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Abstract: The Urban Development Plan of the city of Ensenada, México (UDPE) states four major
strategic projects, one of which mandates to “Acquire and enable new land reserves and expand
opportunities for economic and social development.” This is of vital importance given the large
number of vacant lots that perforates the urban surface in contrast to the physical limitations of
growth demarcated by hill areas of a steep slope, which forces a sustainable use of the land. These
are important growth challenges, affecting aspects such as the real estate market, in particular,
that related to industrial activities, which has not matured due to outdated planning practice,
resulting in industrial sprawl. This paper shows an institutional effort to analyze the UDPE from a
Complex Systems approach with an Agent-Based Model, adapting Peter Allen’s concept of Structural
Attractor. This attraction results from an agglomeration of UDPE’s regulatory attributes and real
estate investor’s land-acquisition criteria that affects the spatial behavior of vacant land that is
attractive for industrial activity. Unlike physical land uses, these attractive zones emerge, grow, move,
diminish, and emerge again over time in the form of Attractive Land Footprints. Understanding
these phenomena is vital for local policymakers. The findings indicate that the current Urban
Plan is ill-suited regarding current industry development expectations. The model also showed
unexpected roles played by population density, road network, and residential land use in Attractive
Land Footprint dynamics, acting as a thought-provoking process for policymakers and real estate
investors, as it helped them to understand Ensenada’s industry phenomena.

Keywords: attractive land footprints; land planning, urban public policies; agent-based modeling;
multi-agent systems; social simulation

1. Introduction

A current characteristic of the city of Ensenada (The city of Ensenada is located in
Mexico at the coordinates 31°51′28′′ N 116°36′21′′ W), México that has concerned both
its municipal authorities and investors is the challenge of promoting and harmoniously
integrating industrial activities into the urban land in the face of untapped opportunities
and challenges that have gotten worse over time. Among these are industrial sprawl
due to a lack of industrial land-use policy implementation and at the same time, an
abundance of vacant lots that currently represent 10% of the urban surface. This has
led to a gradual stagnation of the industrial real estate market and worsening of the
population’s quality of life through land-use incompatibilities between adjacent industrial
and residential areas, damage to streets not suitable for industrial traffic, long commute
times, and street obstructions, among others. In a recent project called Sectoral Programme
of Industrial Development of Ensenada [1] it is estimated that 48% of the industry is in
normative incompatibility with the Urban Development Plan of Ensenada (UDPE) [2],
87% of the properties that host this activity are in lots less than one hectare contrary
to the recommendation of 10 hectares [3] and 59% of this activity is on lower hierarchy
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streets. Together with Ensenada´s abrupt topography, it has resulted in having the lowest
percentage of industrial land-use surface of all the state cities with 1.45% of the total
urban area. Despite the current unfavorable spatial distribution of industrial activity, it
is noteworthy that the city has had three iterations of its UDPE with clear regulations for
the orderly distribution of land-uses. Still, the industry has not occupied the territory as
planned, settling in areas stated as incompatible by these planning instruments. The city has
already occupied the entire coastal plain, where it first developed, which is surrounded by
steep slopes. Looking into the near future, the competition for vacant land will exacerbate
at the detriment of activities that have not yet satisfied their demand for land. Considering
this, having new planning approaches and public policies focused on efficient use of the
finite urban land resources are crucial.

In 2018 the municipal government started updating its UDPE. Part of this exercise
was to have a forecast of land use patterns to identify the most feasible areas of vacant
land to cluster new industrial developments as a way to reduce industrial sprawl and have
more efficient use of available lots. These scenarios would then be compared with current
urban regulations to identify possible adjustment needs, as was the case with the UDPE’s
Land-Use Compatibility Matrix (See supplementary file). This planning tool regulates
where land uses can be carried out or what activities can be carried out in specific sectors
of the city. It is composed of 111 land uses and 61 spatial subsectors (Figure 1), which in
total yields 6771 compatibility decisions. And even though from a normative perspective
the development of industrial activity is allowed, it is still necessary to integrate other
environmental, social, or infrastructure factors that will weigh on the industrial real estate
developer final decision to build a factory, such as the slope of the land, adjacent activities,
proximity to labor, or connectivity with primary roads. Recognizing the complex nature of
this process is that the municipal planning office decided to analyze the public policies of
the UDPE from a complex systems approach, focusing on urban spatial patterns through an
agent-based modeling methodology as is is estimated that it can bring insights relevant to
policy design and land planning practice. Urban sprawl is a central matter for approaching
sustainable living and production models due to its economic, social, and environmental
outgrowths [4]. The objective was to develop a model that would help in the identification
and analysis of emerging industry-attractive vacant land patterns as a result of the spatial
agglomeration of favorable conditions for this use. Once these areas were obtained, called
Attractive Land Footprints, they were compared with current UDPE regulations to assess
probable updates.

Urban sprawl is a topic subject to debate among planners and researchers, who are
still far from a consensual solution. If urban form emerges from multiple overlapping
interactions between households, firms, and governmental bodies, we could approach
urban spatial dynamics from the complex systems’ perspective. In [5] we can find a review
of the sprawl debate from the complexity sciences. In the context of urban development, a
significant challenge is to design better public policies in an environment of uncertainty and
slow progress in urban knowledge, recognizing the city as a complex entity that emerges
from the interaction of a large number of environmental, social, economic and institutional
components. The approach described is the complex systems perspective. Complex
systems can be defined as systems in which large networks of components without central
control and simple rules of operation give rise to complex collective behavior [6]. Since
it can be applied to phenomena where a large number of interacting components are
present, it has been used for the study of seemingly dissimilar fields such as markets [7],
epidemics [8], social networks [9], traffic [10], crowds [11], public policies [12] and cities [13].
In cities’ analysis, complexity has functioned as a complementary approach to several
urban disciplines, providing a theoretical basis to study and understand a variety of urban
phenomena and properties that were previously considered independent of each other
and interpreted by different theoretical bases [14]. The conception of cities under the
complex systems approach is called Complex Urban Systems, where population, economic
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growth, the increase in urbanization levels, the dependence on infrastructure and the role
of technology in society are considered elements that drive urban complexity [15].

Figure 1. Official Sectors and sub-sectors plan of the city of Ensenada.
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One aim of urban analysis from a complexity approach is to discover new ways of
addressing urban challenges in a context of uncertainty, posing as an alternative to the
traditional process of public policy design that is unaware of interactions with domains
supposedly unrelated to the problem originally intended to address and that will operate
in a highly complex space beyond what can be controlled or observed in a deterministic
way [16]. It must provide knowledge about cities by identifying emerging behaviors
and anticipating how they can be affected by the implementation of policies before their
application in real life and identifying new relationships between urban structure and
dynamics that allow more successful solutions. Thus, through computational simulation,
besides forecasting, explaining and controlling [17], the planning activity would have
relevant conceptual implications for those who design and implement public policies [18].

The spatial rise, displacement, diminishment and rise again of Attractive Land Foot-
prints (Figure 2) relates to one of the most distinct aspect of complex systems: emergence.
Defined as the rise of new and coherent structures, properties and patterns during the
process of self-organization [19], it relates in turn to pattern formation, a topical area of
complex systems.

This paper is related to the emergence of urban spatial patterns, but unlike the charac-
teristics normally associated with land uses, which are physical, visible, and immovable;
the patterns studied here are an agglomeration of attributes that together make a vacant
land attractive for certain land uses, specifically for this study, industrial activities. These
attributes emerge, move, disappear, and emerge again in other places responding to urban
regulations, territorial factors, and real estate investor’s land-acquisition criteria. For this
paper, they are called Attractive Land Footprints (Figure 2), similar to a concept applied to
systems by Peter Allen called Structural Attractor, which he defines as “. . . the emergence of
a set of interacting factors that have mutually supportive, complementary attributes.” [14].

Figure 2. Spatial behavior of Attractive Land Footprints: (a) Emergence, (b) Disappearance,
(c) Growth, (d) Reduction, (e) Displacement.



Sustainability 2021, 13, 714 5 of 32

Although he used this concept to refer to the behavior of a system and not to any
component of it, the definition itself describes admirably well the concept of Attractive
Land Footprints for the context of this research. The idea that an area is attractive has been
used as a context in numerous papers that pursue other ultimate research goals, or even in
gravitational urban models [20] but not under the characteristics of the complex behavior
of Attractive Land Footprints. Even so, the interacting factors referred to by Allen can be
considered to make an area attractive for a land use. These factors can be employment
and services [20,21], land cost, physical risk, coastal zones [7,22–24], travel time [20,25],
productivity [26], proximity to urban centers, accessibility to transportation systems [27,28],
urbanization and existing land uses [29,30], housing [31], infrastructure [32], availability of
building land, income level [33], current occupancy status [20], population density, water
price [34], elevation, flood zones, proximity to commercial areas, proximity to water, indus-
trial density [35], light industry [36], distance to urban sub-centers, proximity to railways
and rivers [37], total saleable areas [38], green areas, climate, lakes and scenic views [39–42],
agricultural areas and large open spaces [43], garbage dumps [30], urban peripheries [44],
schools and hospitals [45], sports facilities [24], topography and zoning [46]. Depending
on the number, combination and arrangement of these factors in the territory, it will be the
land use that tends to attract (Table A1 in Appendix A.1).

We organized this paper as follows. Firstly, we presented the methodology, where
we introduced the concept of Attractive Land Footprint and the computational modeling
process (We simulated Ensenada City Attractive Land Footprint by using a spatial model
of cellular automata developed in the NetLogo programming environment). Then, in the
next section, we presented the simulation results analysis and discussion. We make some
conclusions according to the findings, and we suggest future work.

2. Methodology

The methodology is of an exploratory nature whose objective is to have numerous
urban pattern scenarios as an aid to decision making and policy design, specifically about
vacant land that is attractive for industrial activities. The concept of Attractive Land
Footprint is introduced, which is simulated through a spatial model of cellular automata
developed in the Netlogo programming environment and described through the ODD
protocol (Overview, Design Concepts, Details) [47] in Appendix C.

It follows a process similar to the one presented by [48], which starts with the system
analysis, followed by the conceptual modeling of the system, design of the simulation,
generation of the code for the simulation, preparation of the simulation, execution of
the simulation and ends with the analysis of the results (Figure A1 in Appendix B). The
methodology is broken down in greater detail in Appendix B.

2.1. Data Requirements

For this methodology’s application, two main components are needed:

(1) Spatial data layers. For this current exercise, the layers were composed of the city´s
polygon boundaries, sub-sectors boundaries, urban grid, water bodies, terrain slope,
agricultural zones, developed land, non-developable land, developable land, road
structure, and current land uses. They should be in SHP or ASC format, depending
on the case (Table A2 in Appendix B).

(2) Urban development plan regulations applicable to the human settlement to be
modeled. The spatial data layers and the Urban Development Plan (Table A3 in
Appendix B) must belong to the same time cut. For this exercise, the Land Use
Compatibility Matrix was used as the regulatory norm to be evaluated.

2.2. Model Verification and Validation

The information referred to in the previous sections is the basis for hypothesis verifi-
cation, which is done through a cellular automaton model. The model is used to execute a
series of experiments, for which the following must be done beforehand:
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2.2.1. Model Verification

The model’s internal consistency should be checked, verifying that all the functionali-
ties are executed according to expected results, according to the following criteria:

(1) Developable land. Land uses should only grow on developable land and in previ-
ously established slope ranges.

(2) Compatibility matrix. According to the subsector where they are located, the land
uses that grow on the territory are only those allowed by the compatibility matrix.

(3) Adjacency matrix. Adjacent land uses must be those that are only permitted by an
adjacency matrix.

(4) Population projection. The current and projected population for each year should
be the same. This comparison will be made with ex-ante scenarios, that is, with
previously known results.

(5) Urban surface. The amount of urban surface generated each year should correspond to
population projection and density established at the beginning of the model’s execution.

2.2.2. Model Validation

A face value comparison is made between simulated and real-world urban growth
patterns. The variable that controls the degree of urban sprawl is called Threshold, which
is explained in the ODD protocol.

2.2.3. Sample Space

The number of iterations that each experiment must be executed will be determined
by a face-value approximation analysis to the sample space, that is, the set of all possible
outcomes under the same set of initial variables.

2.3. Experiments

The experiments are exploratory and results are focused on analyzing the behaviour
of industry-attractive vacant land spatial patterns as a result of the agglomeration of existing
land uses, urban regulations, and real estate investor’s land-acquisition criteria (Figure 3).
The model outputs are relevant to this sector, and municipal authorities, such as the
availability, location, and occupancy competition of vacant land by land uses other than
industry, emergent spatial patterns, and compliance with the urban regulations of the
UDPE. The model will be executed a number of times equal to the sample space previously
identified, under real-world variables of population number, growth rate, and density per
hectare. All the simulations will have the same growth projection of ten years. NetLogo’s
BehaviorSpace tool allows the same model to be run a specific number of times with pre-
established parameters. The results are classified by item in CSV format (comma-separated
value). These experiments, their output and usefulness to the real estate market and public
authorities are stated in Table 1.

Additionally, the simulations are executed with a population density of 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 and 100 inhabitants per hectare and
variability in percentage compliance to industrial regulations. Finally, Attractive Land
Footprint behaviour heat maps are elaborated which are the result of the spatial overlap
of numerous results of the same experiment. The lighter the shade, the higher the spatial
coincidence between all simulation results. Quantitative data is processed through a
spreadsheet software, where results are plotted individually as well as their average.
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Figure 3. Attractive Land Footprints evolution example in a 10-year span. (a) t = 0, (b) t = 3, (c) t = 6, (d)
t = 10. Green footprints: industry-attractive vacant land compatible with the UDPE, red footprints:
industry-attractive vacant land incompatible with the UDPE, orange footprints: built industry.

Table 1. Experiments, outputs and usefulness.

Experiment Output Usefulness

Total Attractive Land Foot-
print.

Amount of Attractive Land Surface avail-
ability in conditions of compatibility and
incompatibility with UDPE regulations.

Identify the availability of industry-
attractive vacant land in compliance with
UDPE regulations and to determine if in-
dustrial land reserves are on par with de-
mand.

Percentage of urbanized At-
tractive Land Footprint.

Percentage of vacant land that was attrac-
tive to industry real estate but is now oc-
cupied by any land use.

Understand the occupation of industry-
attractive vacant land under different pop-
ulation density scenarios.

Urbanized Attractive Land
Footprint differentiated by
compatibility.

Amount of vacant land surface that was
attractive to industry real estate but is
now occupied by any land use, differenti-
ated by law compliance.

Helps to identify deficits in industrial zon-
ing or lack of compliance with the UDPE,
and in this way assess the need to add
new zoning or update industrial regula-
tions.

Urbanized attractive land
footprint differentiated by
land use.

Amount of vacant land that was attrac-
tive to industry real estate but is now oc-
cupied, differentiated by land-use occupa-
tion.

To estimate the competition of various
land uses for the same industry-attractive
vacant land.

Industry location differenti-
ated by compatibility with
the UDPE.

Amount of industrial surface that is com-
patible or incompatible with UDPE regu-
lations.

To know the amount and location of in-
dustry surface in locations that are not
allowed by UDPE regulation.

Attractive land footprint
state.

Identify Attractive Land Footprints that
are “alive” (vacant and desirable) or
“dead” (once vacant but now urbanized,
or vacant but no longer desirable because
of its neighboring land uses).

Identify zones with a high competition for
industry-attractive vacant land.

3. Simulation Results Analysis and Discussion

A summary of the experiments’ main findings is shown in Table 2, which is explained
in detail below.
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3.1. Total Attractive Land Footprint

It has always been considered by investors that the land available for industrial activity
in the city of Ensenada is very limited, so an interest in this research was to know what
could be the availability of Attractive Land compatible with the UDPE. More important
was to identify where could Attractive Land rise with incompatibility with the UDPE but
attractive for this activity, and thus try to foresee possible normative violations.

In this aspect, it is observed that there will always be more Attractive Land in norma-
tive incompatibility than in normative compatibility (Figure 4), but with a downward trend
of the first and upward of the second until a time is reached when both types of Attractive
Land descend uniformly. This shows that, as the city grows, the demand for industrial
land use is higher than the available zoning for this activity established by the city’s UDPE.
Something to note is that in the presence of low population densities between 10 to 20
inhabitants per hectare (Figure 5), Attractive Land drops steeply in a period of between 4
to 7 years, probably due to the fact that in low densities the surface of urban land is higher
and therefore the probability for the urbanization and disappearance of Attractive Land
is greater.

Table 2. Main findings.

Experiment Findings

Total Attractive Land
Footprint.

- There will always be more industry-attractive vacant land in normative incompatibility
than in normative compatibility with thw UDPE.
-The demand for industrial zoning is higher than the one established by the UDPE.
- In low population densities secnarios between 10 to 20 inhabitants per hectare, Attractive
Land drops steeply.
- Emergence of an Attractive Land corridor along a regional road that communicates the
northeast part of the city.
- Low possibility of industry-attractive vacant land is occupied by this activity in almost
all parts of the city, except two zones, but they regional roads are needed and are not
compatible with UDPE regulations.

Percentage of urban-
ized Attractive Land
Footprint.

- In low densities of 10 to 15 inhabitants per hectare, urbanization of Attractive Land
Footprints tends to increase by up to 65%, compared to up to 14% when 35 inhabitants per
hectare.

Urbanized Attractive
Land Footprint differen-
tiated by compatibility.

- Predominance of industry-attractive vacant land occupied by land-uses unrelated to this
activity.
- The most desirable scenario, industry-attractive vacant land occupied by industry and in
accordance to UDPE regulations, was in last place in simulation results.
- In low population density scenario between 10 to 20 inhabitants/ha, urbanization of
industry-attractive vacant land rises rapidly, and occupied by non-industrial land uses.
- In densities of approximately 40 Inhabitants/ha or higher, industrial surface outside of
industry-attractive vacant land is low, which is a desired condition.
- There is a moderate possibility of industry-attractive vacant land urbanization in most of
the city’s northeastern sector. Northern and southern areas have the same possibility but
is not allowed by the UDPE.

Urbanized attractive
land footprint differenti-
ated by land use.

- Residential land use mostly occupies industry-attractive vacant land, replicating current
real-world competition between these two land uses.
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Table 2. Cont.

Experiment Findings

Industry location differenti-
ated by compatibility with
the UDPE.

- In low densities between 10 to 25 hab/ha, the industrial surface in incompatible sub-sectors rises
steeply over time.
- There are zones with a high possibility of emerging industry-attractive vacant land but are incom-
patible with UDPE regulations, and a projected road network must be built first.

Attractive land footprint
state.

- In low density scenarios, alive surface immediately goes down at the same rate that the dead
surface rises.
- In high density scenarios, dead surface rises at a faster rate than the surface that is alive.
- Northeast corridor footprint: there is a high possibility of its urbanization by land uses other than
industry.

Figure 4. Surface behavior of industry Attractive Land Footprint by law-compliance in a 10-year span.

When studying the spatial overlap of all model executions, it is observed the emer-
gence of an Attractive Land corridor along a regional road that communicates the northeast
part of the city (Figure 6). This corridor presents a gradient that shows the direct rela-
tionship between the city’s proximity and the probability of its formation. Together with
the urbanization heat map that shows northeast growth, reflects the Ensenada’s real-life
situation where its growth in the last decade has been concentrated in that area. The limits
of this corridor are only because the current model design works only within official city
limits, which means that there is a high probability that it would extend beyond these
limits in real life. According to the Attractive Land State heat map, there is a possibility of
its urbanization by other land uses and not only by industry.
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Figure 5. Surface behavior of industry Attractive Land Footprint under different population density
scenarios (inhabitants per hectare) in a 10-year span.

Figure 6. Attractive Land Footprints heat map. Green footprints: compatible with the UDPE, red
footprints: incompatible with the UDPE. The lighter the shade, the higher the spatial coincidence
between all simulation results.
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The heat map about Attractive Land to industry being occupied by this same activity
(Figure 7) shows that this possibility is low in almost all parts of the city, even though
there is ample opportunity for land occupation, mostly in incompatibility with the UDPE.
There is a relevant exception to this condition in two zones, but to be able to develop them,
the construction of regional roads is mandatory. It is observed that the development of
these two zones located in the north and south ends of the city is not allowed by the UDPE
despite that their location is desirable and contrary to the current situation where there are
industrial uses in inner parts of the city.

Figure 7. Industry in Attractive Land heat map. Green footprints: compatible with the UDPE, red
footprints: incompatible with the UDPE. The lighter the shade, the higher the spatial coincidence
between all simulation results.

3.2. Percentage of Urbanized Attractive Land Footprints

It outputs the percentage of Attractive Land that is urbanized in a given year. It was
included in the model to know the dynamics of emergence-disappearance of Attractive
Land and is complementary to the Urbanized Attractive Land output.

The behavior in each model run was so variable that it merited the individual analysis
of each result, but relevant observations can be made in the context of density scenarios. In
the presence of low densities of 10 to 15 inhabitants per hectare, urbanization of Attractive
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Land Footprints in a given year tends to increase by up to 65%, compared to up to 14% when
35 inhabitants per hectare, similar to Ensenada’s current density, was applied (Figure 8).

3.3. Urbanized Attractive Land Footprint Differentiated by Compatibility

This output quantifies the amount of Attractive Land that has been urbanized and
that complies with urban regulations, but also identifies the one that does not comply
and thus violates urban regulations. The intention of this indicator is to have support in
the characterization of industry in normative incompatibility due to lack of appropriate
industrial zoning or the lack of compliance with urban regulations, and in this way assess
the need to add new zoning or complement industrial regulations.

Throughout the different executions of the model, it was observed that urbanization
of Attractive Land Footprints by other land uses different to the industry predominates
(Figure 9), which reduces the opportunities for it´s favorable location. Although a land cost
variable is not included in the model, it nevertheless relates to a real-life situation in which
most of the current industrial activities sit in more unfavorable locations due to high land
costs. Contrary to a desirable situation, and according to the model, the lowest occupation
scenario was that of industrial occupation in Attractive Land with normative compatibility.

Figure 8. Percentage of urbanized Attractive Land Footprint in a 10-year span under different
population density scenarios.

In a low population density scenario between 10 to 20 inhabitants/ha, it was observed
that the urbanization of Attractive Land Footprint rises rapidly, and occupied by non-
industrial land uses (Figure 10). The rise of industrial occupation outside of Attractive
Land was also noted. It is observed that in densities of approximately 40 Inhabitants/ha or
higher, the total industrial surface outside of Attractive Land Footprint is low, which is a
desired condition.

This finding is significant since the current density of the city of Ensenada is 35 in-
habitants/ha, which means that is at a threshold that, if even lower densities surpass it,
the industry will begin to appear more frequently in undesired places. This assumption
is supported by the Sectorial Industrial Development Program of Ensenada [1] and the
Partial Program of Urban Improvement of Downtown Seafront of Ensenada [49]. These



Sustainability 2021, 13, 714 13 of 32

programs established that the downtown area has both a low density of 11 inhabitants/ha
and a high industrial use presence, even surpassing existing industry in peripheral areas
that should be highly attractive in real life due to connectivity factors.

Spatially, there is a moderate possibility of Attractive Land urbanization in most of
the city’s northeastern sector and those northern and southern areas previously identified
as having a high probability of forming Attractive Land currently banned by the UDPE.

Figure 9. Urbanized Attractive Land Footprint by law compliance.

Figure 10. Urbanized industry Attractive Land Footprint by population density scenario.
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3.4. Urbanized Attractive Land Footprint Differentiated by Land Use

This output quantifies Attractive Land Footprint that has been urbanized, differ-
entiated by the type of land use. It is intended to understand if there is a vacant land
competition between industry and other land uses. Results outputted Ensenada’s current
urban phenomenon of diminishing of proper vacant land for the industry due to residential
occupation. Traditionally it has been considered that the location of residential use has
been an inhibitor in industrial growth as they occupy zones initially intended for industry.
The model outputs consistently, and with minimal variation between results, residential
land use mostly occupies Attractive Land for industry (Figure 11). The model replicates an
evident competition for vacant land between these two uses that occur in real life, even
recently reflected in relevant social activism.

3.5. Industry Location Differentiated by Compatibility with the UDPE

This output quantifies built industrial surface that is compatible or incompatible with
the UDPE and intends to know the amount of industry that is located in sub-sectors that
are not compatible with this activity. If most industrial activity is located on incompatible
sub-sectors, it denotes either an insufficient industrial zoning or regulation breaches. The
model showed that in low densities between 10 to 25 hab/ha, the industrial surface in
incompatible sub-sectors rises steeply in time (Figure 12).

Figure 11. Urbanized Attractive Land Footprint by land use type.

In spatial terms, there is a particular interest that the model outputted zones with a
high possibility of creating Attractive Land but conditioned to the noncompliance of the
UDPE and the construction of a still projected road network.

3.6. Attractive Land Footprint States

This output quantifies the surface of Attractive Land that is “alive” or “dead”. At-
tractive Land is considered “alive” when it is vacant and fulfills desirability conditions for
the industry. However, it is considered “dead” if it was urbanized or started having one
or more neighboring land uses that are not desirable to be adjacent to industrial activities
and thus stopped being alive. The interest in this indicator is to identify zones where there
is a high urbanization of Attractive Land that can mean a high competition for land and
consequently a need to regulate with more precision.
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Results show that there is always a higher amount of Attractive Land Footprint that is
alive in the initial years but then invariably goes down as dead surface rises until they are
inverted and there’s is more dead than an alive surface (Figure 13).

Figure 12. Industry law compliance by population density scenario.

Figure 13. Industry Attractive Land Footprint state.
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According to the model, the year in which they are inverted is density-dependent,
and it comes closer to the present as population densities are lowered. The rate at which
alive surface diminishes is also density-dependent. When density is low, it immediately
goes down at the same rate that the dead surface rises, but when density is high, the rates
are significantly different as dead surface rises at a faster rate than the surface that is alive.

4. Conclusions

Through the use of the model presented in this paper, relevant topics to the efficient
use of land were identified. Although some are industry-related only, others have a
more generalized impact. As already discussed, these a relevant to population densities
alternatives, having an important role in the gradual decrease of industry-attractive vacant
land as low population densities produces sprawl that rapidly engulfs these Footprints.
The effects of low densities on a particular land use had never been identified, so this
finding complements the understanding of its impacts. The model also demonstrates how
industry-attractive vacant land strongly depends on an efficient road infrastructure.

Another significant finding was how relevant UDPE regulations limits observed
industry growth trends. It was observed that the UDPE would have to be breached if
growth was to be stimulated in areas where a high possibility for industry-attractive vacant
land was detected. This is further complicated because the model showed that there will
always be more attractive land in sub-sectors where industrial activity is currently not
allowed. This forces to revise the UDPE under this perspective: or more detailed and strict
regulations are elaborated that inhibits this dissemination, or some of these areas must
be recognized as new zoning for industrial growth. The model outputted areas with a
high possibility of generating industry-attractive vacant land near yet to build residential
developments, anticipating a competition for land occupation between these land uses, as
it’s already happening in other parts of Ensenada city. This model then becomes a relevant
justifier for redirecting the city’s current efforts in attracting a generic industry. Instead,
a focus should be made on drawing specific industries that have a higher possibility of
carrying out their activities near residential areas.

The results obtained by the simulations are encouraging regarding their usefulness,
although adjustments will need to be made to adapt them to future exercises. Combining
the results allows us to anticipate aspects of availability, occupation, location, competition,
and vacant land legality attractive to the industrial real estate market.

Since the results are of interest to this sector and the government, these models can
be a common point of communication, given their transparency and ease of modifying
their structure and variables. Although both have a concern in industry-attractive vacant
land, the interests are different: the first is to find the best options at the lowest cost and
maximum benefit. The second is to find options that help design better territorial public
policies and improve urban planning practice. But propositional feedback from industrial
real estate developers shows that these differences will not be an obstacle for reaching
conciliatory measures.

Although applying this model to other cities is feasible, specific considerations have
to be resolved, which may be challenging to resolve in Latin American localities. The main
one is the availability of updated, digitized, and revised information necessary to feed
the model. Another is the calibration of the parameters of distances and adjacent uses
that can behave differently according to each locality’s characteristics. Another limiting
element is outdated urban development plans that are surpassed by a locality current
needs. Finally, another limitation is the inherent lack of technical capacity of the personnel
in charge of designing and updating urban regulations, which are also replaced every three
years according to municipal governments’ changes, making it challenging to continue
applying these urban models, let alone understand them.
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In the model’s future work is to integrate real estate developers feedback. Their
contributions have inadvertently reinforced the need for the complex systems approach
by arguing how land acquisition variables continuously change in reaction to local and
exogenous variables. Another adjustment is to integrate the land value variable since it is
inseparable from the nature of the real estate purchase. If this variable is not accessible,
it can be replaced with the property’s cadastral value, giving a spatial overview of the
relative cost since it would indicate which land is more expensive than another, but it
would not suggest by what amount. Another pending task is to refine the criteria of linear
and radial distances, slopes, and the amounts of specific and desirable land uses to be
considered by the model as attractive to an industrial real estate market. A user manual
and interface design as user-friendly as possible will also be necessary to facilitate its use by
the public official on duty. Finally, as is usually the case when creating a model, unexpected
results were obtained in verification tests, as was the Land Use Compatibility Matrix case.
When experimenting with simplified versions, it inhibited or stimulated specific land uses
beyond what was proposed by the UDPE. This unexpected behavior demands further
Matrix experimentation as its 6771 compatibility decisions have never been thoroughly
tested. Nevertheless, it is still the primary decision tool for municipal authorities when
granting land use permits, so the possible effects on the city could be contrary to those
intended by the same UDPE. Because of the importance of this matter, it is now considered
an urgent and new research opportunity.
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Appendix A. Complementary Tables and Figures

Appendix A.1. Attractive Factors by Land-Use Type

Table A1. Attractive factors by land-use type.

Factor Housing Commercial Industry Tourism Equipment

Job offer •

Labour • • •

Services • • • •

Cost of affordable land • • • • •

Physical risk

Beach • •

Roads • • • • •

Transfer time • • •

Downtown centers • •

Transport systems • • • •

Existing development • • • •

Housing • • •

Infrastructure • • • • •

Building land • • • • •

Income level •

Elevation •

Flood zones

Water bodies (Streams, lakes) • •

Industrial density • •

light industry •

Urban sub-centers • • •

Railway • •

Total saleable area • • •

Green areas • •

Weather • •

Scenic views • •

Agricultural areas

Dumpsters

Urban periphery •

Schools • • •

Hospitals • • •

Sports equipment • • •

Soft slope • •

Zoning • • • • •

Rural areas • •

Price of water • •

Housing density • • •
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Table A1. Cont.

Factor Housing Commercial Industry Tourism Equipment

Commercial density • • •

Industrial density • •

Airports • •

Natural protected areas •

Protected historical sites •

Rights of way

Military facilities

Pantheons

Loading terminals • •

Appendix B. Modeling and Simulation Process

The methodology’s sequence is based on the well-known process in which a real-life
target is selected and represented in a simplified way through a model that is executed and
outputs data [17]. In more detail, it follows a process similar to the one presented by [48],
which starts system analysis, conceptual modeling of the system, design of the simulation,
generation of the code for the simulation, preparation of the simulation, execution of the
simulation and ends with the analysis of the results (Figure A1).

Figure A1. Modeling and simulation process according to [48].

Appendix B.1. Data Requirements

For this methodology’s application, two main components are needed:

(1) Spatial data layers. They should be in SHP or ASC format, depending on the case
(Table A2).

(2) Urban development plan applicable to the human settlement to be modeled. The
spatial data layers and the Urban Development Plan (Table A3) must belong to the
same time cut. Usually, the layers are derived from the work done to make the Plan.
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Table A2. Spatial data layers needed for the model.

Data Format Type

City limits polygon SHP Vector
Citiy sub-sectors SHP Vector
Urban grid SHP Polygon
Water bodies SHP Polygon
Slope SHP Raster
Agricultural zones SHP Polygon
Developed land SHP Polygon
Developable land SHP Polygon
Non-developable land SHP Polygon
Road structure SHP Vector
Land use SHP Polygon

Table A3. Needed information from the Urban Development Plan.

Information Type

Land Use Compatibility Matrix Table
City limits polygon Map
Sectors/subsectors Map
Population historic growth Table/Plot
Population growth projection Table/Plot
Current urban surface Table
Current land use surfaces Table/Plot
Population growth rate Table/Plot
% of industry compatible with Urban Development Plan regulation Table/Plot
Population density (inhabitants per hectare) Table

Appendix B.2. Data Preparation

The input data needed for the simulations must be prepared in a particular way to fit
the current scope and limitations of the model, increasing flexibility for data input will be
considered in future system modifications.

Appendix B.3. Land Use Compatibility Matrix

(1) Conditioned land uses. According to this model’s scope, to correctly read the Land-
Use Compatibility Matrix, it must only contain compatibilities and incompatibilities
concerning urban sub-sectors. The model does not accept conditioned uses, which
are common in these matrices in Urban Development Plans. For this reason, it is
necessary to evaluate which conditioned land uses will be converted into compatible
or incompatible uses.

(2) Land uses that do not represent surfaces. Uses that do not manifest themselves as a
surface in real life will be eliminated to avoid an erroneous spatial representation in
the model results. Examples are bicycle paths added to existing roads which do not
represent an additional urban area, ATMs that are an integral part of other land uses,
or campsites that are temporary, seasonal, minimal, and removable.

(3) Unique or existing land uses. Care should be taken that the model does not result in
land uses that are unique or have already been constructed after elaborating the Urban
Development Plan. This information is entered, so no more instances are replicated
once a land-use of this nature is built in a simulation. Examples of this type of land use
are City Hall that only exists one per population center, Dam, Railroad, Market, and
Regional Hospital. Population center size must be considered to determine whether a
land use will be unique, under the logic that as the population is larger, the less likely
it is to be unique.
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(4) Urban corridors, urban centers and sub-centers. The model can read geographic
spaces delimited by closed polygons and vectors, and therefore can read spatial
information expressed in that way. Any other spatial expression expressed only in an
indicative way and not represented by polygons or vectors will be eliminated from
the compatibility matrix. Examples of these elements are the urban corridors that are
usually marked as a point on the maps.

Appendix B.4. Spatial Data Layers

(1) City’s polygon. Correspond with the polygon indicated in the Urban Development
Plan.

(2) City’s sub-sectors. Correspond with the sub-sectors of the Land Use Compatibility
Matrix of the Urban Development Plan. The attributes table corresponding to this
information layer must contain the following columns:

(a) SUB-SECTOR (which contains the sub-sector’s name of the corresponding
polygon).

(b) COUNT (which contains the value 1 for all the sub-sectors, to differentiate in
the model the territory inside the city’s polygon from the one outside)

(3) Urban grid. It contains all the blocks and other urbanized areas included within the
city’s polygon. The attributes table corresponding to this information layer must have
the following column:

(a) URBAN (which contains the value 1 for each of the blocks and other urbanized
areas of the city).

(4) Water bodies. Correspond to lakes, dams, rivers, streams, and coasts within or
adjacent to the city’s limits.

(5) Slope. It is classified by range. If the Urban Development Plan has a threshold of
urbanization concerning slopes, it must be manifested as a range limit.

(6) Agricultural zones. They are the parcels that compose farms and cultivation areas.
If there are other uses within them, they must be included. The attributes table
corresponding to this layer of information must contain the following column:

(a) ZONING (which will contain the value 1 for each plot).

(7) Developed land, non-developable land and developable Land. These three layers
derive from the territorial aptitude model for the Urban Development Plan. If the
model is unavailable, developed land data is obtained from the existing urban grid.
Developable land is where no urbanization should be allowed for reasons of risk,
conservation, or growth policies such as steep slopes, rivers, streams, coastal dunes,
wetlands, geological faults, and outstanding natural areas. Developable land is the
territory that remains on which it is possible to build according to urban policies that
allow it.

(8) Road structure. It is composed of roads and highways, differentiated in the corre-
sponding layer’s attributes table. In-project roads are also included. The inclusion
of secondary roads must be assessed if they could be used by heavy traffic. Local or
service roads are excluded.

(9) Land uses. It must contain the current land uses of the urban area. There must be a
correspondence between these land uses and the Land Use Compatibility Matrix. The
attribute table for this data layer must contain the following column:

(a) LAND_USE (which contains the name of the land use type of each polygon to
which the value is assigned).
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Appendix C. The Model

Appendix C.1. Overview, Design Concepts, and Details (ODD Protocol)

When simulation tools are required, the complexity approach uses multi-agent systems
to formalize and test hypotheses about different aspects of their dynamics [26]. The
methodology in this paper relies on Agent-Based Modeling (ABM) which focuses on
individuals and on explaining how results can be achieved through their interactions,
which makes it a good method for policy analysis [16].

The Attractive Land Footprints Agent-Based Model was developed in NetLogo, a
widely used multi-agent programmable modeling environment [50]. The Figure A2 shows
the NetLogo model interface.

Figure A2. Netlogo Model Interface: (1) Data loading and execution, (2) Initial condition parameters, (3) Attractive Land
Footprint states, (4) Data layers display, (5) View, (6) Output plots, (7) Output export.

ABM is generally difficult to analyze, understand and communicate than other analyt-
ical models, so we will describe the model approaching the “Overview, Design Concepts,
and Details” (ODD) protocol [51,52]. The ODD protocol for describing Agent-Based Mod-
els (ABMs) are now broadly accepted and used to document individual and multi-agent
systems (MAS) models [47].

Overview
Purpose

The purpose of the model is to identify the emergence of specific spatial conditions
as a result of aggregation behavior in an urban policy context. It demonstrates how the
interaction of allowed urbanization regulations can result in an attractive environment for
prohibited urbanization. The case in point is vacant land patterns that can attract industry
(Attractive Land Footprints) by meeting requirements established from a developer’s
perspective regardless of compliance to the Urban Development Plan of Ensenada (UDPE).
These requirements include closeness to regional roads, workforce, urban equipment and
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not adjacent to residential areas. Due to the fact that the UDPE is currently under revision,
this model is designed to be a tool to support the analysis and design of urban development
policies by timely identifying zones where urban regulations may be infringed or even to
discover unexpected opportunities, and adjust public policies accordingly.

Entities, State Variable and Scales

This is a grid based model representing the spatial extent of the city of Ensenada,
México. Each cell of the model represents 10,000 m2 or 1 hectare. The surface of the city’s
polygon in which the model takes place is 45,652 hectares and is taken from the UDPE.

The entities of the model are of spatial nature and represent the city’s land use with
variables that change over time. This takes place at the cell level, so 1 hectare is the basic
spatial expression of this entity. The basic time unit is a year and the model is run in a 10-
year span. These scales have been chosen because they are the ones used when designing
and reviewing urban development plans.

(1) Low-level variables. These are variables that cannot be deduced from other low-
level variables because they are elementary properties of the entity. Each cell of land
contains the following low-level variables (Table A4).

(2) Attractive land. Attractive Land is not a land use but vacant land suitable for industry
from a developer’s perspective. As such, in contrast to land uses that once they
urbanize a cell is stays the same for the rest of the simulation, Attractive Land rises
and diminishes on places that are urbanized or that aggregate favorable conditions
for industry.

(3) Land use. It represents the activity that that takes place in the cell. It can be of 7
general types, or it can also be vacant, which means that there is no current activity.
The 7 general types are subdivided into 111 specific land uses according to the UDPE.
The 7 general types are Residential, Touristic, Industrial, Agro-Industrial, Commercial,
Equipment, and Farmland. For visualization purposes, Industry land use appears as
orange cells, and the rest of land uses are gray.

(4) Interest. It represents the interest of a cell to develop a land use. This interest can be
one of the land uses specified in a UDPE´s Land Use Compatibility Matrix.

(5) Urban. Indicates if the cell is occupied by a land use.
(6) Row, column. Values that correspond to the location in the Land Use Compatibility

Matrix and the Subsector being analyzed. These values are necessary so that the
model can properly read this Matrix.

(7) Attraction. A value that specifies the level of attraction of a cell for industrial activities.
The greater the value, the greater the attraction. The highest values are those that
are considered as Attractive Land. Attractive Land is not a constructed land use
but rather a vacant land that contains a specific set of characteristics that make it
attractive for industrial use from a developer’s point of view. As such, and in contrast
to urbanized land that remains in that state for the rest of the simulation, Attractive
Land constantly changes its spatial pattern, or footprint, over time: it shrinks and
disappears in areas that are gradually urbanized or emerges, grows and even moves
where favorable conditions for the industry are agglomerated.

(8) Intersected by a street? It species whether the cell is intersected by a street/road or
not. The Street/road network is obtained from the UDPE and includes current and
projected network.

(9) Suitable? Conditions that must be met for a cell to be urbanized for any land use or
can be considered Attractive Land. These conditions are: that the cell is inside city
limits, that it is developable, that it is vacant, that it is not farmland, and that it is not
a water body.

(10) City sub-sector. The city polygon is divided into 5 main sectors and subdivided in
61 sub-sectors according to the Urban Development Plan (Figure 2). The city limits
polygon is greater than the current urban surface, so it also contains natural areas.
Each one of the 111 specific land uses are compatible, or not, with each one of the 61
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sub-sectors. Sub-sectors and compatibilities are taken from the Compatibility Matrix
of the UDPE.

(11) Developable? The city’s polygon is composed of areas that are developable or non-
developable. Non-developable areas represent streams, farmland, geologic faults,
natural land, steep slopes and land 200 meters above sea level. The rest of the surface
is developable land, including vacant lots inside the city. These areas are obtained
from the UDPE.

(12) Potential random value that changes over time. It refers to the potential of vacant
land to be developed. If this value is greater that an established threshold, the vacant
land holding this value is urbanized and stays urbanized. Value is estimated according
to the Vicsek-Szalay model that is later explained.

(13) Slope. It is the angle of terrain expressed in ranges: 1 = 0–5%, 2 = 0–10%, 3 = 0–15%,
4 = 0–30%, 5 > 30%.

(14) Body of water? It specifies if the cell is water.

There are also environmental variables that are not of spatial nature:

(1) Potential threshold. All cells have a variable called Potential, which is continuously
updated. An interest in developing a land use is assigned to cells that exceed this
value previously established by the user.

(2) Adjacency matrix. Matrix that specifies desired/undesired adjacency between land
uses. It is designed from empirical evidence of land uses from the city of Ensenada.

(3) Lawful industry percentage. From the total of times the model tries to grow industry
in incompatible zones, this is the percentage of times the model will allow it. This
does not necessary mean that industry will be built, because the terrain must satisfy a
series of additional requirements for this land use.

(4) Growth rate. Value that determines the average increase in the population. It is based
on recent census data.

(5) Years of development. The years the model will simulate.
(6) Number of inhabitants. The model starts with a fixed population number according

to recent census data, and is projected in a time span equal to Years of development
variable. The amount of land uses that the model outputs depends on population size
which in turn depends on the Population density variable.

(7) Land use compatibility matrix. Matrix that specifies compatibility between each
one of the 111 specific land uses and 61 subsectors, resulting in 6771 combinations.
The concept of compatibility is not related to the adjacency of land uses, but to the
permission of a land use to take place inside a city subsector, and is obtained from the
Land Use Compatibility Matrix of the UDPE. In this sense, the compatibility of each
cell with each one of the 111 land uses will depend on the subsector is in.

(8) Population density. Inhabitants per hectare.
(9) Slope restriction. Angle of terrain. Permitted slopes upon which urbanization can

occur. Slopes are obtained from the UDPE.
(10) Public policies. Actions to regulate urban growth. They are:

(a) Population density: Inhabitants per hectare.
(b) Slope restriction: Angle of terrain. Permitted slopes upon which urbanization

can occur. Slopes are obtained from the UDPE.
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Table A4. Entities and variables.

Type Entity Variables Expression Changes
Over Time?

Grid cell Land

Attractive land Alive YesDead

Land use

Vacant Yes
Residential

No

Touristic
Industrial
Agro-Industrial
Commercial
Equipment
Farmland

Interest

Residential

Yes

Touristic
Industrial
Agro-Industrial
Commercial
Equipment
Farmland

Urban Si YesNo

Row Value established by the
Compatibility Matrix Yes

Column Value established by the
Compatibility Matrix Yes

Attraction Numeric value stated
by model Yes

Intersected by
a street?

Yes NoNo

Suitable? Yes YesNo
City sub-sector Polygons established by the PDU No

Developable? Yes Yes
No No

Potential Numerical value stated
by sub-model Yes

Slope

0-5%

No
0–10%
0–15%
0–30%
>30%

Body of water? Yes NoNo

Environment

Urbanization threshold Potential threshold Numerical value stated
by sub-model Yes

Land use neighbor preference Adjacency Matrix Desirable NoNot desirable

Urban development program compliance % Lawful industry Numerical value stated
by model user No

Population
Growth rate Numerical value stated

by model user No

Years of growth Numerical value stated
by model user No

Number of inhabitants Numerical value stated
by model user Yes

Public policies

Land use
Compatibility Matrix

Compatible NoIncompatible

Population density Numerical value stated
by model user No

Slope restriction

0–5%

No
0–10%
0–15%
0–30%
>30%
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Process Overview and Scheduling

In this section the environmental and individual processes are presented as a concise
overview of the model.

Figure A3. Model sequence.

(1) Setup. This is the first step of the model where pre-established numerical and spatial
layers of data are loaded that together form the initial urban state of the model.

(2) Assign initial attractive land. Based on the initial spatial conditions of the model, it
identifies the initial Attractive Land.

(3) Assign random value to cells. The model randomly assigns a value of 1 or -1 to a cell
variable called Potential to all cells that are inside of the city polygon. This will be the
base for the Vicsek-Szalay sub-model which determines if a vacant cell has potential
for urbanization. Each land use has location requirements, mainly its compatibility to
sub-sectors of the city and its preference to neighbor land uses (See Table A5).

(4) Estimate amount of projected urban surface. Based on initial population, growth
rate, and population density, and amount of urban surface is projected for one year.
The simulation stops once the current year equals the Years of development variable.

(5) Compare current vs projected urban surface. Projected urban surface is compared
to growing urban surface. While the growing urban surface does not match projected
urban surface, model will loop the following steps. If this condition is met, it exits
the loop, advances by one year, plots and spatial pattern of land-uses is updated, and
starts a new loop by estimating new projected urban surface.

(6) Update potential variable for each cell. All cells update their Potential variable
according to the Vicsek-Szalay model. Additionally, urbanized cells rise the Potential
variable of neighboring vacant cells. If the final value of this variable is higher than
an stabilised threshold, only cells meeting this requirement proceed to the next step.

(7) Assign random land-use interest to cells with potential above threshold value.
One of 111 possible land-uses is randomly assigned as a land use interest to the
cells above threshold. It is assigned according to pre-established probabilities and
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represents an interest of the cell to develop that land-use. The probabilities are based
on the proportion of land uses stated as current by the UDP.

(8) Validate the assigned land use with the compatibility matrix. The model verifies
with the Land Use Compatibility Matrix if the randomly assigned land use interest is
compatible with the sub-sector it’s in. If its compatible, proceeds to next step.

(9) Verify neighbors. The model verifies with the Adjacency Matrix that neighboring
requirements by the land use interest can be met.

(10) Urbanize cell with land-use interest. If compatibility and requirements are fully
satisfied, the cell is urbanized with the land-use interest, and Land Use, Devel-
opable?, Suitability, Farmland and Urban cell variables are updated. The last three are
high-level variables that are deduced from low-level variables previously explained.
Suitability establishes if a cell can be urbanized taking into account public policies,
developable and vacant land and if its inside the city polygon. Farmland states if the
cell is used for agricultural activities and Urban if the cell is occupied by a land-use. A
global variable called New Urban Surface is also updated each time a cell is urbanized.

(11) Compare current urban surface with projected urban surface. If current urban
surface has not reached the projected urban surface, the loop remains by starting a
new Update potential variable for each cell step. If it does, exits the current year loop
and proceeds to the next step.

(12) Update attractive land. Based on the current spatial configuration of land uses, the
model updates location and amount of Attractive Land.

(13) Compare current year with years of development variable. If current year is the
same as Years of development variable, the model stops and the spatial pattern of
land-uses is updated, along with plots and monitors.

Table A5. Adjacency Matrix.

Residential Touristic Industrial Agro-industrial Commercial Equipment BeachCommercial Industry
Compatible

Commercial Industry
Incompatible

Commercial Industry
Compatible

Commercial Industry
Incompatible

Residential O O X X O O O O O

Touristic O O X X O O O O (2)

Industrial X X O O O X O X O

Agro-industrial X X O O O O O O O

Commercial

Commercial Industry
compatible (1) O O O O O O O O

Commercial Industry
incompatible (1) O X X X O X O O

Equipment

Commercial Industry
compatible (1) O O O O O O O O

Commercial Industry
incompatible (1) O X X O O O O O

X no neighbors accepted. O neighbors accepted. (1) As long as there are two or more residential neighbors. (2) As long as there are one or
more beach neighbors in a radius of 5 cells.

Appendix C.2. Design Concepts

Appendix C.2.1. Basic Principles

The basic principle of this model is that of cellular automata and how the state of a cell
is determined by the state of its neighbors, and by environmental variables that represent
public policies, population growth and compatibility rules established by an official Urban
Development Plan.

Emergence

Vacant land is going to be attractive to one or several land-uses depending on its
location with respect to spatial patterns of land-use that surrounds it and to environmental
variables. The behavior in quantity and spatial distribution of Attractive Land will vary
over time. A cell of land is attractive to more than one land-use at the same time, so the
quantity and location of Attractive Land for industry will diminish as it is taken by other
land-uses but also arise in other zones where favorable conditions aggregate.
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Interaction

Interaction in the model is between land-uses and land-uses with its surroundings.
This interaction is based on the neighborhood concept. Depending on its type, land-uses
can or cannot be adjacent to each other, so once a land-use is stabilised it creates conditions
around it that are favorable to some land-uses and unfavorable to others. Also, once a
land-use urbanizes a vacant cell, it changes its Urban, Suitability and Farmland variables
and raises the Potential variable of surrounding vacant cells.

Stochasticity

A land-use interest is randomly assigned to cells that its Potential variable is above a
threshold value. The frequency on which a specific land use is randomly assigned depends
on pre-established probabilities.

Collectives

Attractive Land spatially aggregate according to industry-specific requirements, form-
ing particular patterns and land-use spatial distributions.

Observation

The model outputs an image of land-use patterns of industry, Attractive Land Foot-
prints and general land uses. It also plots the following data:

(1) Total Attractive Land.
(2) Attractive Land State.
(3) Industry location differentiated by compatibility.
(4) Urbanized Attractive Land differentiated by: Compatibility, land use and percent-

age urbanized.

The steep topography that surrounds the city dramatically limits its growth and has
had a historical influence on current urban shape. Regarding the model, topography has
a relevant influence on the parameter space of the final urban shape, which is rather low.
An overlay of urban patterns that resulted from 500 individual simulations were analyzed,
and it was detected that by approximately the 50th overlay no noticeable differences were
identified beyond this point, so for output analysis, an exercise of 50 runs was made.

Appendix C.2.2. Details
Attractive Land

A cell in the model is considered as Attractive Land when it fulfills at least 7 of the
following 9 requisites:

(1) Land slope equal or lower than 15%.
(2) 0 neighbors of residential land use.
(3) 0 neighbors of touristic land use.
(4) 0 neighbors of commercial land use that does not want to be adjacent to industry.
(5) 0 neighbors of equipment land use that does not want to be adjacent to industry.
(6) A regional road within a 2-cell radius.
(7) 20 or more cells of residential land use within a 20-cell radius.
(8) 4 or more cells of industrial land use within a 2-cell radius.
(9) 2 or more cells of industrial land use in a 1 cell radius.

A cell is no longer Attractive Land for industry once one or more of the following happens:

(1) 1 or more neighbors of residential land use.
(2) 1 or more neighbors of touristic land use.
(3) 1 or more neighbors of commercial land use that does not want to be adjacent

to industry.
(4) 1 or more neighbors of equipment land use that does not want to be adjacent

to industry.
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Moore neighborhood is used when inspecting for neighbors.

Initialization

The model initially detects Attractive Land according to previously stated requisites
(Figure A4).

Figure A4. Initial state of the model, showing the spatial extent of the city of Ensenada and Attractive
Land Footprints for industry in compatibility (green) and incompatibility (red) with the UDPE.

Input Data

Initial values for simulation where as follows:

(1) Initial population: 363,260. Taken from the most recent census data.
(2) Growth rate: 1.7. Obtained from the UDPE.
(3) Lawful industry percentage: 53%. It was obtained from the Sectorial Industrial

Development Program of Ensenada, which states that 47% of industry is located
against urban regulations of the UDPE.

(4) Years of development: 10. It is a time span in which it was considered by policy
makers as adequate in a planning-revision context.

(5) Population density: 35. It’s the current Ensenada’s average density according to
the UDPE.

(6) Slope restriction: 4. It corresponds to a slope range from 0 to 30%, which is close to
current permitted urbanization on slopes not greater than 35% stated in the UDPE. The
exact 35% value was not used due to technical challenges with available terrain data.

(7) Threshold: 4. The value for the Vicsek-Szalay sub-model was chosen after empirical
observation of values that better approximated Ensenada’s morphology.
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Current land-uses, developable and non-developable land, slope, and street and road
networks, including those that are on a planning phase, are loaded in the model. This data
layers are loaded as shp (vector) or asc (raster) layers previously elaborated in a Geographic
Information System software for the UDPE.

Sub-Models

Vicsek-Szalay sub-model This sub-model updates all cells Potential variable. It is
used to determine whether a vacant cell reaches the potential to be urbanized. For this
to happen, the vacant cell potential must surpass an established threshold value. It is
a cell based model that shows how highly ordered spatial patterns similar to those of
urban development can emerge from a model that builds on spatial averaging [53]. This
build patterns over time depending on a potential and threshold value. Potential can be
translated to urbanization. This urbanization persists even if cell potential falls below the
threshold value in the future. This pure averaging model is stated as

zi(t + 1) = 1/5[zi(t) + ∑
j∈Ni

zj(t)] + εi(t)

It is a model that never moves to equilibrium because noise is constantly introduced
into the system.

Besides the Vicsek-Szalay submodel, the Potential variable is also updated by neigh-
boring urbanized cells as a way to replicate real-life situations where urban areas tend to
urbanize adjacent vacant surfaces.
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