environmental quality in the value
of houses and parcels τ (except concerning the relative probabilities to agree or to
be neutral for landowners but the impacts in this special case are insignificant).

7 This seminal contribution was subsequently revised and republished in Mc Fadden (1975)
and (1976).



Title Suppressed Due to Excessive Length 19

– An increase of the cost attached for protesting or agreeing (ε) increases for both
types of citizens the probability to be neutral rather than the probability to adhere
or to protest. Impacts of these parameters on the relative probability to protest
or to adhere are unpredictable. It can be observed that both possibilities are ob-
tained in the two models: an increase of this parameter increases the probability for
landowners to protest rather than the probability they have to agree and the oppo-
site is true for residents. An explanation can be found for the relative proportions
of protestation and adhesion for the two types of citizens in our simulations. They
lead to a number of protestations higher than the number of adhesions for landown-
ers and lower for residents (respectively 8 430 adhesions and 18 201 protestations
for landowners and 220 adhesions and 1 900 protestations for residents).

– Impacts of Q0 are insignificant except for their relative impacts on the probability
landowners have to be neutral for relatively high levels of risk. Ceteris paribus, if
the initial environmental quality is already high, a similar environmental damage
will have a lower impact on environmental quality. So it increases the probability
for landowners to be neutral rather than to protest or to agree.

– As expected, for any citizen, an increase of the constant weight relative to the
economic development level in the area of houses and parcels, δ, has a positive
impact on the wealth utility relatively to the other partial utilities. Obviously, this
increases the probability to agree for citizens (rather than to be neutral or protest).
This also increases the probability to be neutral rather than to protest for residents.
This result seems counter-intuitive, (decreasing the probability to be neutral rather
than to protest for landowners), but this impact is weak (as for residents) regarding
the two others impacts.

– Ceteris paribus, if F0 (the parameter reflecting both house and parcel character-
istics) is already high, a similar environmental damage and/or a similar economic
development level in the area of houses and parcels have a lower impact on the price
of houses or parcels. This parameter can have opposite effects on the relative proba-
bilities of different possible decisions. Here, an increase of this parameter increases
the probability to agree rather than being neutral or protesting for landowners.
Opposite effects are observed concerning residents. It also increases the probability
to be neutral rather than protesting for landowners and has no significant impacts
for residents.

5 Conclusion

Recent progress has recently been made in using spatial simulation to extend the basic
monocentric model to account for additional sources of spatial heterogeneity and in
developing dynamic economic models of urban growth that incorporate some form of
spatial dynamics. However, these latter models remain highly stylized and, for policy
purposes, more work is needed in developing spatial dynamic models with greater
realism. So, there is a need for modular simulation models, easily adaptable to dynamic
land-use changes and local specificity in terms of spatial and agent features.

A general decision model of economic agents interacting with space has been pro-
posed here. The model abstracts institutional characteristics of actual local Urbanism
Plan procedures in France and is based on utility functions. Little knowledge about
agent preferences is required to run the model as well as no experimental data. A soft-
ware has been developed to allow a modeler defining and simulating particular spatial
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scenarios. A sensitivity analysis has been performed to prove the simulation results and
to describe parameter influences. According to this analysis, although some parame-
ters proved to have no impact on other decision parameters, most of the parameter
influences are generally consistent with the initial modeling assumptions.

The major perspective of this work is twofold: First, accounting for the sensitivity
analysis results, the number of parameters will have to be optimized, and second, a
behavioral analysis of agent type changes and votes will have to be achieved.
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Appendix A - Agent classes: utility and decision Making

A.1. Mayor

At the beginning of the simulation a new type of Mayor is selected. Mayors can be more
concerned by ecological or economic development. Three relative weights of partial utilities
determine their sensibility to8: environment (αEN ), citizen welfare (αW ) and tax revenue
(αRF ). αW is fixed whatever Mayor type (e.g., αW = 0.2, this choice have been made for the
particular simulation presented in this paper which focused on αEN and αRF ; obviously, as
all the other parameters, αW can be randomly selected), the two others weights determine
the type of mayor: if αEN > αRF Mayor is more sensitive to ecology and considered to be an
ecologist ; if αEN < αRF Mayor is more sensitive to economic development and considered to
be concerned about economic development .

All partial utilities are calculated according to spatial constructions:

– For the simulation, a Cobb-Douglas function is used with monotone transformation using
natural logarithms. These functions are assumed to allow not only for interior solutions
but also for corner solutions (therefore, a “one” is added to all arguments in the functions).
Thereby, the environmental utility associated with a cell j:

uEN = ln (1 +Qj) (6)

Where Qj is the environmental quality of a cell j.

Qj =

{
Qj0 −

∑N
i=1Bi if Qj0 −

∑N
i=1Bi > 0

0 if Qj0 −
∑N
i=1Bi 6 0

(7)

Where Qj0 is the initial environmental quality of cell j, which can be determined by various
factors (for example, the vegetation type, the vegetation density, the vegetation type in a
relevant neighborhood, etc.); N is a fixed number of cells in the neighborhood of j; represents
the environmental damages in cell i.

– Tax revenue utility associated with a cell j:

uRF = ln (1 + Zj) (8)

– Citizen welfare utility associated with a cell j:

8 Obviously αEN + αRF + αW = 1.
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uW = ln

(
N + 2− ρ

M∑
k=1

Kk

)
(9)

Kk =
∑X

l=1Kl

X
; Kl =

 1 if protestation
0 if neutrality
−1 if adhesion

; ρ =

{
1 if the cell is constructible

1 if the cell is non constructible

Kl corresponds to the decision of a resident or a landowner for cells l = 1, . . . , X after
a mayor constructability proposal for a cell j (when the agent is a resident X = 1; when
the agent is a landowner X > 1; in this case landowner’s final decision is the mean of the
various decisions he takes for each of his cells); and k = 1, . . . ,M designed the set of agents
(residents and landowners) in the neighborhood of j. This function are assumed to allow not
only for interior solutions but also for corner solutions, is why “N+2” is added to the function’s
argument.

Environmental amenities and tax revenues attached to a cell depend on the cell activity.
Tax revenues concern wild, residential, commercial and industrial cells as described below.

According to these partial utilities, the total utility function of Mayor for a cell j is ob-
tained:

Um = αENuEN + αRFuRF + αWuW (10)

Decisions of Mayor are achieved in two steps:

Step 1 – Constructability proposal decision

At the beginning of the simulation, Mayor decides and proposes (this is not a final decision)
the constructability of wild cells. If β the number of cells developed (cells which are not wild)
surrounding the wild cell does not exceed a threshold θ, the cell will not become constructable.
The threshold θ is chosen at the beginning of the simulation. If β > θ the cell can become
constructable. A probability proportional to the number of cells developed in the neighborhood
(β
θ
) is used to determine if the cell is proposed for constructability.
Then, for cells potentially constructable, a new type of further potential activity is defined

by a probability depending on the number of cells for each kind of activities in the neigh-
borhood, as defined hereafter (in France, some areas can be dedicated only to industries or
commerce. However they are no policy for restricting some areas to industrial development or
residential development, etc).

Let NA; for A = I, C,R,W ; be the number of cells characterized by activity A in the
neighborhood and fA = NA

N
, the proportion of cells characterized by activity A in the neigh-

borhood with N =
∑
A=I,C,R,W NA. It is assumed that the probability for the buyer to be an

industrialist is positively correlated to the proportion of industrialists present in the neighbor-
hood (for positive external effects expectation) and negatively correlated to the proportion of
wild cells in the neighborhood: pI = fI (1− fW ). It is assumed that the probability that the
buyer is a commercial is positively correlated to the proportion of residences and commerce
present in the neighborhood: pC = fR×fC . It is assumed that the probability that a proposed
selling cell is finally not sold and remains wild is positively correlated to the proportion of
non-developed cells in the neighborhood and negatively correlated to the proportion of each
kind of developed cells: pW = fW (1− fI) (1− fC) (1− fR). Finally, the probability that the
buyer is a resident is: pR = 1− pI − pC − pW .
Step 2 – Final constructability decision

Other economic agents (residents and landowners) are informed of Mayor’s development
project. According to the constructability decision, the agent decides to protest or not. Deci-
sions are then transmitted to Mayor who decides the final affectation of cells. The affectation
depends on the utilities obtained in non constructable and constructable scenarios.

Let Um (cons) be Mayor’s utility if a wild cell becomes constructable and Um (cons)
Mayor’s utility in the opposite case:

Um (cons) =
∑

A=I;C;R;W

pA {αEN ln [1 +Qj (A)] + αRF ln [1 + Zj (A)] + αWuW |ρ=1} (11)
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Um (cons) = αEN ln [1 +Qj (W )] + αRF ln [1 + Zj (W )] + αWuW |ρ=0 (12)

Where the environmental quality of the cell depending on the type of activity development
is given by:

Qj (A) =

{
Qj0 −

∑N
i=1Bi −Bj (A) if Qj0 −

∑N
i=1Bi −Bj (A) > 0

0 if Qj0 −
∑N
i=1Bi −Bj (A) 6 0

; A = {I, C,R,W}

(13)
The general environmental quality Q is different according to the constructability mayor’s

decision. Then, Q is denoted as Q(A) where A is the expected activity in the neighboring
cells. The possible activities of neighboring cells are implemented in the whole expected von
Neumann-Morgenstern’s utility function in case the cell turns constructable. After, this value
is compared to the expected utility in case the cell remains unconstructible.

When a landowner decides to sell, a probability of buyer kind (residential, commercial or
industrial; if the landowner does not succeed to sell his cell, the cell remains wild) is calculated
based on the probability mechanism described below.

A wild cell proposed to constructability becomes finally constructable if:

Um (cons) > Um (cons) (14)

Finally, Mayor informs every resident and landowner of the final decision.
A.2. Residents

Residents choose to protest or not after Mayor constructability decision. This decision is
based on a utility function composed of two kinds of partial utilities. These partial utilities are
respectively based on environmental preferences and on the value of their house:

– Environmental utility for a particular resident: uE = ln (1 +Q)

Where Q is the environmental quality of his or her house:

Q =

{
Q0 −

∑N
i=1Bi if Q0 −

∑N
i=1Bi > 0

0 if Q0 −
∑N
i=1Bi 6 0

(15)

– Wealth utility for a particular resident: uF = ln (1 + F )

Where F is the value of his house9 :

F =

{
F0 + τQ+ δ

∑N
i=1 Zi if F0 + τQ+ δ

∑N
i=1 Zi > 0

0 if F0 + τQ+ δ
∑N
i=1 Zi 6 0

(16)

Coefficients δ and τ are constant weights relative to the different variables and F is a
constant parameter.

Residents can be ecologists or property-value concerned according to the weight they give
to the corresponding partial utilities . Let be αE andαF the respective weights a particular
resident gives to the value of his house and to environmental preferences: if αF > αE the
resident is considered to be property-value concerned; if αF < αE the resident is considered
to be an ecologist.

9 In future works, the simulator would be coupled with a Geographical Information System.
Then this function will be replaced by a hedonic price function. It is considered here that house
characteristics (e.g., number of rooms, presence or not of a swimming pool, etc.) are embedded
homogeneously in F0. As noted by Rossi-Hansberg et al. (2010), the location of a house is
fundamental to determine its price. Key determinants cited by authors are: accessibility to the
workplace and stores (embedded through Z), quality of surrounding houses, green areas, streets
and other characteristics of the neighborhood (embedded in Q). Moreover, Rossi-Hansberg et
al. (2010) show that housing externalities decline with distance. It is considered here that these
externalities only affect the immediate neighborhood of a cell.
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Finally, the utility function of a particular resident is:

Uv = αEuE + αFuF (17)

The resident takes the decision to protest according to a potential change of the character-
istic of a cell in his neighborhood. Let Uv (cons) be the utility of the resident if a wild cell j in
the neighborhood becomes constructable and Uv (cons) if this cell remains non constructable.

Where:

Uv (cons) =
∑

A=I,C,R,W

pA {αE ln [1 +Q (A)] + αF ln [1 + F (A)]} (18)

With for A = I;C;R;W :

Q (A) =

{
Q0 −

∑N
i=1Bi −Bj (A) if Q0 −

∑N
i=1Bi −Bj (A) > 0

0 if Q0 −
∑N
i=1Bi −Bj (A) 6 0

F (A) =

{
F0 + τQ+ δ

∑N
i=1 Zi + δZj (A) if F0 + τQ+ δ

∑N
i=1 Zi + δZj (A) > 0

0 if F0 + τQ+ δ
∑N
i=1 Zi + δZj (A) 6 0

Uv (cons) = αEN ln [1 +Q (W )] + αF ln [1 + F (W )] (19)

Every resident (and landowner) is characterized by a parameter ε ∈ R+, randomly at-
tributed at the beginning of the simulation. This parameter reflects the cost attached for
protesting or agreeing. Regarding ε, a resident protest if Uv (cons) < (1− ε)Uv (cons); a
resident is neutral if (1− ε)Uv (cons) 6 Uv (cons) 6 (1 + ε)Uv (cons); a resident agrees if
Uv (cons) > (1 + ε)Uv (cons).

A.3. Landowners

Let be Up the utility function of a landowner with:

Up = αQuQ + αRuR + αTRuTR (20)

(A.14) Where αQ, αR and αTR are, respectively, the weights the landowner gives to
environmental quality, wealth and tradition (with αQ +αR +αTR = 1) and uQ, uR and uTR
are landowners’ partial utilities for the same values.

Landowners can be: traditionalists, ecologists or land-value concerned depending on the
higher weight of each kind of partial utility. Each partial utility represents preferences depend-
ing on the tradition (this partial utility is an increasing function of the time the cell is owned
by the landowner), the environmental amenities and wealth regarding the potential value of
his or her cell.

More precisely:

uQ = ln (1 +Q) ; uR = ln (1 + F ) ; uTR = ηln

(
1 +

tpos

25

)
(21)

Where tpos is the time that cell belongs to landowner and η =

{
0 if the cell is sold

1 if the cell is not sold
. uTR

serve to capture the fact that the values that local residents hold for land may sensibly vary
between long time residents and newcomers from more urban areas (Cf., e.g., Lokocz et al.
(2011). To ensure that this partial utility is not too heavy in total utility (its relative weight
being measured through αTR ) it is chosen to divide possession time by 25).

Using this utility function, landowners take three decisions:

1. They choose or not to protest Mayor constructability decision. The mechanism used is the
same than for residents.

2. When they agree the constructability decision they choose to sell or not their cells. They
calculate the respective expected utility in both cases:

Up (sell) =
∑

A=I;C;R;W

pA
{
αQln [1 +Q (A)] + αRln [1 + F (A)]

}
(22)
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Up
(
sell
)
= αQln [1 +Q (W )] + αTRln

(
1 +

tpos

25

)
(23)

3. The selling decision of the landowner is given by: Sell if Up (sell) > Up
(
sell
)
; hold

otherwise.

Appendix B. Stepwise regression

Table 1 Influences on variable “proposals”.

Proposals Coefficient Standard Error t-test [95% Confidence Interval]

β -212.2 0.575 -368.9 [-213.328,-211.072]
F0 0.00964 0.0018 5.27 [0.0006,0.013]

B (R) -9.66 1.274 -7.58 [-12.16,-7.164]
εLO 1728.38 841.06 2.12 [133.267,3431.493]
Z (W ) -16.82 2 -8.41 [-20.745,-12.9]
Z (C) 27.28 2.01 13.54 [23.331,31.235]
αR 0.448 0.04 10.26 [0.362,0.553]
εR 31209.63 3109.36 10.04 [25112.93,37306.33]

Constant 658.86 16.92 38.93 [625.68,692.04]

Table 2 Influences on Mayor variable “decisions”

Proposals Coefficient Standard Error t-test [95% Confidence Interval]

θ -27.5 3.056 -9 [33.49,-21;5]
β -166.54 0.85 -196.15 [-168.2,-164.87]

Mayor Type -16.93 4.64 -3.65 [-26.02,-7.84]
B (R) -40.02 1.92 -20.84 [-43.79,36.26]
B (I) -13.016 0.777 -16.74 [-14.54,-11.49]
Z (W ) -56.9 3.35 -17 [-63.47,-50.32]
Z (C) 51.06 2.85 17.9 [45.47,56.66]
Q0 -2.34×10−6 3.17×10−7 -7.41 [-2.97×10−6,-1.72×10−6]
εR 41308.13 4426.7 9.33 [32628.43,499987.82]
εLO 18963,36 1261;24 15.04 [16490.37,21436.36]
αQ -2.92 0.072 -40.38 [-3.06,-2.78]

Constant 441.9 24.34 18.15 [394.16,489.63]
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Table 3 Quality of the two stepwise regressions

R² Adjusted R² F-test Prob>F

Mayor Proposals 0.987 0.9869 F(8.2991)=28310.05 0.0000
Mayor Decisions 0.9611 0.961 F(11,2988)=6717.98 0.0000

Appendix C. Application of a multinomial logistic regression to the model

Let be “Adh” (for adhesion), “Neut” (for neutrality) and “Prot” (for protestation) the three
dependent variable categories. One of these categories is choose to be the reference category.
The reference category is indexed by 0 and the two others categories by j = 1; 2.

Let be10Xi = (x1i, ..., xli, ..., xLi) the observed outcome for the ith observation on the
dependent variable and Ωj =

(
ω1j , ..., ωlj , ..., ωLj

)T the vector of the regression coefficients in
the jth regression. The multinomial logistic model can be explained as:

P [Decision = j|X = Xi] =
exp (XiΩj)

1 +
∑2
j=1 exp (XiΩj)

; j = {1, 2} (24)

P [Decision = 0|X = Xi] =
1

1 +
∑2
j=1 exp (XiΩj)

; j = {1, 2} (25)

Combining the two previous equations:

ln
P [Decision = j|X = Xi]

P [Decision = 0|X = Xi]
= XiΩj =

L∑
l=1

xiωj ; j = {1, 2} (26)

Let be11xk one of the L continuous variables (none of the L dependent variables for
landowners or residents is a dummy variable) and xl0 a fixed quantity for l 6= k; l = {1, ..., L}.
Using the previous equation:

ln
Pj

P0
≡ ln

P [Decision = j|xik = xk + 1] /P [Decision = 0|xik = xk + 1]

P [Decision = j|xik = xk] /P [Decision = 0|xik = xk]
= ωk; j = {1, 2}

(27)

So, ωk can be interpreted as the impact of an increase of one unity of on the ratio between
the probability that the decision is j and the probability that the decision is 0; i.e. if lnPj

P0
> 0

an increase of xk makes more likely to have a decision of type j. Obviously opposite is true if
ln
Pj

P0
> 0.

10 Respectively for landowners and residents (x1, ..., xl, ..., x9) =(
1, αTR, αQ, εLO, Q0, tpos, τ, δ, F0

)
and (x1, ..., xl, ..., x7) = (1, αE , εR, Q0, τ, δ, F0); αR

and αF are reference variables.
11 This presentation and the resulting Table C.5. and C.6 are inspired by Schmidt and Strauss
(1975) and Afsa Essafi (2003) (in French).
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Table 5 Pseudo R²

Landowners Residents

Cox-Snell 0.732 0.384
Nagelkeke 0.978 0.558
McFadden 0.953 0.416

Appendix D. Multinomial logistic regression results

Table 4 Model Fitting Information

Landowners
-2 log Likelihood Chi-2 Df Significance

Constant only 3764.015
Final 1736.386 35527.63 13 0.0000

Residents
Constant only 11801.1

Final 6893.07 4908.03 12 0.0000

Table 6 Likelihood Ratio Tests – Landowners

-2 log Likelihood of Reduced Model Chi-2 Df Significance
Constant 6138.33 4401.94 2 0.000
αTR 32931.01 31244.62 2 0.000
αQ 11832.76 10096.37 2 0.000
εLO 1995.98 259.6 2 0.000
Q0 1745.2 8.81 2 0.012
tpos 1889.25 152.86 2 0.000
τ 1740.07 3.69 2 0.158
δ 18000.68 64.29 2 0.000
F0 1798.56 62.18 2 0.000

Table 7 Likelihood Ratio Tests – Residents

-2 log Likelihood of Reduced Model Chi-2 Df Significance
Constant 254.04 360.97 2 0.000
αE 9357.3 2464.22 2 0.000
εR 8871.63 1978.56 2 0.000
Q0 6897.96 4.88 2 0.087
τ 6955 61.93 2 0.000
δ 6997.57 104.5 2 0.000
F0 7165.64 272.57 2 0.000
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Table 8 Logistic Regression Results – Landowners

Dependent Variable Constant αTR αQ εLO Q0

lnPAdhe
PProt

306.7*** -614.35*** -309.8*** 115.4** -0.008
(14) (28.2) (14) (39.4) (0.007)

lnPNeut
PProt

175.25*** -358.9*** -174.5*** 490*** 0.011*
(12.04) (23.7) (12) (37.7) (0.006)

lnPAdhe
PNeut

131.4*** -255.5*** 135.3*** -374.6*** -0.02**
(8.75) (17.6) (8.7) (37.5) (0.007

Dependent Variable tpos τ δ F0

lnPAdhe
PProt

-0.29*** -0.29 0.083*** 0.003***
(0.003) (0.42) (0.02) (0)

lnPNeut
PProt

-0.022 -0.66* -0.57*** 0.001**
(0.002) (0.35) (0.015) (0)

lnPAdhe
PNeut

-0.007** 0.38 0.14*** 0.002***
(0.002) (0.4) (0.02) (0)

Standard error in parenthesis. *p<0.1, **p<0.05, ***p<0.01. Definition of lnPj

P0
is given in

Appendix C.

Table 9 Logistic Regression Results – Residents

Dependent Variable Constant αE εR Q0 τ δ F0

lnPAdhe
PProt

7.49*** -15.8*** -382.5*** 0.012 -0.97** 0.14*** -0.005***
(0.8) (0.52) (47.4) (0.006) (0.28) (0.02) (0)

lnPNeut
PProt

7.68*** -12.3*** 462.4*** 0.003 0.64*** 0.03*** 0
(0.43) (0.41) (13.9) (0.002) (0.12) (0.005) (0)

lnPAdhe
PNeut

-0.2 -3.45*** -844.9*** 0.009 -1.61*** 0.1*** -0.005***
(0.72) (0.33) (46.1) (0.005) (0.27) (0.015) (0)
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