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Abstract: The modifiable areal unit problem is of great importance in geographic science. The
use of a specific zoning impacts the social and economic imbalances that can be generated in the
deployment of services, facilities, and infrastructure. In this article, GIS is used together with
simulation and optimization tools to analyse the effects of bus frequency changes in the levels of
service and horizontal equity derived from different types of territorial zoning. The city of Palma
(Balearic Islands, Spain) was chosen as a case study for the method, for which different geographical
areas are used: neighbourhoods, census sections, cadastral blocks, and a 400 x 400 m mesh. The
results show significant variations of the optimal frequencies obtained, depending on the type of
zoning used. In general, smaller zonings show much higher sensitivity for the detection of imbalances
between the population and bus service level. Likewise, orthogonal zonings also prove useful for
identifying service and population concentration over other zonings. The use of large spatial units
could lead to the misdiagnosis of needs and the implementation of actions that do not actually
improve the level of service or the equity of the transport service. It is recommended to consider
combining zonings of different sizes simultaneously, in order to accurately highlight imbalances and
to argue for transport service improvements.

Keywords: MAUP; equity; Gini coefficient; transport simulation; transport optimization; GIS-T

1. Introduction

The modifiable areal unit problem (MAUP) is a recurrent theme in studies of the
geography of services, which still arouses much debate [1-3]. In transport planning, many
authors have analysed the MAUP in various fields of study, such as bus transport, bicycle
transport, and so on [4-9].

Public transport planning aims to provide an appropriate level of service to the
population while not creating imbalances between territories and social groups [10]. In
the diagnostic phases of transport planning studies, it is usual to divide the region into
geographical units (e.g., municipalities, neighbourhoods, districts, sections, and so on)
and to analyse demand, supply, or equity indicators based on these divisions. However,
there has been little debate about the reliability or bias of these data, concerning the type of
geographical zoning used.

One of the main factors conditioning the use of a particular spatial unit in transport
planning is socio-economic information availability [2]. In fact, it is not always easy to
obtain updated spatial information on the social, demographic, or environmental indicators
of a territory. For this reason, when these data are available for a specific type of spatial
unit, they are usually retained to analyse the needs for services, facilities, or infrastructure.
This practice can lead to the generation or hiding of imbalances.

In the framework of service planning, a minimal change in a geographical unit—for
example, due to the integration of a block of buildings with residential use—can modify
demand levels. A larger population indicates a more significant potential demand for
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services, which could justify higher economic investments and guide the deployment of
assets in one area or another.

The geographical units used in planning may diverge, regarding sizes or surfaces, as
well as regarding geometric shapes. Social, economic, historical, cultural, and environmen-
tal issues are involved in the delimitation of neighbourhoods. Sometimes, there may be
no specific reason why one district is smaller than another or why one may have a larger
population than another. In this context, the choice of one or another zoning can be critical.

Planning tasks should include the use of adequate methodological tools to address the
population’s needs and to prevent imbalances in the allocation of resources or the supply
of services as much as possible. Therefore, it is essential to know what effects the choice of
one or other spatial reference units might have.

Bus fleet frequency management is a common practice for matching supply with
service levels and demand [11]. The increase or reduction of the frequency of a line can
lead to significant changes in the service level of the areas it covers. In this regard, bus
stops provide a level of service to the population in an area of influence usually smaller
than 400 m [12,13]. Such an area of influence may include part or all of the geographical
units into which the territory is divided for demographic, electoral, or planning (zoning)
purposes. Therefore, each geographical unit obtains a level of service derived from the bus
stops located within or nearby.

Geographic Information Systems (GIS) have experienced continuous functional devel-
opment since their origin. However, it has sometimes been criticized that their analytical
capabilities have not developed as profoundly as their functionalities for capturing, storing,
managing, or representing spatial information. The integration of optimization techniques
into GIS has not been a very prolific field in the scientific literature, although there have
been relevant contributions in transport planning, land-use assignment, waste manage-
ment, and so on [14-19].

As commercial GIS products have few integrated functionalities, in terms of simu-
lation or optimization, the development of integrated optimization applications or the
coordinated use of specific programs is joint. During recent years, access to open data
sources that contain information on city transportation networks (General Transit Feed
Specification GTFES) has enabled the implementation of applications aimed at simulation
and optimization [20-22]. Using GIS, it is possible to georeference bus lines and stops,
calculate areas of influence and zoning, and calculate territorial indicators.

In this study, we examine the application of simulation and optimization techniques in
depth, in order to evaluate the effects of changing bus frequencies on the service level of a
territory and the consequences derived from the use of different zonings in the calculation
of service and equity indicators.

The article is structured as follows: Firstly, an analysis of the state-of-the-art in the
scientific literature of transport planning and modifiable spatial units is presented. Secondly,
the methodology of the study, based on the integration of GIS with a modelling and
simulation system for the analysis of the level of service and equity is presented; then, the
main results obtained in the study and their discussion are presented. Finally, the article
ends by giving a set of conclusions.

2. Literature Review

It has been established that the practice of public transport planning has changed from
a strictly dotational approach to a more preventive approach [23,24], in which priority is
given to equity and, especially, to the provision of services for vulnerable groups. From
such a perspective, it is very important to have methodologies for evaluating the impact of
transport policies on territories that integrate ethical and social justice considerations, in
order to determine the equitable distribution of transport services among the population
and to comply with minimum standards. However, some authors have pointed out that
there is a lack of methodological guidance on how to define and evaluate equity in the
supply of transportation services [25].
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A difference has been drawn between horizontal equity, which considers that all
individuals should receive the same level of service, and vertical equity, which is especially
interested in the appropriate provision to disadvantaged groups [26-28]. Therefore, hori-
zontal equity is focused more on aspects relating to the equitable territorial distribution
of the service, in which land-use and the distribution of the population play fundamental
roles, while vertical equity is of a social nature, in which the access to transport by socially
excluded groups is more important [29].

On such a conceptual basis, the scientific literature unfolds along several thematic
lines relevant to this research:

Accessibility and equity—Lucas et al. [30] proposed prioritizing accessibility over
mobility to balance the deployment of services and infrastructures.

Equity and cost of travel—El-Geneidy, A. et al. [31] investigated in the cost of equity
in transport by assessing the differences in travel costs in a territory.

Socio-economic activities and public transport—Liu and Duan [32] identified a close
relationship between the design of urban bus routes and the intensity of socio-economic
activities; while Chahar and Smith-Colin [33] identified “transit deserts”, areas with a
unique lack of facilities, based on integrated accessibility indicators.

Access to public transport and employment—Cebollada et al. [34] studied the rela-
tionship between employment and access to public transport; while Barboza et al. [35]
analysed the inequity of accessibility, considering 160 neighbourhoods in Rio de Janeiro, to
areas that generate employment and proposed calculating the “Balancing Time” indicator.

Equity in access to emerging sustainable transport services—Guo et al. [36] analysed
how access to electric vehicles and shared mobility can lead to significant social and
territorial imbalances; while Mooney et al. [37] and Braun et al. [38] analysed spatial
imbalances concerning access to public bicycle systems.

Methodologies of equity analysis in transport—Sharma et al. [39] proposed an equity
analysis methodology to be used in public transport agencies based on the evaluation of
traffic connectivity using open-source data sets; Manrique et al. [40] proposed a method
for analysing the overall equity of a transport system based on the resident population’s
level of transport needs; Romero et al. [41] proposed a method for optimizing the transport
of dangerous goods and equipment, based on horizontal equity analysis by calculating the
Gini coefficient; and Park and Chang [42] used GIS techniques and calculation of the Gini
coefficient to evaluate the spatial equity of access to the transport service in Seoul.

The path towards sustainable mobility requires taking a further step in understanding
the territory, in order to minimize travel costs and adjust them to demand, and developing
innovative quality schemes that gain the trust and acceptance of people [43].

It has been noted that there is a lack of scientific literature on the analysis of the effects
of zoning/geographical scale on the bus service level and equity, in spite of the relevance
of the subject. Horner and Murray showed that the aggregation and definition of spatial
units can greatly impact the estimation of excess displacement [44]. Kwan and Weber,
focusing on accessibility and its relationship with land-uses, concluded that multi-scale
relationships remain invariant to scale changes [45]. The effects of scale and zoning in the
analysis of school transport have been analysed by Mitra and Buliung [5], indicating that
studies that use a single geographical representation can produce misleading results and,
therefore, advising that the units selected should always take into account the interaction
of behaviour and the surrounding physical environment. Xu et al. [46] revealed that, when
the size of spatial units decreases and their number increases, significant groupings are
not noticeable on other scales. Pani et al. [47] showed that a planner in freight transport
can obtain different indicators, depending on how the data are aggregated, referring to
land-use and transport infrastructure.

It has been shown that the choice of territorial zoning can have a direct influence on
the calculation of service levels and accessibility and have a singular transcendence in
the planning of transport infrastructure and services. Several components of territorial
accessibility may be significantly affected by the choice of one or another zoning. We
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consider that it is essential to have a thorough knowledge of this problem. In this sense,
Neutens [48] emphasized the need to improve further spatial aggregation and the analytical
methods developed to analyse transport equity further.

Based on the scientific literature reviewed, it can be noted that there has been no
in-depth analysis of the effect of the MAUP on the diagnosis of the level of bus transport
service and its equity. In the various studies carried out, different zoning systems have
been used by default; however, the effects of a change of zoning system were not analysed.
In this article, we formulate the following hypotheses: the diagnosis of the bus service and
its equity should provide very similar results regardless of the zoning used; the increase of
frequencies in bus lines will always produce improvements in the level of service of the
transport system and in its equity, as it means improving the access times.

To test these hypotheses, the following tasks were carried out: First, the geographical
distribution of the level of service and equity in different zonings is evaluated, through use
of a methodology that integrates GIS tools and mathematical analysis. Secondly, a simula-
tion process of the level of service and equity is developed, from bus frequency modelling,
which analyses the sensibility of bus lines to each zoning. Finally, an optimization model
of bus line frequencies is proposed, in order to maximize the level of service and equity in
each type of zoning.

3. Materials and Methods
3.1. Case Study

The city of Palma is the capital of the Balearic Islands (Spain; see Figure 1a,b), with
a total of 416,065 inhabitants [49] and a surface area of 208.63 m?, which means a density
of 1948.39 inhabitants/km?. It is a highly populated city whose spatial distribution is not
homogeneous (Figure 2).

Bus routes

Bus Stops

Aereal Images credits: Esri, DigitalGlobe, PNOA IGN 2016

Figure 1. (a) Location of Palma municipality in the Mediterranean basin; (b) Location of Palma
municipality on Mallorca island; and (c) Bus stops and bus lines of the public network [50].
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Figure 2. Population density of the municipality of Palma: (a) Neighbourhoods; (b) Census sections; (c) Cadastral blocks;

and (d) 400 x 400 m mesh.

The Empresa Municipal de Transports Urbans de Palma (EMT) [50] is the public
company dependent on Palma Town Council, which is responsible for planning and
managing urban bus transport. The EMT operates a total of 30 bus lines in Palma. The bus
line distribution utilises a radial transport model, in which most routes converge at the
Avenidas, a stretch of the road network that outlines the old city wall (Figure 1c).

In recent months, the EMT has launched new routes and new frequencies, which has
given rise to intense social debate.

3.2. Data Sources

The following data sources were employed:

3.2.1. Geographic Zones and Population

Assessment of the influence of the MAUP on service and equity indicators was based
on the consideration of four types of spatial units of reference: neighbourhoods, census
sections, cadastral blocks, and a 400 x 400 m mesh (Figure 2). Their sources were as
follows:

e  Neighbourhoods—The division into neighbourhoods in Palma city was provided by
the Population Service of Palma City Council. A total of 88 areas of heterogeneous
dimensions were recorded.

e  Census sections—The National Institute of Statistics is responsible for carrying out
the population census in Spain, which it does every 10 years. A total of 245 census
sections were recorded.

e Cadastral blocks—From Palma City Council, through its Department of Population.
The municipality of Palma comprises a total of 3012 cadastral blocks.

e 400 x 400 m mesh—A mesh of homogeneous square polygonal units of dimensions
400 x 400 m was created. The municipality comprises a total of 1381 units. Its
population was obtained from census sections.

Table 1 includes descriptions of the different zoning metrics we have defined. It can be
seen that there is significant variability in their characteristics. The geographical division
into neighbourhoods is most commonly used at a social level by the Palma City Council to
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manage facilities and infrastructure. The census division is used to define electoral districts
and has few connotations in the territorial planning of facilities. The division into cadastral
blocks is used by the Town Hall’s Population Department, in order to manage the precise
pattern of inhabitants and to provide support for social services. The 400 x 400 m mesh
was chosen because it is common in transportation studies to use an area of influence of
400 m to calculate the bus service or accessibility to bus stops [26,51]. This type of zoning
was also proposed to analyse the effects of orthogonal zoning.

Table 1. Description of the zones considered.

Indicators Neighbourhoods Census Sections Cadastral Blocks 400 x 400 m Mesh
NP° Units 88 245 3012 1381
Minimum surface
(HA) 435 1.53 0.01 16.00
Mean surface
(HA) 222.08 79.66 6.10 16.00
Maximum surface 3771.88 3918.45 185.14 16.00
(HA) . . . .
Standard deviation 509.92 318.40 55.53 0
Minimum population 0 0 0 0
Mean population 4786.29 1634.16 153.22 335.35
Maximum population 27,872 4430 2285 8461.72
Standard deviation population 4759.25 622.60 186.48 1050.72
Minimum population density 0 0 0 0
Mean population density
(inhab/ha) 130.03 249.90 329.97 20.95
Maximum population density 558.24 1171.19 3251.17 528.85
(inhab /ha)
Standard dev1at19n Population 118.78 241.64 391.26 65.67
density

3.2.2. Bus Stops, Bus Lines, and Frequencies

The urban bus service network was provided by the Municipal Transport Company,
through its Open Data portal. These data can be accessed in GTFS format (see Figure 1c).
A total of 30 routes and 851 stops were considered. The average frequencies in a working
day of the routes were obtained from the EMT website [50] (Table 2).

Table 2. Bus lines and frequencies. Source: Empresa Municipal de Transports de Palma, 2020 [50].

Route Frequency Route Frequency
L001 20 L019 30
L002 30 L020 20
L003 10 L023 30
L004 15 L024 22
L005 8 L025 20
L006 40 L027 15

L007 10 L028 30
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Table 2. Cont.

Route Fre;g:;fll;cy Route Fre(g:;fll;cy
L008 8 L029 20
L010 12 L031 20
L011 40 L033 20
L012 22 L035 10
L014 22 L039 20
L016 20 L046 20

L017/A1 20 L047 20
L018 60 A2 30

There is a high degree of overlapping between the routes, especially in the downtown
area of Palma, which structurally conditions the level of service and accessibility of the city.

3.3. Methodology

The methodology proposed involves the integration of a Geographic Information
System with a Simulation and Optimization Tool. For this purpose, the Arcmap v. 10.5
(©ESRI), Geoda 1.12 [52], and @Risk v. 6.0 (©Palisade) software were used. Products
required to be included in the simulation and optimization system were generated through
the GIS.

The methodological process developed is presented in Figure 3. Its objective is to
analyse the effect of zoning on bus service level values and their equity in their distribution
in the territory. For this purpose, a method for calculating BSL and equity is available,
which was used for the four proposed zonings.

BUS SERVICE LEVEL AND HORIZONTAL EQUITY CALCULATION

GTFCTransport Data
Zoning maps (a)‘ Import
(e) Z1- Neighborhoods (C) Oveilai b) Buff v
S \ UTeT Bus Stops
Areal Interpolation 22. Census districts > 3 :U?toﬁ’é - P
Z3. Cadastral Blocs uffers us Routes
: (d) Statistic (400m)
Z4, Grid 400 m x 400 m o Eurrent
v. Bus Frequencies
Populationz4 | (g) Imbalances mapping
Il 4
v i ¥
Population: 71,22,73,74 = % BlisService Level
.3 [ Z1,22,73,24
f Global Moran's |
( ) Local Moran’s Index v (f) Global Moran's
(h:, Lorenz curve and Local Moran’s Index
(i) GiniCoefficient

|
SENSIBILITY ANALYSIS OF BUS LINES ON BUS SERVICE LEVEL BUS FREQUENCIES 5:;::“?:;:;::““
AND HORIZONTAL EQUITY (Z1,22,Z3,Z4) (1) OPTIMIZATION (21,22,23,24)  (<5%global changes)
(i) siMmuLaTION Maximizing Minimizing Minimizing Population
Bus Frequencies as Probability functions £5 minutes Bus Service Gini coefficient not
Level i
Variance of Variance of Variance of Population not e Eovered by Bus Service
Bus Service Level Gini coefficient Covered by Bus Service | (m) comparative analysis (21,22,23,24)
(k) Comparative analysis (21,22,23,24)

Figure 3. Methodological process.

The tasks performed were as follows:
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3.3.1. Calculation of the Bus Service Level and the Horizontal Equity Using the Current
Bus Frequencies

To calculate the bus service level, the following tasks were carried out:

e  GIS database creation—Importation of geographical transport files (GTFC), bus stops,
and routes (Figure 3a).

e Calculation of the Bus Service Level by Bus Stop—The level of service provided by
each bus stop was calculated based on the number of buses that pass through it over
the course of 12 h, according to the following expression:

s 60
=1 Freq,

Bus Service Level ps = Z @D
bs = bus stop; r = bus route; s = total number of routes; Freq, = Frequency of route r

e  Calculation of the Bus Service Level (BSL) for each geographic unit—Using the DelBosc
method [26], a buffer of 400 m was generated for each bus stop (Figure 3b) and the
number of buses passing through this stop was counted. The buffer layer was then
overlapped on each of the zonings carried out, obtaining a level of service for each

geographical unit, according to the following expression (Figure 3c):

" Area Buf fer
Geographic Unit Service Level x = ) _ JIeT s :
bs=1 Area Geographic Unit x

2

x = geographic unit; bs = bus stop; m = number of bus stops

This provided a service level value for each geographical unit, based on the number
of buses passing through bus stops within 400 m. Therefore, an increase in the frequency of
a line indicates a greater number of buses per bus stop, which serves to increase the service
level of the geographical units within its area of influence.

A global bus service level indicator was then obtained, according to the following
expression (Figure 3d):

n

Global Service Level = 5;1 Geographic Unit Service Level . (©)]

The horizontal equity analysis consisted of a comparative analysis of the resident
population in each geographic unit, with respect to their level of bus service. Its calculation
included the following tasks:

e Calculation of the population of the Grid 400 x 400 m mesh zoning—To calculate the
mesh zoning population (Figure 3e), an aerial interpolation [53,54] was performed
from the census districts zoning population map.

e  Analysis of population concentration and bus service—An analysis of the spatial
autocorrelation of the service level and population was carried out by calculating the
Moran’s Global and Local indices [55-57]. The Moran’s Global index provides infor-
mation on the spatial autocorrelation of the variable and its degree of concentration:

N  Lirjwi(Xi— X)(X; - X)

[ =
Li Yj Wij (X - X)°

4)

N = number of indexed spatial units by i, j; X = value of the variable; X = mean of X;
Wi; = weighted matrix element, where a value of —1 indicates maximum dispersion,
a value of 0 indicates a random distribution, while a value equal to 1 indicates a
concentrated distribution. The Local Moran’s index is used to verify the concentration
of the variable in space (Figure 3f,f').

Spatial autocorrelation is subject to spatial heterogeneity, which recognizes a specific
contribution of each point to the overall autocorrelation. The local autocorrelation was



ISPRS Int. ]. Geo-Inf. 2021, 10, 111

9 of 20

evaluated by local indicators of spatial association (LISA). The Local Moran’s I is a local
spatial autocorrelation statistic that identifies local clusters or local outliers, in order to
understand their contribution to the ‘global’ clustering statistic:

I,‘ = (Zi/mz) Z wi]' Zj. (5)
j=1

variance: n1;; z = mean deviation (X; — X) (X; — X); Wj; = weighted matrix element.

e  Mapping of territorial imbalances (Figure 3g)—A cartographic analysis was performed
for each type of zoning, in order to represent the relationship between the population
and level of service. For this purpose, the mapping of the level of service normalized
by resident population was presented and deficit zones were identified. The process
is carried out by classifying the population and the level of service in three categories
(33 and 66 percentile), and represented by a map showing all the categories.

e  Lorenz Curves generation (Figure 3h)—A Lorenz curve shows a cumulative distribu-
tion of the level of service and population for geographic units, as well as the straight
line that would represent perfect equality in distribution [26,27]. A Lorenz curve
was constructed for each of the zonings, based on the information corresponding to
the population of each geographic unit and its level of service, in which the level of
horizontal equity can be observed.

e  Gini coefficient calculation—The Gini coefficient [26,58,59] was developed in the field
of economics, in order to measure the degree of inequality of an economic variable
(income) in relation to the population. The index is based on an analysis of the
deviation from the Lorenz curve. The calculation of the Gini coefficient was carried
out using accumulated population and service level data for each of the zonings used,
according to the following expression (Figure 3i):

n
Gini coef ficient =1—Y (8Yi_1 +6Y;) (6X;_1 — 6X;). (6)
i=0

i = row; n = number total of districts; Y = accumulated service level; X = accumulated
population

The Gini coefficient ranges from 0, when there is no concentration of service (perfect
equality), to 1, when there is an absolute concentration in one location (inequality).

The Gini indicator, therefore, makes it possible to relate the concentration of the bus
service level to the geographical units considered. Thus, it is very sensitive to changes in
bus frequencies, as changes in the service level of geographical units also alter their degree
of concentration.

3.3.2. Sensibility Analysis of Bus Service Level and Horizontal Equity by Simulation of the
Change of Bus Frequencies (£5 min)

A simulation process was carried out to evaluate the effect of changing the frequency
of each bus line on the level of service and the level of horizontal equity (Figure 3j). The
proposed sensitivity analysis was based on the modelling of bus line frequencies. In partic-
ular, we replaced the absolute value of their frequencies with a triangular-type probability
statistical function that covers the possible range of frequency variability. Figure 4 shows a
graph representing the function, assuming an average frequency of 15 min and a variability
of 10.
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Route 3
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Figure 4. Triangular probability distribution of the frequency of route 3 (2 = 5 min; b = 15 min;
¢ =25 min).

By incorporating this statistical function into the calculation of the service level, the
expression is as follows:
s 60
"=t f(Triang (aps; cos; bs) ),

Bus Service Level bs = Z 12 h. (7)

The simulation process was developed based on a Monte Carlo model that assigns
random values to the frequencies of each bus line, assuming a maximum variability
per line of £5 min of the current frequency. The simulation process included a total of
10,000 interactions, allowing for a range of variability to be obtained for the service level
values in each geographical unit, the overall bus service level, and the Gini coefficient.

In addition, a new variable “Population not covered by bus service” (PNC) was created
from the combination of the bus service level and population values for each geographic
unit. Specifically, bus service and population were classified into three categories (>=0
and <=33rd Percentile, >33rd Percentile and <66th Percentile, >66th Percentile) and the
population of those geographical units whose population was at a percentile above the
service level percentile was added (8).

Population = (1, 2, 3); Bus Service Level = (1, 2, 3)

PNC = Z?:l Population; V Population interval; > BSL interval; (8)

i = geographical unit; n = Number of geographical units
The combined results of the simulations performed for each zoning and each variable
could be conveniently analysed through the construction of a table (see Figure 3k).

3.3.3. Optimization of Bus Fleet Frequencies

We used an optimization process to select the best combination of frequencies, in
order to improve service and equity in each of the zonings. Our objective was to analyse
the differences in the results and to test the influence of zoning on the results.

Three optimization processes were developed (Figure 31):

e Maximising the Global Service Level;
e  Minimisation of the Gini coefficient; and
e  Minimisation of population not covered by the Bus Service.

At the level of model restrictions, it was considered appropriate not to allow a vari-
ability of more than 5 min in the frequency of each line, taking into account that the total
sum of frequencies would be around 5% of the current value. The minimum frequency of
the lines was also limited to 5 min.

The combined results of the optimization performed for each zoning and each variable
could be conveniently analysed through the construction of a table (see Figure 3m).

The modelling process was carried out using the @Risk v6.0 software and the Optimizer
module (©Palisade) [60]. The optimization model incorporated a total of 10,000 iterations.
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4. Results and Discussion
4.1. Service Level and Equity for Each Zoning with the Current Bus Frequencies

The bus service level estimated on the current frequencies for each type of zoning
presented relatively homogeneous results. Figure 5a—d show the service level distribution
for the four zonings considered. In all cases, the maximum values were concentrated in the
central zone of the town centre. This area overlaps with the convergence zone of most of
the city’s bus lines.

Bus Service Level
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Figure 5. Bus service level and Local Moran’s distribution (significance < 0.05): (a,a’) Neighbour-
hoods; (b,b’) Census sections; (c,c’) Cadastral blocks; and (d,d’) 400 x 400 m mesh.

The overall Moran’s indices of the geographical distributions for the service level al-
ways obtained high values, which indicates a high level of geographical grouping (Table 3).
Such concentration was not as evident in the population’s distribution, as the values of
the Moran’s index were significantly lower. However, the overall Moran’s values for the
population density distribution did show concentrated patterns. This fact could be an
essential clue to consider in bus demand analyses.
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Table 3. Global Moran’s Index; significance < 0.05.
Neighbourhoods Census Sections Cadastral Blocks 400 x 400 m Mesh
Population 0.146 0.01 0 0.749
Density Population 0.471 0.328 0.239 0.749
Bus Service Level 0.669 0.820 0.829 0.809

Zoning with smaller spatial units showed the detail of the variability of the service
level distribution in different city areas. The loss of quality and refinement of information
when scaling up was noticeable. An illustration of this is that the concentration of service
in the southeast coastal area was only clearly identified within the cadastral and mesh
block zonings (Figure 5¢/,d’).

The Moran’s Local indexes represented in Figure 5a’-d’ show the service level con-
centration pattern. These maps represent the areas in which there is a significant positive
autocorrelation between the geographical unit values and their environment (High-High)
in red. The zoning shown in Figure 5 d’ (mesh) was the only one in which a concentration
zone appears in the southeast of the municipality. This fact is not a trivial one; it reflects
that orthogonal units allow spatial patterns to be identified with greater precision than
smaller units, which are more adapted to urban morphology or demographic issues.

The horizontal Gini coefficient calculated for each zoning showed slightly differing
results: neighbourhoods (0.3566), census sections (0.475), cadastral blocks (0.568), and mesh
(0.48). Therefore, the different zonings showed significant differences in the comparative
equity analysis. This was due to the different types of concentration of service level and
population. Such variability is evidence of the modifiable spatial unit problem’s effect on
the calculation of a transport service indicator.

Figure 6 shows the distribution of the Lorenz curves for the four zonings analysed.
The graph represents the accumulated population (x-axis) and the accumulated bus service
level (y-axis). Its observation allows us to identify more significant inequalities (distance
from the diagonal line), when smaller units are used (Cadastral Blocks/Mesh). For zonings
whose units were bigger (Neighbourhoods and cadastral blocks), better horizontal equity
results were obtained. This fact is essential, as it would advise the planner to opt for the
use of smaller geographical units, in order to assess the level of equity more accurately.

0.9
——EQUITY

0.8
Neighborhoods:
Gini Coef. = 0.3566

Censal sections:

Gini coef.= 0.475
0.6

Cadastral Blocs:
05 Gini coef. = 0.568

—¥~Mesh 400 x 400 m :
Gini coef. = 0.480

03

0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 1

Figure 6. Lorenz curve of the distribution of the bus service level and Gini coefficients.
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As the Gini coefficient is an overall indicator of equity, it is advisable to carry out
a more detailed geographical analysis of the relationships between service level and
population.

Figure 7 shows the imbalances between the level of service and the population for
the different zonings. We can observe that, as the size of the geographical unit is reduced,
the areas that present more deficiencies or excesses in the bus level of service concerning
their population can be identified more precisely. We also note that the cadastral block
zoning showed a great deal of detail, in terms of deficit and excess transport service with
respect to the resident population. The mesh zoning (Figure 7d) has great potential to
detect territorial imbalances in a global way throughout the municipal territory. Its level
is not detailed; however, it does indicate areas where the service should be enhanced in
various zones that did not appear in the other zonings. It is important to note that the
results obtained were different for each type of zoning.

Pop: 1, Servica Level:2 [N Pop: 2. Survice Lover: 3 [ v 1. swrvics Lavar: 3

Population Density ; Bus Service Level 5
Pop: 2, Service Level: 1 Pop: 3, Service Level: 2 Pop: 2, Sarvica Level: 1 ———km

Figure 7. Imbalances between service level and population: (a) Neighbourhoods; (b) Census sections;
(c) Cadastral blocks; and (d) 400 x 400 m mesh.

4.2. The Role of Bus Lines in Service Level and Horizontal Equity

The simulation process allowed us to analyse each bus line’s role, concerning the
level of BSL and horizontal equity. Figure 8 shows the variance values of the BSL, the Gini
coefficient, and the PNC derived from the frequency variations of each bus line under all of
the zonings. The sign of the values represents the effect that varying bus line frequencies
will have on the BSL, Gini coefficient, and PNC; a negative sign indicates that an increase
in the frequency of the line (i.e., more significant number of buses per hour) will result in
a decrease in the BSL, a decrease in the Gini coefficient (more significant equity), and a
lower PNC. A positive sign implies that an increase in line frequency will result in higher
BSL, an increase in the Gini coefficient (inequality), and an increase in PNC. The absolute
value indicates the degree of variance explained in the variables (i.e., BSL, Gini coefficient,
and PNC) by a variation in the frequency of each line. The values of the BSL were always
positive; therefore, whenever there is an increase in the frequency of any line, the result
will be positive on the BSL. For the Gini coefficient, however, positive and negative values
were observed. This indicates that an increase in frequency on certain lines may positively
or negatively affect the Gini coefficient; in other words, increasing frequencies on certain
lines can cause imbalances. This is as increases in the BSL in areas with low demand can
cause inequality. The same situation occurred with respect to the PNC values.
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BUS SERVICE LEVEL GINI COEFFICIENT POPULATION NO COVERED

Bus Lines|N CS CB M SD1 N cs CB M SD2 N cs CcB M SD3

L001 0.00f 0.000 0.00f 000, 0.000 0.00f 0.00 000 053 027 0.00f 011 -0.59 0.00f 0.32
L002 0.00f 0.000 0.00f 000, 0.000 0.00f 0.00 0.00f 000 0.00 0.00f 000 0.0 0.00f 0.0
L003 7.13| 15.97| 10.07 7.10f 4.17| -894 0.64] 5.14| -6.77 6.53| -24.52| 14.02| 13.35| 0.00f 18.02
L004 154 258 263] 221 050 0.00] 878 1035 1.28 522 0.14] 2.86 0.00[ -0.53] 1.52
L005 8.93| 22.94) 14.61] 9.56| 6.47| -44.05] 19.29| 0.00[ -32.00| 29.05| -12.07[ 24.37| -1.14| -0.27| 15.40
L006 0.00f 0.000 0.00f 000, 0.000 0.00f 0.000 0.00f 000 0.00 0.17f 000 0.000 0.00f 0.09
L007 39.85[ 35.86| 40.22| 38.28| 1.98| -1.48 3.90[ 10.69] -5.34| 6.95| -0.12] 39.61| 6.18| -7.06| 20.69
L008 0.09] 11.38) 6.08 858 4.81| -10.39| -26.48| -5.82| -11.91| 893 -492[ 705 6.81] -1.03] 593
L010 513 174 227 4.04[ 157 3.94] -28.14| -3.36| 0.00[ 14.48| 0.96| 1.22| 121] 824 3.56
L011 0.00f 0.000 0.00f 0.00] 0.000 0.00f -0.06) 0.00f 0.00] 0.03 0.00f 000 0.000 0.00f 0.0
L012 091 034 051 100] 0.32| 1.25 -0.94] -050[ 1.01| 1.09f 228 027 -2.71] -039| 2.06
L014 143] 0.07[ 039 129 0.67( 0.72] 0.00] -0.60] 0.00] 0.54] 0.46] 0.06] -0.26] 1.74| 0.88
L016 139 0.00f 057 109 061f 275 042 -0.82| 0.80 148 0.00] 0.000 -0.26 0.80| 0.46|
L017 0.00f 0.000 0.00f 000, 0.00 000f 000 118 069] 0.58 0.00f 000 0.0 0.26f 013
L018 0.00f 0.000 0.00f 000, 0.000 0.00f 0.000 0.00f 000 0.0 0.00f 000 0.15 0.00f 0.08
L019 000 1.12) 0.79] 0.76] 0.47| 0.00f 0.00f 0.49( 000 0.24 0.00f 126 -1.39 0.00f 108
L020 0.00f 0.000 0.00f 000, 0.00 0.17[ 0.000 0.00f 0.00] 0.09 0.00f 000 0.000 -0.16] 0.08
L023 000 0.21) 0.32f 000 0.6/ -0.11f -0.79] 0.00f -0.41] 0.36| 0.05[ o0.15| -2.36] 0.00f 1.22
L024 093] 0.000 0.00f 113] 0.60 271 0.06) 045 597 271 0.21f 000 0.000 -0.62| 0.36
L025 1.05 0.13( 041] 0.93] 043 -021] -0.07f -193| 0.000 092 0.00] 0.6/ 0.00f 296 145
L027 0.00f 0.000 0.00f 000, 0.000 0.00f 0.00 0.00f 000 0.00 0.00f 000 0.0 0.18 0.09
L028 0.75| 0.06) 0.00f 0.72] 0.41] 0.00f 0.00f -0.37[ 0.00] 0.8 -0.10f 0.00] -0.16] 0.00f 0.08
L029 0.72| 0.26) 0.60f 0.00f 0.33] 0.00f 0.00 -1.40{ -0.73] 0.67 -0.58| 0.22| 0.00] 0.00f 0.34
L033 13.03| 0.67[ 12.82| 14.14| 6.36] 14.18| 2.56| 38.90| 18.39| 15.15] 2.21| 0.65| 23.40[ -10.95| 14.31]
L035 0.00f 0.000 0.00f 0.00] 0.000 -2.73] 0.00f -5.23| -6.11] 275 -0.22 0.00 0.000 0.00f 0.11
L039 0.75| 0.41) 042 085 023 000 018 0.00f 040 019 0.05[ 039 0.57 -0.14[ 032
L046 092| 045 045 084 0.25 0.00f 022 0.00 037 018 0.00f 045 0.23] -1.26] 0.76
L047 0.00f 0.000 0.00f 0.00] 0.000 0.16f 0.000 0.00f 0.00] 0.08 0.00f 000 0.000 0.00f 0.00

Figure 8. Explained percentage of variance on Bus Service Level, Gini coefficient, and Uncovered Population, derived from
bus frequencies variation. [N] Neighbourhoods; [CS] Census sections; [CB] Cadastral blocks; [M] 400 x 400 m mesh. [SD1],
[SD2], and [SD3] Standard Deviation of the variance for each line for BSL, Gini coef., and PNC, respectively. Bus line A2
was not included, due to its low significance.

The table also shows several columns, including the standard deviation (SD) of the
variance explained by each bus line for each variable (BSL, Gini coefficient, and PNC) and
zoning. High deviation values show changes in the roles of these lines for each of the
zonings analysed.

When zoning by neighbourhoods, the level of service depended primarily on lines 7
(39.85%), 35 (13.03%), 5 (8.93 %), and 3 (7.13%) which concentrated most of the variance.
When zoning by census tracts, the priority lines were 7 (35.86%), 5 (22.94%), 3 (15.97%),
and 8 (11.38%). The top priority lines that explained the greatest variance when zoning
by Cadastral Blocks were 7 (40.22%), 5 (14.61%), 35 (12.82%), and 3 (10.07%). For the
400 x 400 mesh zoning, the main lines were 7 (38.28%), 35 (14.14%), 5 (9.56%), and 8
(8.58%). The standard deviation of the explained variance for each line in each zoning
indicates that lines 5 (6.47), 35 (6.36), 8 (4.81), and 3 (4.17) were those that showed the
highest values. The rest of the lines obtained similar values.

In the case of the Gini coefficient, greater variability was observed both in the signs
and the magnitudes of the variances. When zoning by neighbourhoods, the lines that
obtained greater significance were 5 (—44.05%) and 8 (—10.39), whose increase in frequency
implied a reduction in the Gini coefficient (thus leading to more equity); while lines 35
(14.18%) and 10 (3.94%) went in the opposite direction (i.e., an increase in frequency would
result in less equity). When zoning by census tracts, the lines that improved equity were 10
(—28.14%) and 8 (—26.48%), while those that decreased it were 5 (19.29%) and 4 (8.79%).
When zoning by Cadastral Blocks, the balancing lines were 8 (—5.82%) and 39 (—5.23%),
while the unbalancing ones were 35 (38.90%), 7 (10.69%), and 4 (10.35%). Under the
400 x 400 m mesh division, the decrease of the Gini coefficient came from lines 5 (—32%)
and 8 (—11.91%), while its increase came from 35 (18.39%) and 25 (5.97). The standard
variation, in this case, was maximum for lines 5 (29.5), 35 (15.15), and 10 (14.48), and
maintained significant variabilities for the rest of the lines.
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The role of the lines in the percentage of uncovered population by bus service also
showed significant variability. When zoning by neighbourhoods, the lines that reduced
the population not covered were 3 (—24.52%) and 5 (—12.07), while those that increased
it slightly were 12 (2.28%) and 35 (2.21%). When zoning by census tracts, no line was
clearly identified that could improve service coverage; however, the increase in frequency
of lines 7 (39.61%), 5 (24.37%), and 3 (14.02%) worsened it. When zoning by Cadastral
Blocks, lines 12 (—2.71%) and 24 (—2.36%) reduced the imbalances, while lines 35 (23.40%)
and 3 (13.35%) increased them. Under the zoning of the 400 x 400 m mesh, increases in
lines 35 (—10.95%) and 7 (—7.06%) decreased the amount of population with imbalances,
while lines 10 (8.24%) and 27 (2.96%) increased it. The standard deviation showed large
variability for lines 7 (20.69), 3 (—18.02), 5 (15.4), and 35 (14.31).

The results show that the choice of zoning has significant consequences on identifying
priority lines for the improvement of the level of service and equity. Therefore, frequency
planning in bus fleet management should be based on an exhaustive knowledge of the effect
caused by the variation of each line at various scales of analysis. Increasing frequencies on
a line always result in improved service levels; however, it can also result in imbalances,
which must be known. As we saw in the previous section, zonings with smaller units are
more accurate and sensitive to detecting frequency modification effects; however, when we
analysed the effects of frequency variation in detail, we obtained different results, which
did not justify the advantages of one or the other zoning.

The results show that Palma city’s bus service depends fundamentally on a reduced
set of lines. These are very long lines, which include many stops, deployed throughout the
city in a radial route (Figure 9). Therefore, this is a very unbundled transport model that
is very vulnerable to imbalances caused by inadequate frequency management. In these
cases, it may be advisable to disaggregate the routes into shorter independent itineraries,
which allow for both radial and transversal access throughout the city.

D Municipal boundary

<all other values>

Main bus lines
L003
—— Loos
— L007
Loo8
L010
L025
| —— Lo3s

0 075 15 3Km
S T |

Aereal Images credits: PNOA IGN 2020.

Figure 9. Main bus routes in Palma (Spain).

4.3. Bus Frequencies Optimization to Improve Service Level and Horizontal Equity

The optimization of bus line frequencies to maximize the level of service and horizontal
equity showed slightly different results, depending on the type of zoning used. The
optimization assumed frequency oscillations of +5 min per bus line, as long as the total
variation of the original frequency did not exceed 5%.

Figure 10 shows the main results of the optimization process. The values show the
frequency (in minutes) proposed for each line, in order to optimize the BSL, Gini coefficient,
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and the PNC under the different zonings (N, CS, CB, and M). The last three rows summarise
the optimization results as a percentage.

Bus Service Level Gini coefficient Population not covered
Optimization {Max) Optimization {Min) optimization {Min)
Bus Lines o] N CS CB M SD1 |N CS CB |M SD2 [N CS CB M SD3
A2 30 35 35 35 35 35 25 25 35 30 35 26
LO01 20 25 15 25 24 25 25 25 24 20 19 25
L002 30 35 25 25 35 25 35 25 35 25 25 26
L003 10 5/ 5| 0.00] 15| 15| 5 14 15
L004 15| 10 10| 10/ 10[ 000 11| 20| 20] 10| 550 14 19
LOO5 8 3.77 10
LO06 40 45 45 45 44| 0.50 4.69 40
LO07 10 4.79 15
LO08 8
L010 12 7 7 7 7 4.86 12
L011 40 45 43 40 45| 2.36 40
L012 22 17 27 27 19 4.76 27
L014 22 17 17 20 27| 4.72 26
LO16 20 15 23 15 15| 4.00 25
L017 20 24 25 23 15| 4.57 5.50 25
L018 60 0.50 5.00 55)
L019 30 B85 35 35 5.00 25
L020 20 15 15 15 15 25 25 15 15 24 25
L023 30 25 35 29 35 25 35 25 35 25 26
L024 22 17 17 17 17 17 26 17| 4.50 17 27 17
L025 15 25 24 16 25 25 25 15| 5.00 16 15 24
L027 15 10 10 10 10 10 10 20| 5.00 15 19 10
L028 30 35 25 29 25 25 25 35 5.00 31 25 31
L029 20 15 16 15 15| 0.50 15 25 15 15| 5.00 17 15 25
L033 20 15 15 15 21 15 15 15[ 3.00 17 25 16
L035 10 | 5 15| 15| 15| 5| s.00 7] 11] 14
LO39 20 25 25 25 15 25 15 15[ 5.00 25 20 15
L046 20 15 15 25 25 25 25 15[ 5.00 15 22 24
L047 20 15 15 15 24| 4.50 23 25 25 24 21 18 25
improvement of
Bus Service Level |46.52|56.22|47.39/43.94| 5.34| 10.39| -9.18|-4.11|43.94 8.30|-22.94|-2.64| -1.26

% of
improvement of | -1.12| 0.91| 2.13| -1.58| 1.74|-10.98| -7.52|-3.77| -1.58| 4.15| 0.07| 1.40|-1.39| 1.24

% of improvement
of Population not | -5.71|57.36| 3.99(12.43 -27.67|-10.81|-3.61|12.43| 16.63| -26.58| -22.06| -7.01| -16.08| 8.46

Figure 10. Optimization results (in Minutes). [O] Original frequencies; [N] Neighbourhoods; [CS]
Census sections; [CB] Cadastral blocks; [M] 400 x 400 m mesh. [SD1], [SD2], and [SD3] Standard
Deviation (of minutes) for each line for BSL, Gini coefficient, and PNC, respectively.

It can be seen that the optimization of the bus service level provided improvement
values between 43% and 56%, depending on the type of zoning used (with a standard
deviation of 5.34 min). In this case, significant variability of the frequencies assigned to
lines 2, 12, 25, 46, 39, and 27 was observed for each type of zoning, although lines 3, 4, 5, 7,
8,19, and 35 maintained constant low frequencies.

The optimization of horizontal equity through the minimization of the Gini coefficient
did not lead to improvements of lesser magnitude than for service level. The improvement
values obtained for each type of zoning ranged from —10.98% (at the neighbourhood level)
to —1.58% (at the 400 x 400 m mesh level). These values were significantly lower than for
BSL. This implies that the service model is somewhat limited, in terms of improvement,
by the current distribution of its lines in general; that is, it is inelastic and cannot easily be
improved. In this case, the standard deviation of most lines was significant. This implies
that the optimization results were very different for each type of zoning.

The unmet demand reduction optimization results showed the possibility of improve-
ments, ranging from 7% (CB) to 26% (N). Furthermore, the variability of line frequencies
was very varied for each of the zonings used.

The results demonstrate the significant variability of optimization results, depending
on the type of zoning used and the optimized variable (i.e., NS, Gini coefficient, PNC). In
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general, Neighbourhood zoning tended to magnify the effects of optimization (46% NS,
—10.98 Gini, —26.58 PNC). The rest of the zonings provided very different results. The
mesh zoning provided smaller improvement values for NS and Gini, thus smoothing the
improvements. Therefore, it was not possible to identify the best type of zoning, based on
these results.

5. Conclusions

The problem of the modifiable spatial unit must be adequately considered in the
process of transport and mobility planning. The type of zoning used determines the values
of Bus Service Levels and equity indicators. This can lead to the detection of erroneous
territorial imbalances, which may result in unjustified investments.

From the case study of the city of Palma, the following conclusions were drawn:

e  Small unit zoning is much more accurate for service-level analysis. Small units are
also more sensitive to detecting imbalances between bus service supply and resident
population levels.

e  The range of variability of global indicators of concentration (Moran’s Global) did
not undergo very significant changes, concerning the use of various zonings; in
other words, service level concentrations were detected in all cases. However, the
identification of the high bus service level areas (Moran’s Local) was more precise
when using small unit zoning. The use of large units can hide significant areas of
concentration.

e  Orthogonal zoning (mesh) proved to be particularly sensitive for concentration detec-
tion, regardless of unit size. It has a tendency to soften the values of BSL improvement
and equity, compared to the other zonings. At the same time, it provides a broader
view of the municipality.

e  The horizontal equity analysis showed that the Gini coefficient increases as the size
of the geographical units decreases. This implies that the smaller the geographical
unit used, the greater the sensitivity in detecting imbalances. In other words, many
imbalances could go undetected if large geographical units are used.

e The sensitivity analysis of bus service level and equity derived from the variation
of route frequencies showed the strong dependence of service level on a series of
long-distance routes that radially cross the city. This bus transportation system demon-
strates rigidity.

e  There were significant variations in the roles of bus lines, depending on the type of
zoning used. In general, there was a coincidence in the zoning systems, in terms of
identifying the lines that improve the level of service. However, there were significant
divergences for the maintenance of equity; these issues are unclear.

e In optimizing the level of service and horizontal equity by changing the frequencies
of bus lines, it became clear that fundamental changes must be made to the city’s key
lines. The variations to the original service level values are significant and can lead to
improvements in many areas.

It is convenient to focus the analysis of transport from a scalar perspective at a global
level, considering different zonings to extract results jointly. The use of a particular zoning
can obscure the processes of service concentration and imbalances, which must be identified.
The planner must be very careful with the value obtained from the used indicators. These
indicators cannot, in any case, be generalized for the geographical area analysed, and are
closely related to the zoning used.

Bus transport systems in a city can be very dependent on some key lines. By using
simulation techniques, it is possible to detect these lines and model them properly, in order
to improve the service level.

The transport system’s intrinsic configuration limits the possibilities of optimization
by modifying the frequencies of its lines. The margin for improvement is relatively small
using this technique. It can provide advantages, however, as it does not require any further
investment in infrastructure.
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The modifiable spatial unity problem must necessarily be considered in the planning
of public bus transport. A multiscale geographical vision is required to obtain a rigorous
global diagnosis of service and equity level. The indicators obtained must be sufficiently
validated by geographical analysis, in order to properly be used as decision tools at various
scales.

The combined use of Geographic Information Systems and simulation and optimiza-
tion tools is a fundamental tool for the transport planner. In this sense, it is desirable that
GIS software packages soon incorporate simulation tools in this area.
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