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Abstract

In this paper we present a Population-Based Iterated Greedy (PBIG) al-
gorithm for delimiting and zoning rural settlements. Each cadastral plots is
allocated to a category (traditional-historical, common or none) considering
restrictions such as the characteristics of the existing edifications and the
building density. Since the problem has multiple solutions, heuristic search
algorithms, as PBIG, are a good strategy to solve it. Besides the resolu-
tion of the problem according to the requirements of the laws, our work
explores also new methods of delimitation. The comparison between both
types of solutions can help to improve the current methodology. The algo-
rithm, implemented using the Java programming language and integrated
into an open-source GIS software, has been tested in rural settlements with
different morphological characteristics, providing adjustable solutions to the
specific needs of each rural settlement.

Keywords: Rural settlements, GIS, population-based iterated greedy
algorithm, Java, land-use planning.

1. Introduction

Rural settlements are located in spaces between cities and are small group-
ings of buildings where predominate residential land use and activities related
to agriculture. Although the latter characteristic is becoming less important
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(Muilu and Rusanen, 2004), it has conditioned the evolution and layout of
much of the current villages (Grossman and Katz, 1992). This is a population
settlement model representative of the European rural areas, which presents
in the North West of the Iberian Peninsula (Ferreira et al., 2010), and specif-
ically in the region of Galicia, a wide variety of cases that involve complex
land planning and management. However, this type of settlements and the
problematic aspects that stem from it are not exclusive of Europe but com-
mon throughout the world (e.g. Feng et al., 2007; Smailes and Molyneux,
1965; Mukerji, 1976; Lerise, 2000; Grossman and Katz, 1992; Stoian and
Henkemans, 2000).

The oldest studies on rural settlements focused on identifying the type
of spatial distribution of these settlements. For example, Dickinson (1949)
distinguishes two extreme types of rural settlements, isolated farm-stead and
nucleated village, and numerous gradations between both types (compact
irregular village, linear village, rundling village, irregular modern growth,
suburban growth, etc.), while Smailes and Molyneux (1965) classify them in
dispersed settlements, pastoral agglomerations and village agglomerations.
Later, these studies addressed the analysis of the functional and geometrical
characteristics of rural settlements. Mukerji (1976) analyzes the morphology
of rural settlements in a region of India according to the type (based on func-
tional relationships), form (the geometrical shape of the aggregate of build-
ings and streets) and pattern (the geometrical arrangement of a large number
of settlements suggestive of correlations with natural and cultural features).
Meanwhile, Grossman and Katz (1992) identify the rural settlement patterns
in Israel by building densities, field systems, physical size, and the presence
or absence of detached nuclei. Recent studies seek to distinguish internal
functional areas inside the rural settlement. Thus, for example, Stoian and
Henkemans (2000) propose a separation between the residential area and the
agricultural area in order to achieve clearer delimitations and more compact
settlements. Feng et al. (2007) distinguish two types of rural settlement
expansion: concentrative expansion and incompact expansion according to
the value of a shape index and other characteristics. More recently, Ban-
ski and Wesolowska (2010) differentiate three types of rural villages based
on their residential, tourist-recreational or agricultural functional type. How-
ever, there are no studies on scientific methods or techniques for planning the
delimitation of the rural settlement and zoning it in different land categories,
beyond the specifications and procedures established in the corresponding
laws (e.g. Lerise, 2000) and policies (e.g., Turnock, 1991) or the method
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proposed by Ferreira et al. (2010) for the delimitation of consolidated urban
areas in low density regions.

For this reason, the objective of this study is the development of an al-
gorithm for the delimitation of rural settlements and the zoning of different
land categories inside them. The algorithm has been designed so that the
rural settlement zoning can be carried out according to the criteria estab-
lished by the urban planning law of Galicia, either to more general technical
criteria based on the distance between buildings, the total number of build-
ings, the building density rate, the total occupied land, the land suitability
for development and the compactness of the delimited area. All of them
are applicable to any rural settlement located anywhere. In order to clarify
terms, plot is defined as a parcel of land legally defined that is owned by one
or several natural or legal persons, rural settlement is an area form by plots
identifiable and differentiated by official census, and zone is used in the text
as synonymous of area or region.

The implemented algorithm provides valid and satisfactory solutions, that
means, delimitations which comply all the restrictions and with a quality use-
ful to the experts’ needs. The characteristics of the plots (slope, orientation,
land use, etc.) and the relationships between the elements of the settlement
(plots, buildings, roads, etc.) are key for assigning one or another category
to each plot. Each of these variables has been quantified through an analytic
hierarchy process (AHP) (Bhatta and Doppler, 2010) as a multiple-criteria
decision-making with the participation of twelve experts in planning pro-
cesses. The MPC 2.0 software (Rodriguez and Alboreca, 2011) was used to
quantified the weights of each variable.

The rest of the paper is structured as follows: Section 2 explains the
legal restrictions and the experts’ recommendations that delimitations have
to comply. Next, Section 3 gives an overview of the algorithm and details
the pre-processing stage, where resource intensive spatial operations are exe-
cuted. Section 4 explains in details the algorithm and all its phases. Finally,
Section 5 shows a case study in several rural settlements and in Section 6
some conclusions are drawn.

2. Criteria for rural settlement planning

The delimitation processes are defined by several rules imposed by laws.
Nevertheless, there are some criteria defined by the experience of the experts
in land planning, which should be also taken into account in order to achieve



acceptable solutions. In accordance with those criteria a new methodology
for delimitation and zoning of rural settlements is proposed. Next sections
describe the most outstanding aspects of the current laws and the proposed
new methodology.

From now on, the term building will be used to define any construc-
tion, meanwhile the term residential building only will refer to constructions
intended for living. In addition, a building can be traditional or modern,
depending on its construction materials, height, and especially, age.

2.1. Law criteria

The current law that affects to the delimitation of rural settlements in
Galicia is the 2/2010 Law of Urgent Actions of Modification of the Law
9/2002 of Urban Planning and Protection of the Rural Environment of Gali-
cia (Law 2/2010, 2010). This law defines three different categories of rural
settlements: the Traditional-Historical Rural Settlement (THRS), the Com-
mon Rural Settlement (CRS), and the Complex Rural Settlement. The last
one just defines a rural settlement with THRS and CRS.

The main differences between the traditional-historical category and the
common category regarding the future development are that the restrictions
over the new buildings in the traditional-historical category are clearly es-
tablished in the law (building materials, distances from roads, maximum
height...) whereas the restrictions over the common category are left to each
municipality and may vary from one to another.

According to the law, a zone is considered as consolidated when it exceeds
a certain Building Density Rate (BDR). Being consolidated is a necessary
condition to be a rural settlement. The minimum BDR established by law is
50% for THRS and 33% for CRS. Other legal restriction is that plots further
than 50 meters from traditional buildings can not be part of the THRS.

One of the methods proposed by the Galician Urban Legal Protection
Agency (APLU) for the calculation of the BDR of a category is based on
the ratio between the number of buildable plots and the current number of
buildings (Galician Urban Legal Protection Agency, 2013).

This method has been adapted according to the following equation:

NB
BD = — 1
(%) MNBP (1)
where NB is the Number of Buildings and MNBP is the Mazimum Number

of Buildable Plots, that is calculated by:
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TAC
MPAB )
being TAC the Total Area allocated to the Category and MPAB the Minimum
Plot Area for Building, that is the minimum area for buildable plots. The
factor 0.8 in Equation 2 means that only the 80% of the total area is taken
into account (the remaining 20% is an estimation of the surface of settlements
usually occupied by roads, utilities networks, etc.).

MNBP = 0.8

2.2. Proposed alternative criteria

Besides the restrictions imposed by law, experts in land planning pro-
cesses have proposed some criteria to formulate a new alternative methodol-
ogy for the delimitation and zoning of rural settlements. Moreover, whereas
the law refers to traditional buildings in general, in our proposed method-
ology, it is possible to take into account all traditional buildings or only
residential traditional buildings. Following sections describe this methodol-

ogy.

2.2.1. Characteristic Mean Distance

As aforementioned, current law indicates that plots further than 50 meters
from traditional buildings can not be part of a THRS. As an experimental
alternative, the Characteristic Mean Distance (CMD) is defined as a vari-
able distance calculated according to the morphology of the settlement and
directly related to the distance between its buildings.

For calculating the CMD of a settlement, the distances between the cen-
troids of every two buildings are computed and the CMD is the average of
the X percent of the shortest distances, being X a value set by the expert in
the input parameters of a preprocessing stage. Two kind of CMD are consid-
ered, traditional-historical CMD (TH-CMD) and common CMD (C-CMD)
and different types of the buildings can be taken into account for the calcu-
lation: traditional residential buildings (TRB), traditional buildings (TB),
residential buildings (RB) or all the buildings (B).

2.2.2. Alternative method for the calculation of the BDR

An alternative method for the calculation of the BDR is defined by the
experts as follows: let NPC' be the number of plots with buildings taken
into account for calculations, and for the rest of plots that touch a road or
are nearer than 10 meters from one, let NPN be the number of them whose



area is greater than the MPAB, and SPM the sum of the areas of all those
plots whose area is smaller than the MPAB. Then, the building density rate
is defined by the following equation:

NPC

3
NPN 1 0T @)

The law 2/2010 states that plots whose area is smaller than the MPAB
and are located among built plots can be built. The plots whose area is
smaller than the MPAB and are not in the previous case can be merged with
adjacent plots to be able to be built. For these reasons, those plots and their
area must be taken into account in the calculation of the BDR.

BDR(%) =

2.2.83. Maximum area of a rural settlement

The maximum area of a settlement should be limited taking into account
the desirable or estimated future growth of the settlement. Considering the
MPAB established by the municipal land use plan, the number of current
buildings and the maximum number of new buildings that should be allowed
(that is, the maximum number of future buildings), the maximum area for the
delimitation of the settlement can be calculated multiplying the MPAB by the
total number of buildings (current and future), with the aim of minimizing
the land development.

In order to set the maximum number of new buildings that should be
allowed, the following recommendations of experts are used:

e If the current number of modern residential buildings (MRB) is equal
or exceeds the 50% of the RB of the settlement, the goal is to allow the
construction of as many new buildings as existing MRB. For example, if
there are 8 TRB and 20 MRB, the settlement must have, at maximum,
the area for 20 new MRB.

e If the number of MRB is between 25% and 50% of the RB, the goal is
to allow, at maximum, the construction of:

— In the CRS, as many new buildings as existing MRB in the set-
tlement.

— In the THRS, 50% of the existing MRB.



For example, if there are 8 TRB and 6 MRB in the whole settlement,
then the delimitation must have area for 6 new MRB in the CRS and
for 3 new MRB in the THRS.

e If the number of MRB is lower than the 25% of the RB, the goal is to
allow the construction of, at maximum:

— In the CRS, as many new buildings as the 50% of the existing
MRB in the settlement.

— In the THRS, when there is CRS, 25% of the existing MRB.
— In the THRS, when there is not CRS, 50% of the existing MRB.

For example, if there are 8 TRB and 2 MRB, the settlement must have
area for, at maximum:

— If both THRS and CRS exist, 1 new MRB in the CRS (no more
buildings are allowed in the THRS).

— If CRS does not exist, 1 new MRB in the THRS.

It matters that the criterion establishes differences between traditional
and modern buildings, since the traditional constructions are a priority objec-
tive of the political agricultural development of the European Union (Fuentes,
2010).

2.2.4. Minimum number of buildings

The law does not set the minimum number of buildings that a zone must
have in order to be considered a settlement. Usually, a minimum of two
residential buildings is applied in the delimitation processes, but planning
experts consider that some additional restrictions must be imposed. We will
refer as polygons to the sets of neighboring plots allocated to the same cate-
gory (i.e., the connected components of the two categories of the settlement).
In order to classify a settlement, totally or partially, as THRS, at least one
polygon with three or more traditional residential buildings should be al-
located to the THRS category. Also, any polygon allocated to the THRS
category must contain at least two traditional residential buildings, and any
polygon allocated to the CRS category must contain at least two residential
buildings.



3. Algorithm overview and pre-processing stage

To formalize our problem, we assume that the maximum extent of the
rural settlement is previously limited by the experts by selecting from the
cadastral plot map the set of plots candidates to be included in the delimita-
tion of the settlement. This set of plots should be large enough to include any
reasonable delimitation of the settlement, but not so large that increase the
computation times too much. So, given a set of cadastral plots, the problem
consists on allocating each plot to one of the two categories (THRS, CRS) or
excluding it from the delimitation, maximizing a fitness function and verify-
ing the given restrictions. This way, the number of possible solutions of the
problem is C where C' is the number of categories (three in our case) and
N the number of plots.

As delimitation and zoning problems can have multiple solutions, heuris-
tic search algorithms (Edelkamp and Schroedl, 2011) seems to fit perfectly in
this kind of processes. Genetic algorithms are a type of heuristic search al-
gorithms that are commonly applied to spatial planning for solving land use
allocation problems (e.g. Balling et al., 1999; Cao et al., 2012; Stewart et al.,
2004; Xin and Zhi-xia, 2008; Ferreira-Neto et al., 2011; Porta et al., 2013).
They are based on the principles of natural evolution and use operators as
selection, crossover and mutation, and the survival of fitness evolutionary
analogy. Studying the characteristics of our specific problem, some of these
operators as the crossover, and thus selection, make no sense: the crossover
operator would provide invalid individuals with too high probability because
it does not take into account the neighborhood relationships between plots,
and the selection operator is not needed because the mutation is applied to
all the individuals of the population.

With a population of individuals and only the mutation operator to apply,
a Population-Based Iterated Greedy (PBIG) algorithm can be used instead.
An iterated greedy (IG) algorithm is a heuristic search algorithm making
local optimal choices at each iteration (Cormen et al., 2001; Neapolitan and
Naimipour, 2010). The standard IG algorithms have been applied to a wide
variety of problems (Ruiz and Stiitzle, 2007; Pan et al., 2008; Ribas et al.,
2011; Tuffery et al., 2005; Benedettini et al., 2010; Toyama et al., 2008;
Lozano et al., 2011) and only operate with one solution, but the PBIG algo-
rithms extend that behavior using a population of solutions with the aim of
improve them in a parallel way (Rodriguez et al., 2012), a technique of more
recent use (Bouamama et al., 2012; Rodriguez et al., 2012; Ballestin et al.,



2007). In the IG algorithms, the so-called destruction-and-construction oper-
ators is typically used to improve the solutions. This operator destroys part
of a solution and then the construction phase rebuilds a complete solution
(Ballestin et al., 2007). In our case, the algorithm uses the remove-and-add
operator (R&A op.) instead, with the aim of allocating and deallocating
plots to and from the different categories to create new solutions. To keep
valid the new individuals, this operator is only applied to the plots on the
borders of the THRS and CRS polygons: some of the inner plots are removed
from the delimitation and some of the outer plots are added and allocated
to the category of the polygon they touch (see Figure 4). From now on, the
term individual is also used to refer to a solution belonging to the population.

3.1. Pre-processing stage

There are some spatial operations computationally expensive which are
executed at a previous stage of the algorithm. This operations are inde-
pendent of some of the input parameters so the algorithm can be executed
several times with different input parameters without the need of executing
those expensive operations each time.

The pre-processing stage also reduces the set of candidate plots that can
be included in the rural settlement by calculating their distance to the build-
ings and discarding those that exceed the maximum distance allowed. The
rejected plots are not passed to the algorithm and so the computation times
are reduced.

3.1.1. Input and output data of the pre-processing stage

Table 1 shows the input data required for the pre-processing stage. Addi-
tional data can be also introduced in order to calculate the suitability of the
plots for the THRS and CRS categories: aspects, slopes, roads, sewage and
water supply networks, lightning elements, and parks and recreation areas.
Table 2 shows the output of the pre-processing.

3.1.2. Phases of the pre-processing stage

The next paragraphs describe the more important phases of the pre-
processing stage. From now on, selected buildings will mean the buildings
with the type selected in the input parameters Buildings type for the calcu-
lation of the TH-CMD and Buildings type for the calculation of the C-CMD.



Input data Data type Description

Plots Shapefile  Set of possible plots to be included
in the delimitation.

Buildings Shapefile  Buildings with the required at-
tributes (traditional, residential).

MPAB of THRS Double Minimum area for buildable plots in
THRS.

MPAB of CRS Double Minimum area for buildable plots in
CRS.

Distances considered Percentage Percentage of distances taken into

for the calculation of account for the calculation of the

the CMD CMD.

Buildings type for the String Buildings type taken into account

calculation of the TH- for the calculation of the TH-CMD

CMD (traditional residential buildings or

traditional buildings).
Buildings type for the String Buildings type taken into account

calculation of the C- for the calculation of the C-CMD

CMD (residential buildings or buildings
marked in the shapefile).

Minimum area of over- Double Minimum area of overlap between a

lap plot and a building to consider the

building belongs to the plot.

Table 1: Mandatory input data for the pre-processing stage.

Relationship between plots and buildings. Many of the operations of the al-
gorithm need information about the number of buildings on each plot. A
building can be in several plots at a time, but often the geometries of the
plots and the buildings of the shapefiles are not accurate enough and some
buildings erroneously overlap more than one plot providing wrong results. To
avoid this situation, the area of the intersection of every overlapped plot and
building is calculated and it is considered than a building is on a plot only
when the area of the intersection is larger than the threshold specified in the
corresponding input parameter. If several plots comply that, the building
is actually in several plots. When a building do not reach the overlapping
threshold with any of the plots, the building is assigned to the plot with a
bigger overlapping area.
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Data Data type Description

Pre-processed data File Results of the pre-procesing stored in
a Java serialized object.
Candidate plots Shapefile  Plots not excluded from the delimita-

tion at the pre-processing stage.

Table 2: Output of the pre-processing stage.

Identification of roads. The plot layer usually includes the road stretches
as plots. They are identified using the land uses of the plots. But, as the
geometrical relationship between both layers could be not accurate enough
either, the algorithm considers that a plot is a road stretch if the overlapping
of the plot with the land use polygons classified as roads exceeds 60% of the
area of the plot. As land use layer is an optional input parameter, if the user
does not specify it, this operation is not performed.

Calculation of the neighborhood relationships. The neighborhood relation-
ship between plots is a fundamental information for the execution of the
algorithm. The way of calculating and storing the neighborhood relationship
is the same as in Porta et al. (2013) and Suarez et al. (2011), in order to
achieve an optimal performance. Two plots are considered to be neighbors
when the length of their boundary is larger than 0. This definition rejects
elements that only touch each other in a finite number of points.

Existence of THRS and calculation of its maximum extent. As it is mentioned
in Section 2.2.3, the rural settlement should not exceed a certain extent. That
extent is calculated by creating buffers around the selected buildings. When
the TH-CMD is used to delimit the THRS, a buffer with radius 1.5*TH-CMD
is created around each selected building. Then, all these buffers are merged
together creating a new geometry composed of one or more polygons. If any
of them have more than two traditional residential buildings, the algorithm
concludes that the rural settlement could have a THRS part. Otherwise, it
could not.

At this point, if the existence of THRS is not discarded, the next step is
calculating its maximum extent. The algorithm removes the polygons which
contain none or only one of the selected buildings and new buffers with radius
0.5*TH-CMD are created around the rest of the polygons. The new buffers
that intersect themselves are merged forming new polygons; the other new
buffers are discarded and the polygons which originated them are kept.
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Selected buildings

Demarcation

] N
1.5 * DMC buffers 1 2 *DMC buffers 2 Final demarcation 3

Figure 1: Buffers around selected buildings and final demarcation.

Figure 1 shows all those steps applied to the rural settlement of Corre-
doiros belonging to the Galician municipality of Guitiriz. In the first image
we can observe the 1.5*CMD buffers around the selected buildings. As there
are some polygons with two or more selected buildings inside, the rural settle-
ment could have a THRS part. The polygon with only one selected building
inside (at the bottom of image 1) is rejected. In the second image, existing
buffers are extended adding 0.5*CMD units; then the two polygons intersect
themselves, so this buffer size is kept for the final demarcation, as the third
image shows.

Some plots will be totally included in some of the new polygons and
others will be only partially included. These last ones must have one or more
residential buildings inside the limits of some of the polygons or they will be
excluded. The plots outside of the new polygons but that contain residential
buildings closer than 10 meters to some of the polygons are partially included
by creating a buffer of 15 meters around the residential building and merging
it to the polygon. The resulting geometry is the maximum extent that the
THRS should have, and it will be so-called M-THRS.

If a distance of 50 meters is used instead of the CMD, the steps above
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would be the same but creating buffers with radius 50 meters.

Existence of CRS and calculation of its maximum extent. To check the possi-
ble existence of the CRS, two scenarios are considered: the rural settlement
can have THRS or it can not. When the rural settlement can not have
THRS, a buffer with radius 2*C-CMD around each of the selected buildings
is created. If any of the resultant polygons has two or more residential build-
ings, the algorithm concludes that the settlement could have a CRS part. In
that case, its maximum extent is calculated in the same way that explained
above for the THRS but using the C-CMD instead of the TH-CMD. In the
first scenario, the existence of CRS depends on the buildings allocated to the
THRS, so it has to be calculated by the algorithm at every iteration depend-
ing on the delimitation of the THRS part. The maximum extent of the CRS
will be so-called M-CRS. Finally, the union of the plots in M-THRS and the
plots in M-CRS that are not in M-THRS is the maximum extent of the rural
settlement (M-RS).

4. PBIG algorithm for delimitation of rural settlements

Based on the considerations of Section 3, we have developed a Populated-
Based Iterated Greedy algorithm for finding satisfactory solutions to the
problem of delimitation and zoning of rural settlements. In following sub-
sections we detail the characteristics of the implementation: parameters,
restrictions, fitness function and phases.

4.1. Input and output data

Table 3 shows the input data for the algorithm. All the parameters are
mandatory. To simplify the programming of the algorithm, we have used an
object-oriented model for representing the data of the problem, instead of
using basic data types as in Porta et al. (2013). Basic data types require less
computational resources but it is not a critical issue in this problem. Figure
2 shows the class diagram. An Individual contains all the candidate plots
(CategoryPlot) determined at the pre-processing stage. Each CategoryPlot
stores information about the plot details (Plot) and its category. The set
of plots allocated to the same category is an Area. An Area is related to
its plots, buildings and polygons (connected components of the Area). Each
Polygon is related to its Area and to the plots and buildings that it contains.
They also store information about their Borders.
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Data

Data type

Description

Pre-processed
data

Population size
Number of itera-
tions

Type of distance

Minimum  BDR
for THRS
Minimum  BDR
for CRS

BDR calculation
method

Weight for the
suitability
Weight for the
THRS  building
ratio

Weight for the

buildings ratio

Weight for the
THRS area ratio
Weight for the
area ratio
Weight for the
compactness

THRS suitability
weights

File

Integer
Integer

String
Percentage
Percentage

String

Double

Double

Double

Double

Double

Double

File

Data obtained in the pre-processing
stage (stored in a Java serialized object).
Number of individuals in the population.
Maximum number of iterations the algo-
rithm will run.

Maximum distance used. Options: CMD
or 50 m. of 2/2010 Land Law.
Minimum building density
THRS. Default value: 50%.
Minimum building density rate for CRS.
Default value: 33%.

Method to use for the calculation of the
BDR. Options: APLU method or alter-
native method.

Weight in the fitness function for the
suitability variable. Range: [0,1].
Weight in the fitness function for the ra-
tio between the number of buildings in-
cluded in the THRS and the number of
buildings in the M-THRS. Range: [0,1].
Weight in the fitness function for the ra-
tio between the number of buildings in-
cluded in the delimitation and the num-
ber of buildings in the M-RS. Range:
[0,1].

Weight in the fitness function for the ra-
tio between the area of the THRS and
the area of the M-THRS. Range: [0,1].
Weight in the fitness function for the ra-
tio between the area of the delimitation
and the area of the M-RS. Range: [0,1].
Weight in the fitness function for the
compactness variable. Range: [0,1].
Text file with the weights for calculating
the suitability for THRS.

rate for
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Data Data type Description

CRS  suitability File Text file with the weights for calculating
weights the suitability for CRS.

Table 3: Input data for the algorithm.

Table 4 shows the output data of the algorithm.

Data Data type Description

Suitability map Shapefile  Map of the suitability of plots.

Solution File Final solution stored in a Java serialized
object.

Solution map Shapefile Plots of the final solution, with their cat-
egory.

Table 4: Output data of the algorithm.

4.2. Restrictions and fitness function

When a new population is generated, only valid individuals are accepted.
To be valid, an individual must verify all the restrictions explained in Section
2:

e Maximum area, where the area of the solution must be smaller than or
equal to the maximum area of the settlement.

o Minimum number of buildings, where every polygon must contain a
certain number of residential buildings.

e BDR, where the delimitations of the THRS and CRS categories have
to be consolidated.

o Maximum distance to buildings, where every plot has to be nearer than
CMD value or 50 meters from some traditional building. All the indi-
viduals verify this restrictions because when a plot is allocated to any
of the categories, the plot is chosen among the plots that verify this
condition. The distance between every plot and building is computed
and saved at the pre-processing stage.
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}

Plot

-index: int

-buildings: List<Building=
-neighbors: List<Plot>
-traditionalAptitude: double
-commonAptitude: double
-area: fleat

Building

Border

-index: int

-isMarked: boolean
-isResidential: boolean
-isTraditional: boolean

-traditionalPlotAreaInDistanceToBuildings: double[]
-commonPlotAreaInDistanceToBuildings: doublel[]

-internalPlots: List<CategoryPlot>
-externalPlots: List<CategoryPlot>

CategoryPlot
-category: byte

Polygon

-plot: Plot

Individual

-plots: List<CategoryPlot=
-traditionalArea: TraditionalArea
-commonArea: CommonArea

-fitness: double
-buildingsNumber: int

-area: Area

-plots: List=CategoryPlot>
-buildings: List<Building>
-border: Border

Area

-individual: Individual
#plots: List=CategoryPlot>
#buildings: List<Building=

-plotsWithoutBuildings: List<CategoryPlot>
-plotsWithHousings: List<CategoryPlot>
-plotsWithBuildings: List<CategoryPlot>

-polygons: List<Polygon>
-consolidated: boolean
-suitability: double

i

TraditionalArea

Figure 2: Class diagram of the objects used in the algorithm.
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The evaluation of individuals is based on the fitness function. We have
defined the fitness function as a combination of six weighted variables. The
normalized weights are an input parameter. The variables considered are the
following ones:

o Suitability (SUITAB). It can be more appropriate that a plot belongs
to THRS than to CRS, or vice versa, depending on its own charac-
teristics and the characteristics of the buildings inside it. In our case,
the suitability is defined as a combination of several weighted variables.
The features checked for the calculation of the plot suitability, previ-
ously grouped by territorial and collective units (Regnauld and Revell,
2007), are: buildings; land-uses; proximity to roads, squares, water
supplies, among other services; slope; or aspect. Each one of these fea-
tures is weighted by the experts according to its importance (Barbosa
et al., 2011). These weights are input parameters. The suitability of
an individual is given by the average of the suitability of the plots.

e Compactness (COMP). The compactness is a measure that indicates
the shape-regularity of the rural settlement. It is preferred a settlement
with a regular shape than with ragged edges. In order to calculate
the compactness, the algorithm applies a formula (Equation 4) based
on the so-called circularity (Montero and Bribiesca, 2009). The more
the shape of the polygons seem like a circle, the higher the value of
compactness is.

NPrors area; ZNPCRS area;
=0 pem’meteri2 1=0 pem’meteri2
COMP = 411 4T (4)
NPryrs N PFcrs

being area; and perimeter; the area and the perimeter of the i-th poly-
gon allocated to the category THRS or to the category CRS respec-
tively, N Prgrs the number of the polygons of the THRS and N Pors
the number of the polygons of the CRS.

e Buildings in the THRS (BUILD-THRS). Ratio between the number of
buildings in the THRS of the individual and the number of buildings
in the M-THRS.

e Buildings in the whole settlement (BUILD_RS). Ratio between the
number of buildings in the THRS and CRS of the individual and the
number of buildings in the M-RS.
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o THRS area (AREA_THRS). Ratio between the area of the THRS of
the individual and the area of the M-THRS.

e RS area (AREA_RS). Ratio between the area of the THRS and CRS
of the individual and the area of the M-RS.

Thus, the fitness function is defined by:

Fitness Function = w; * SUITAB + wyx COMP +
+ w3x BUILD_.THRS + wy x BUILD_RS +
+ ws*x AREATHRS 4+ ws * AREA_RS (5)

being w;, © = 1..6, the weights of each one of the variables, with 0 < w; <1
and 39 w; = 1.

4.3. Phases of the PBIG algorithm

The PBIG algorithm moves through several phases with the goal of ob-
taining a valid and acceptable solution. Starting from an initial population,
the individuals are subject to variations in order to be improved. In the fol-
lowing sections those phases are described. Figure 3 shows a pseudocode of
the algorithm. The meaning of the variables and functions used is described
in Table 5.
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Name Meaning

P Population.

M Population size (number of individuals).

P, i-th individual of the population.

A-P; The part of P; allocated to category A, where A is
THRS or CRS.

Aini-P; Internal border of the category A of P;, where A is
THRS or CRS.

AP, External border of the category A of P;, where A is
THRS or CRS.

pol(X) Function that returns the polygons of a set of plots X.

f(P) Fitness function.

add(A-P;) Function that adds a random plot from the external
border of A-P; to the internal border of A-P;.

rem(A-P;) Function that removes a random plot from the internal
border of A-P;.

flip() Return true or false with a probability of 50% each

one.

Table 5: Meaning of the pseudocode variables.

{

- w

}
}

o J O Ot

1 if (M-RS is valid) { save M-RS }
2 else if (M-RS not comply polygons restriction)

for (i =0 to size_of (pol(M — RS))) {
if (pol(M-RS)[i] is not valid) Validation
remove pol(M-RS)][i]

if (M-RS is valid) { save M-RS }

for (i =1 to M) { create(P;) } } Initialization
9 dterations =1

10 while (iterations < maz_iterations) {

11 for (i=1to M) {

12 P, = P tries =1

13 while (tries < maz_tries) {
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14 A =if (flip()) then THRS else CRS
15 if (Aegi-P; is null) { rem(A-PB;) }
16 else if (Aj-P; is null) { add(A-P) } R&A op.
17 else if (flip()) { add(A-P) }
18 else { rem(A-P)) and add(A-P,) }

19 if (P; complies restrictions &
f(B) = f(P) {
20 Pl =P Replacement
21 break;
22 +//if
23 tries + +

24 } // while

25 if (tries == max_tries) P/ = P,
26} // for

27 P = P'; iterations + +

28 } // while

29 return P, where f(P,) =

= maz{f(F), ..., f(Pu)}

Figure 3: PBIG algorithm pseudocode.

4.83.1. Validation of the M-RS

If the M-RS calculated in the pre-processing stage satisfies all the restric-
tions (line 1), M-RS solution is saved in a file because it will be useful to
the experts since it includes all the buildings and the plots close enough to
those buildings in a compact settlement delimitation (it is a compact solu-
tion because it is based on buffers around buildings). If some polygon of
the M-RS does not satisfy the minimum number of buildings restriction of
some polygon, the algorithm will modify the M-RS removing the non-valid
polygons (lines 3 to 5). Then, if the M-RS becomes valid it is saved without
the non-valid polygons (line 6). Otherwise the algorithm continues with the
next phase.

4.3.2. Imitialization of the population
The algorithm uses the M-RS as the basis for creating the initial popu-
lation (line 8). In this way, the creation of the initial individuals is easier
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and faster, and the restrictions complied by the solutions may be exploited
directly (Bouamama et al., 2012). This phase proceeds along the following

steps:

If the M-RS has THRS but it is not consolidated, the algorithm ran-
domly removes plots from the borders of the non-consolidated polygons
in the following order (until all the THRS polygons are consolidated):
plots without buildings; plots with buildings which are not residential
buildings; plots with residential buildings. The order in which plots are
removed facilitates the consolidation of the polygons. The algorithm
will stop removing plots when all the polygons are consolidated.

If the M-RS, with the previous modifications, has CRS but it is not
consolidated, the algorithm proceeds as in the previous case until all
the CRS polygons are consolidated.

If the M-RS, with the previous modifications, exceeds the maximum
area, the algorithm randomly removes plots from the borders in the
following order: plots without buildings in the CRS; plots without
buildings in the THRS; plots without residential buildings in the CRS;
plots without residential buildings in the THRS; plots with residential
buildings in the CRS; plots with residential buildings in the THRS. It
will stop when the area restriction is satisfied.

If the result of all the previous modifications does not comply with the
minimum number of buildings by polygon, the algorithm removes the
non-valid polygons.

All the restrictions are checked again. If any of them fails, the individ-
ual is rejected and another one is created. Otherwise, the individual
becomes part of the initial population.

Note that the removed plots are selected in a random way but following
the defined order. Previous steps are repeated until the necessary number
of individuals are created. In the case that, after a given number of at-
tempts, the number of individuals generated is not enough to complete the
population, the algorithm stops the execution and notifies this fact to the

user.
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4.8.3. Remove-and-add operator

At this phase the individuals are evolved applying the R&A operator.
This phase is executed as many times as set by the user.

The R&A operator is applied to each one of the individuals in the current
population. We call the internal border of a polygon to the set of plots inside
the polygon that touch its border, and the external border is the set of plots
that touch its border but are outside it. The internal and external border
of a category are the union of the internal and external borders of all the
polygons allocated to it, respectively.

First, the algorithm randomly chooses one of the categories, THRS or
CRS, both with a probability of 50% (line 14). If the individual does not
have any plot allocated to the selected category, the individual does not suffer
any modification. If the selected category has not any plot in its external
border, the algorithm removes some plot from the internal one (line 15). If
the selected category has not any plot in its internal border, the algorithm
adds some plot from the external border (line 16). Otherwise, the selected
category has plots at both external and internal borders so the algorithm
randomly chooses, with a probability of 50%, between: adding a plot from the
external border to the internal border, or removing a plot from the internal
border and then adding another one from the external border (lines 17 to
18). This is done to try to maximize the area of the delimitation and the
buildings inside. Note that the added plot must have a building close enough
to satisfy the distance restriction explained in Section 2.

Figure 4 shows two R&A operations over an individual. The original
individual is represented in Figure 4A. The first operation occurs in 4B,
the selected category is the THRS and the R&A operator adds a plot from
the external border to the internal border of the THRS. In Figure 4C, the
selected plot is already allocated to the THRS. The second operation consists
of removing and adding: the black plot in Figure 4C is removed from the
THRS and the black plot in Figure 4D is allocated to the THRS. Note that
this last plot is stolen from the CRS, but the CRS is not allowed to steal
plots from the THRS, it is only able to incorporate unallocated neighboring
plots.

Once the operations are done, the algorithm checks if the new individ-
ual satisfies all the restrictions and if its fitness value is greater than the
fitness value of the original individual. If both conditions are true, the new
individual is included in the new population (replacement, lines 19 to 22).
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Figure 4: R&A operator applied to an individual.
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Otherwise, the individual is processed again. If after ten attempts the mu-
tated individual does not satisfy those conditions, the original individual is
the one selected to be part of the new population (line 25).

4.4. Final solution

The final solution is the individual with the greater fitness value in the
last generation. The solution, represented by the objects defined in Section
4.1, is serialized and saved in a file. A shape file with the plots allocated
to each category is also created. As it will be shown in Section 5, in all the
analyzed settlements the proposed methodology always achieved better solu-
tions than that provided by the legal criteria. This is due to the possibility
of varying the values of the calculation parameters to adapt the zoning to
the settlement morphology, obtaining in this way delimitations more specific
for each settlement.

5. Case study

Galicia is a region of North West Spain characterized by the dispersion
of population in small rural settlements. Almost half of the Spanish settle-
ments are located in Galicia (30,091 settlements). It is also worth noting
the fact that the 89% of Galician population settlements have a population
of less than 100 inhabitants and the 16% of the Galicia population lives in
settlements with less than 10 inhabitants (Enriquez and Rodriguez, 2007).
This explains the importance given by the land planning law to the zoning
of rural settlements, as well as the problematic aspects that stem from it.

Three rural settlements of the Galician municipality of Guitiriz (Viladonega,
Ferreira and Saa) with very different morphological characteristics and spa-
tial patterns were selected for the evaluation of the algorithm. The algorithm
was run for seven sets of input parameters, the first set corresponding to the
criteria specified in the planning law and the remaining ones using the alter-
native method for the BDR calculation, considering only traditional residen-
tial buildings (TRB) or all the traditional buildings (TB) and using different
percentages of distances for the CMD calculation (Table 6). The solutions
were evaluated according to the values achieved for the fitness function de-
fined in Section 4.2. The weights used for its six variables were: 0.3 for the
variable SUITAB, 0.2 for COMP, 0.2 for AREA_RS, 0.1 for AREA_THRS,
0.1 for BUILD_THRS and 0.1 for BUILD_RS, all of them based on a previous
study Barbosa et al. (2011).
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Solution  Distances Type of buildings Calculation of BDR
THRS CRS

Legal 50 meters B RB APLU method

Al CMD (25%) TRB RB Alternative method
A2 CMD (50%) TRB RB Alternative method
A3 CMD (75%) TRB RB Alternative method
B1 CMD (25%) TB RB Alternative method
B2 CMD (50%) TB RB Alternative method
B3 CMD (75%) TB RB Alternative method

Table 6: Configuration of the test executions.

The rural settlement of Viladonega is characterized by a mononuclear
spatial pattern with a grouped distribution of the built environment. It has
536 plots and it is organized along a secondary road network, close to a
main road axis. Results obtained for this settlement (Figure 5) show that
the solution of zoning following the legal criteria achieves a fitness value of
0.56 and the best solution of zoning following the alternative methodology is
the B1, with a fitness value of 0.59. Both solutions allocate only the THRS
category to the settlement. The main differences between both solutions
occur in the variables BUILD_RS and AREA_RS of the fitness function.
As can be observed in Figure 6, the solution according to the law excludes
one more traditional residential building than the solution B1 and allocates
less area for the future growth of the settlement. The solution B1 shows a
better adaptation to the morphological characteristics of the settlement since
its delimitation includes a higher number of traditional residential buildings
and vacant plots, as evidenced by the values of the variables BUILD_RS and
AREA_RS of the fitness function. This is due to the use of only the 25%
of the shortest distances between buildings for the CMD calculation. The
CMD value for B1 is 31.53 meters in front of the 50 meters established in
the law, which allows a more compact delimitation of the built environment.
This can be seen also by comparing the solutions B1, B2 and B3, which show
a decrease in the total fitness value when the percentage of distances used
in the calculation of the CMD increases and consequently the CMD values
increase (31.53 meters for B1, 48.69 meters for B2 and 64.94 meters for B3).
From this, it can be inferred that the possibility of modifying the values of
the parameters used in the designed methodology allows a more effective
capture of the spatial pattern of the settlement and, consequently, a better
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Figure 5: Fitness values of the results for zoning of the rural settlement of Viladonega.

adaptation of the zoning to the specific characteristics of the settlement.
The rural settlement of Ferreira has 979 plots and a linear spatial pat-
tern, with a distribution of the built environment organized along a road
axis. Regarding to the type of buildings with residential function, the mod-
ern residential buildings are located at the ends of the settlement, mainly at
the north end, while the remaining area is occupied by traditional residential
buildings. The solution obtained with the legal criteria has a total fitness
value of 0.48, while all the solutions obtained with the alternative method-
ology provide a higher fitness value (with the exception of the solution B3),
being the solution A2 the one that provides the highest fitness value, 0.54
(Figure 7). Comparing the solution according to the law and the solution
A2 regarding the fitness value, the biggest differences are observed in the
variables SUITAB, AREA_RS and COMP. The solution according to the law
allocates the whole settlement to the THRS category, while the solution A2
divides the settlement into the THRS and CRS categories (Figure 8). This
causes that the solution according to the law presents a fractionation in terms
of spatial continuity of the delimited area, while the solution A2 does not
present this fractionation but a higher spatial homogeneity. That is why the
COMP and AREA_RS variables have a better value. This better spatial pat-
tern is achieved because the solution A2 was calculated using the CMD and
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Figure 6: Zoning of the rural settlement of Viladonega obtained by the solution
according to the law and by the solution B1.
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Figure 7: Fitness values of the results for zoning of the rural settlement of Ferreira.

the traditional residential buildings for the delimitation of the THRS and all
the residential buildings for the delimitation of the CRS whereas the solution
according to the law is calculated using a fixed distance of 50 meters, in spite
of the differences that exist between different areas of the settlement.

The rural settlement of Saa has 987 plots and it presents a binuclear
spatial pattern with buildings distributed along a main road axis and its
extension into a secondary road axis, forming two areas of spatial organiza-
tion of the settlement. In both areas the dispersion of traditional residential
buildings is lower than in the previously analyzed settlements, while the new
residential buildings are located at the north and south ends of the settle-
ment and are more dispersed. The zoning solution according to the legal
criteria provides a total fitness value of 0.43, while, as in the previous case,
all the solutions obtained with the alternative methodology provide a fitness
value equal or higher (with the exception of solution B3), being in this case
the solution A1l the one that provides the highest fitness value, 0.52 (Figure
9). The biggest differences between the solution according to the law and
the solution A1l are in the variable AREA_RS of the fitness function. Both
solutions allocate a THRS area and a CRS area (Figure 10), but the solu-
tion according to the law presents a division of the THRS category into two
polygons, separated by the polygon of CRS, which in turn shows an irregu-
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Ferreira Rural Settlements
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Figure 8: Zoning of the rural settlement of Ferreira obtained by the solution according to
the law and by the solution A2.
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Figure 9: Fitness values of the results for zoning of the rural settlement of Saa.

lar geometric delimitation that causes the null value of the COMP variable
in the fitness function. The solution A1l presents only one polygon for the
THRS category, allowing a spatial union with a regular shape between the
two areas of traditional residential buildings, so in this intermediate area
there are vacant plots available for future development. At the same time, a
smaller CRS area is delimited at the south end of the settlement. The zoning
of the solution A1l allows to consolidate the vacant space between the two
cores of the settlement for future development, obtaining in this way a higher
spatial cohesion, as the high value of the variable AREA_RS evidences. In
addition, it can be observed in the solutions obtained with the alternative
methodology that the total fitness value decreases when the percentage of
distances used in the CMD calculation increases.

Regarding the behaviour of the algorithm during its execution, Figure 11
shows some examples of the evolution of the fitness values over iterations.
The settlements of Ferreira, with the configuration A2, and Viladonega, with
the configuration B1, have been used in these tests. Three executions have
been run in each case. As Viladonega is the smallest rural settlement anal-
ized, with 536 plots, the number of plots involved in the R&A operator is
smaller. This fact explains why the fitness reaches its maximum value earlier
than in other settlements and all the executions get the same result.

It can be concluded that the alternative methodology can always provide
a better solution than the legal criteria in terms of fitness value. This is
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Saa Rural Settlements
Municipality of Guitiriz, parish of Santa Locaia de Parga
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Figure 10: Zoning of the rural settlement of Saa obtained by the solution according to
the law and by the solution Al.
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due to the possibility of varying the values of the parameters for adjusting
the zoning to the settlement morphology, obtaining in this way better spa-
tial delimitations. The analysis of three rural settlements with very different
morphologies and spatial patterns has revealed that the best solution of de-
limitation and zoning depends on the morphological characteristics of the
settlement. Consequently, in some cases it is obtained by considering only
the traditional residential buildings and in other cases considering all the
traditional buildings, as well as using different percentages of distances for
the CMD calculation.

The results also show zones with different categories between the solu-
tions obtained using the legal criteria and the solutions using the alternative
criteria, which demonstrates the ability of the algorithm to differentiate and
capture the type of built environment, according to the type and distribu-
tion of buildings, as well as to generate delimitations better adapted to the
functional characteristics of the settlement.

6. Conclusions and future work

In this paper an PBIG algorithm for the delimitation and zoning of rural
settlements is proposed. The algorithm provides a tool of great potential
for the generation and comparison of several zoning alternatives, following
strictly the criteria established in the planning law either using a proposed
alternative methodology.

The application of the algorithm to several rural settlements with very
different spatial patterns has demonstrated its ability to provide solutions of
delimitation and zoning adjustable to the specific needs and characteristics
of the different types of rural settlements. The algorithm capability to eas-
ily delineate and zoning rural settlements allows to test multiple parameter
values, which provides planners with a deeper knowledge about how the set-
tlement morphology must be taken into account at the time of zoning the
settlement. The results obtained can be used for setting a starting point,
for guiding the experts, for comparing with other delimitations, etc. In any
case, the algorithm does not intend to find the perfect delimitation, an expert
supervision is always needed.

Regarding future work, implementing other geometric methods for the
calculation of the building density rate that take into account legal restric-
tions for plot building, such as the plot accessibility to roads or the plot

33



geometry, is an interesting task to do. Moreover, as the algorithm imple-
ments functions to validate and evaluate delimitations, if those methods are
generalized, a generic tool for validating and evaluating delimitations of rural
settlements could be created. It would allow the comparison between solu-
tions provided by the algorithm and solutions modified by experts, in a fast
and easy way. It would detect automatically which restrictions a delimitation
fails (detecting it visually is usually hard).

Other interesting challenge for the algorithm is the delimitation and zon-
ing of multiple rural settlements at once. This is not a trivial task, because
settlements could have competing interests between them.

Finally, the development of a web user interface for the algorithm and
to offer it as a cloud service would facilitate the use of the algorithm by the
end-users since they could execute it remotely without the need of having
installed it in their computers. Moreover, using OGC standards as WMS,
WES and WPS, users do not even have to store the data in their computers,
but it could be obtained from remote servers. Regarding to increase the
computational capabilities of the algorithm, high performance computing
(HPC) can be used as in Porta et al. (2013). The HPC would help to generate
more solutions (both valid and invalid) in the same period of time, extending
the search space.
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