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ABSTRACT

Today, location is entrenched in many organisations in both the public and private sectors.
Organisations, both locally and internationally, are realising the importance of location 7 and
therefore maps i but do they know how to visually communicate this spatial knowledge?

Geospatial data visualisation techniques have evolved rapidly over the past decade. Today,
most geographic information system (GIS) software has a plethora of built-in spatial analysis
and visualisation techniques that enable users to quickly and effortlessly visualise spatial
patterns in data. Choropleth maps are among the oldest and still one of the most frequently
used techniques for visualising quantitative data in a GIS. The challenge with using choropleth
maps in South Africa is selecting a data classification method that effectively displays unequal
and dispersed population densities.

The aim of this research was to assess the suitability of different data classification methods
for effectively visualising population demand using choropleth maps in South Africa. The
research focused on geographic accessibility as a use case where choropleth maps are used
to visualise population demand, allowing decision makers to identify over- or underserved
areas for the provisioning of service centres. This was achieved with a user study. The user
study included the design of an online questionnaire featuring map interpretation questions
specifically related to geographic accessibility. Subsequently, the results from the user study
were compared to a recommended mathematical equation that measures the error between
class breaks, in a data classification method.

The user study shows that respondents were more likely to provide correct answers when
presented with maps using the quantiles and natural breaks (Jenks) data classification
methods, suggesting that these methods are easier to interpret and analyse for understanding
population distribution in South Africa. A goodness of variance fit calculation that measures
the error between class breaks delivered somewhat different results. Based on these
calculations, natural breaks (Jenks) and geometric interval were considered the optimal data
classification methods, while logarithmic scale and quantiles were ranked lowest.

Based on the results of both the user study and error calculations, a more comprehensive
view of the use of data classification methods was obtained. This research emphasises the
importance of including human interpretation when assessing methods or techniques used to
represent spatial phenomena.



1. INTRODUCTION AND BACKGROUND INFORMATION
1.1 Overview

flUse a picture. It& worth a thousand wordso (Arthur Brisbane, 1911). But then, fAif a picture is
worth a thousand words, thenamapmu st b e wo r PdirickeAbbott, 2009). dictares (
such as maps or charts, as powerful as they are, can also mislead or confuse the audience.
Communicating information clearly and effectively is greatly influenced by the type and

complexity of the data, as well as the intended target audience.

Today, location is deeply ingrained in many organisations, both in the public and private
sectors. Many use location data and perform some form of data analysis. Regardless of their
core business, companies and organisations, both locally and internationally, are realising the
importance of location and, therefore, maps. They are increasingly becoming aware of the
possibilities of spatial thinking and geographic data analysis, which can enable them to
increase revenue, save money, maintain a competitive edge in their field of expertise,
potentially enhance client or customer satisfaction, and improve overall service delivery for

citizens. But do they know how to visually communicate this spatial knowledge?

Data visualisation, or rather geospatial data visualisation techniques, has evolved rapidly over
the past decade. Today, any geographic information system (GIS) software application offers
a plethora of built-in spatial analysis and visualisation techniques, including choropleth maps,
kernel density estimation heat maps, firefly maps, dot maps, graduated symbols, point density
or isochrones, among others. These enable users to visualise spatial patterns in data quickly
and effortlessly. With the increased processing capability of desktop computers, high-speed
internet connections, cloud computing (Zhang et al., 2019), and parallel processing (Zhao et
al., 2016), analysing and displaying large volumes of geographic data has become easier and

faster, making it accessible to anyone.

Current proprietary and open-source GIS software development companies and communities
are continually simplifying their applications, allowing non-GIS professionals to execute
advanced spatial queries and visualisation techniques with just a few clicks. User interfaces
are designed to guide end users, regardless of their GIS background, through logical steps to
analyse geospatial data and prepare maps. Whether it is to create a topographic or choropleth
map or to visualise travel distances with isochrones to optimise service locations, the software
guides the user through the analysis and visualisation in a stepwise approach. Although these

steps enable non-GIS users to create maps, the software cannot guarantee that the story is

1 https://blog.education.nationalgeographic.org/2009/11/20/patrick _abbott- a map is worth a
million _words/



https://blog.education.nationalgeographic.org/2009/11/20/patrick_abbott-_a_map_is_worth_a_​million_words/
https://blog.education.nationalgeographic.org/2009/11/20/patrick_abbott-_a_map_is_worth_a_​million_words/

told effectively and thatt he vi sual message is communicated. 0
software and an internet connection can now make and publish maps, mapmakers can also

easily |ie to themselves and otherso (Monmonier,

Due to its history, the geographic distribution of the South African population presents unique

challenges for visualising spatial patterns on a map for effective decision-making. The Group

Areas Act 41 of 1950 fpr oohcichu ptaetdi otnh eo (Strausst bi arna cli al
2019). Segregated zones were created in urban areas, allowing only certain racial groups to

live and work there. This resulted in the establishment of densely populated townships and

informal settlements outside city centres and suburban living spaces. Mostly poor people

reside in these areas, and access to basic services and public service centres is limited and

insufficient. Connecting the population to public services requires decision makers to

understand where the population demand is for these services in relation to public service

facilities (Snyman & Coetzee, 2024). Population demand referstotheinumber of peopl e
may need the servi celTs detefmMe thie supplg service @&Otrés3or .

facilities) and demand (population) maps are needed to visualise potential gaps and shortfalls.

Generally, choropleth maps have been proven effective in visualising the population

distribution when expressed in densities or ratios (Tyner, 2014).

Choropleth maps are one of the oldest and most frequently used techniques for visualising
guantitative data in a GIS (Tyner, 2014). Slocum et al. (2014) noted that a choropleth map is
ithe most commonly wused (and abused) met hod of
categorises observations into several classes, either manually or based on a data
classification method. Today, GIS software offers a range of data classification methods for
creating choropleth maps, allowing users to easily select and apply a method from a drop-
down menu. Each data classification method has its advantages and disadvantages, which
can vary based on factors such as the geographic scale and spatial distribution of the data.
Kraak et al. (2021) pointed out that classification could potentially increase uncertainty since
patterns derived from a classification are influenced by the positioning of class breaks.
Choosing the wrong or inappropriate data classification method to visualise data with
choropleth maps can potentially distort spatial patterns, causing misleading representations
and a potential oversimplification of information (Brewer, 2006; Evans, 1977; Monmonier,
2018). However, the target audience, such as policymakers, who will be interpreting the maps

should also be considered (Tyner, 2014).

The challenge with data classification methods for choropleth maps in South Africa is selecting
a classification method that effectively displays the ¢ o u n t unggdak and dispersed

population densities (demand). It should emphasise not only the city centres and their



surroundings but also secondary or tertiary populated areas, such as townships and informal

settlements, that are segregated from the city centre.

1.2 Problem Statement

South Africa is characterised by an uneven population distribution, with unequal access to

service facilities. A World Bank report on poverty and inequality describes South Africa as one

of the most unequal countries in the world, statingt hat fAi nequal i hcgtheends i ncr e
of apart hdgWaldBanmk, 2018)9A¢proximately6 7 % o f t h eopualaientivesr y 6 s

in urban spaces, with an estimated urban growth rate of 1.97% (UN-Habitat, n.d.). This affects

service delivery, resulting in an ever-increasing unemployment rate and rising levels of crime.
Understanding and managing the growing populationé slemand for current and available

services requires a geographic visualisation method that depicts demand and supply, allowing

decision makers to identify optimal locations for service facilities. Choropleth maps are one of

the oldest and most frequently used geospatial data visualisation techniques for analysing and

visualising population densities (Monmonier, 1993; Tyner, 2014).

A major challenge associated with choropleth maps is choosing a suitable data classification
method (Slocum et al., 2014) that displays and communicates the data distribution clearly and
effectively. Using the wrong data classification method can distort spatial patterns, providing
a misleading representation of population densities and identifying wrong or inappropriate
locations for positioning service centres. This, in turn, can lead to poor service delivery and
frustrated citizens. Additionally, the question arises as to whether a target audience, such as
decision makers or map users, can use choropleth maps that depict population demand to

identify areas with inadequate access to services, as well as those that are overserved.

1.3 Research Questions

The following research questions about data classification methods for choropleth maps were

examined:

1. Which data classification methods are frequently used to visualise statistical data with
choropleth maps?

2. Which measurement techniques are used to evaluate the suitability and effectiveness
of these data classification methods?

3. For a geographic accessibility analysis of service centres in South Africa, which data
classification method(s) for choropleth maps depicting population demand are best
interpreted by map users or decision makers, and which are also statistically proven

to be effective?



1.4 Research Aim and Objectives

This research aimed to assess the suitability of different data classification methods for
effectively visualising population demand in South Africa using choropleth maps. The research
focused on geographic accessibility as a use case in which choropleth maps were used to
visualise population demand, allowing decision makers to identify areas that are either over-

or underserved in the provision of service centres.
The following primary objectives were defined to achieve the research aim:

1 Objective 1 (Research Question 1) i Review literature on data classification
methods for visualising demographic data with choropleth maps.

9 Objective 2 (Research Question 2) i Identify methods for evaluating the
effectiveness of data classification methods for choropleth maps.

1 Objective 3 (Research Question 3) i Identify the most suitable data classification
method(s) for visualising population demand for decision makers in geographic
accessibility studies in South Africa.

1 Objective 4 (Research Question 3) i Statistically assess the effectiveness of data

classification methods depicting population distribution in South Africa.

15 Contributions and Significance of the Research

The contributions of this research include:

0 A comprehensive review of data classification methods for choropleth maps and an

evaluation of their effectiveness.

(@]

An empirical assessment of the effectiveness of the various classification methods for
visualising the unique population distribution in South Africa, based on a user study

(see Chapter 4).

(@]

An empirical calculation and evaluation of the classification methods using the

mathematical equations recommended in the literature (Chapter 5).

(@]

An example and guidance for other countries seeking to assess the suitability of

choropleth maps for visualising population distribution.

The research makes a significant contribution to cartography, as the effectiveness of data
classification methods for choropleth maps has not been previously evaluated for South
African data intended for a South African target audience. This study is unique in that its use
case focuses on data visualisation for geographic accessibility to service centres in South
Africa, where settlement typologies are highly diverse and dynamic. Furthermore, the concept

of geographic accessibility analysis is closely related to various sustainable development

4



goals (SDGs) which were adopted by all United Nations Member States in 2015. Adequate
access to infrastructure (SDG 9 - Build resilient infrastructure, promote inclusive and
sustainable industrialization and foster innovation), medical and health services (SDG 3 -
Ensure healthy lives and promote well-being for all at all ages) or green spaces (SDG 11 -
Make cities and human settlements inclusive, safe, resilient and sustainable) promote health

and well-being for all citizens.

The results of this research will be valuable for professionals who prepare choropleth maps
for various applications, such as the Electoral Commission of South Africa to illustrate voter
registration patterns and election results, as well as Statistics South Africa to present census
results. The findings from this research could also be beneficial for other countries with similar

population distribution characteristics and dynamics.

Lastly, the research benefits the broader academic community. The following abstracts were

published in conference proceedings:

1 Snyman, L., Coetzee, S., & Rautenbach, V. 2023. Evaluating data classification
methods for choropleth maps to visualise geographic accessibility in South Africa: A
usability study. Abstracts of the International Cartographic Association, 6, 241.
https://doi.org/10.5194/ica-abs-6-241-2023

1 Snyman, L., Coetzee, S., & Rautenbach, V. 2024. Assessing the suitability of data
classification methods for choropleth maps depicting population distribution in South
Africa. Abstracts of the International Cartographic Association, 7, 160.
https://doi.org/10.5194/ica-abs-7-160-2024

1.6 Structure of this Dissertation

The remainder of the dissertation is structured as described below.

Chapter 2 addresses Research Questions 1 and 2. Firstly, the chapter describes cartographic
maps and geospatial data visualisation, followed by a review of choropleth maps with a
specific focus on the underlying data classification methods used to visualise statistical data.
Secondly, various techniques for measuring and assessing the effectiveness of data
classification methods for choropleth maps are discussed. Thirdly, this is followed by a brief
historical overview of population distribution in South Africa, which describest he c o
diverse population patterns and unequal access to service facilities. Lastly, the chapter
explores the concept of geographic accessibility, which serves as the use case for this
research, highlighting the key factors relevant to the optimal positioning of service facilities to

ensure effective service delivery.

untryo:



Chapter 3 first describes the materials and methods used for choosing appropriate or suitable
study areas, geographic units, and data classification methods that will be evaluated for this

research. Secondly, it outlines a series of choropleth maps depicting population demand.

Chapters 4 and 5, which address Research Question 3, evaluate the effectiveness of the
selected data classification methods, initially through a user study, which is described in
Chapter 4. The user study included the design of an online questionnaire, in which participantsé
interpretations of choropleth maps were assessed based on real-world scenarios. Additionally,
a second approach is to calculate an accuracy score, as recommended in the literature. The
accuracy score calculation measures the error between class breaks for each data

classification method as described in Chapter 5.

Chapter 6 concludes with a summary of the findings and recommendations for using data
classification methods to effectively visualise population demand in South Africa using
choropleth maps. Also, limitations and shortcomings are highlighted, and potential topics for

future research are identified and discussed.
The study includes the following supporting information:

Appendix A is the approved ethics document.
Appendix B includes a test for data normality.
Appendix C includes the Qualtrics questionnaire, which was designed for the user
study. Results are described and discussed in Chapter 4.

1 Appendix D comprises the R Code that was used to measure the error between class
breaks for each selected data classification method. Results are described and
discussed in Chapter 5.



2. LITERATURE REVIEW
2.1 Introduction

The purpose of this chapter is to address Research Objectives 1 and 2, as defined in
Section 1.4. Firstly, the chapter describes cartographic maps and geospatial data
visualisation, followed by a review of choropleth maps with a specific focus on the underlying

data classification methods used to visualise statistical data.

Secondly, various techniques for measuring and assessing the effectiveness of data
classification methods for choropleth maps are discussed. This is followed by a brief historical
overview of population distribution in South Africa, which describest he countryds di

population patterns and unequal access to service facilities.

The final section of the chapter explores the concept of geographic accessibility, which serves
as the use case for this research, highlighting the key factors relevant to the optimal positioning

of service facilities for effective service delivery.

2.2 Background: Cartographic Maps and Geospatial Data Visualisation

Kraak and Ormeling (2020) highlightedt hat geospati al data has a Aspi
hence, these locations can be visualised andanalyse d on a map. They al so ar
not possible to get an overviewofanareai n any way ot her than by cons
& Ormeling, 2011). Some of the earliest examples of visualisation were by means of geometric
diagrams, fin tables of the positions of stars and other celestial bodies, and in the making of

mapstoaidinnavi gati on and explorationod (Friendly, 200

Maps, in particular, are subjective by nature and are described as partially displaying objective
realities, while also partially showing subjective elements (Wright, 1942). Maps are further a
distortion of reality based on three elements, namely map scale, map projection, and map
symbolisation (Monmonier, 2018). Monmonier (2018) further commented in his book How to
Lie with Mapst h a't iNot only is it e asy Thuspin geneeal, avi t h ma
scientist or cartographer needs to manipulate spatially referenced data, including place
boundaries, lines, point features, and raster imagery. This allows them to highlight and
accentuate specific spatial elements or phenomena relevant to their research while distorting

or hiding irrelevant data in an attempt to avoid clutter.

The data displayed on a map, along with the chosen method of visual presentation, convey
information, whether it is a topographic orientation map or a statistical map depicting

population densities. In most cases, these maps are designed for interpretation and analysis



by a target audience, enabling them to gain knowledge about a specific subject. This, in turn,
empowers them to solve a particular problem. In the end, knowledge i sometimes referred to
asinsights 1 is transformed into wisdom. This flow from data to information, then to knowledge,
and finally to wisdom has received significant attention over the years (Baskarada & Koronios,
2013; Bellinger et al., 2004; Hey, 2004). Bellinger et al. (2004) describedi nf or mat i on as i
t hat has been.FHpiexample, popukation dengpity data that is visualised using a
choropleth map depicts high- and low-density patterns, providing insight to those analysing
population patterns. Theyf ur t her expl ain that knowledge is #ft|
t hat 1t ds i bastlg Belingersetal (094) goholudedt hat wi sdom is a i
human dramawthiehowe as humanscander i ve a sense of understan

has previously been no understandingo.

Several factors influence geospatial data visualisations, including (a) the level of measurement
or measurement scale, such as nominal, ordinal, interval, or ratio (Kraak & Ormeling, 2020);
(b) data resolution, also referred to as granularity (Slocum et al., 2014), or geographic units
(Boscoe & Pickle, 2003), such as census blocks, wards, districts or hexagons; and (c) the data
visualisation technique. GIS Geography (2019) highlights a number of these techniques. They
include, among others, firefly maps, dot maps, graduated symbols, vector direction maps,
distributive flow, density-equalizing cartograms, Voronoi diagrams, choropleth maps, heat
maps (point density), isochrones, dasymetric maps, space-time cubes, topographic maps,
contours (isolines), non-contiguous cartogram, Dorling cartogram, surface maps, schematics,

and network flows.

Another important aspect to consider, especially when static maps are produced as map
image files, is the cartographic scale. Cartographic scale refers to the relationship between
the Amap and earth distanceso (Slocum et al ., 2
scale indicates that one unit of distance measured on the map corresponds to 50 000 units of

distance in reality. These factors play a vital role in the overall map designing process.

As expected, geovisualisation is not without its problems. As O&ullivan and Unwin (2014)
poinnedout , the abundance of fAgraphic variablesod an
di splcahxseate probl ems. Al so, ij ust ddosemethings e t ech
clever doesno6t me adéulivah & Unwin, 2Q14).slrh1842,1\Wiight opserved
that because mapsarecreatedby peopl e and not produced automat
by human s h o Hagréfer net alg @@20) described the concept of map-like
visualisations as a technique in which abstract data are presented or incorporated into
cartographic maps. In their overview of map-like visualisations, the problem of choosing the

appropriate technigue for visualising a specific problem or task was emphasised. They argued



that excessive schematisation of a visualisation or excessive map i mi t ati on

themapreader,r esul ting in fAmisinterpretation of

2.3 Choropleth Maps

One of the oldest and still one of the most frequently used techniques for visualising
quantitative data in a GIS is choropleth maps (Tyner, 2014). The term @horoplethéoriginates
from the Greek words choros, meaning area, and plethos, meaning value (Kraak & Ormeling,
2011). Slocumetal. (2014)not ed that a choropleth map

coul d

map S

S

it he

abused) met hod of thematic mappi nepgy-to-uge andleasy-opl et h

to-read technique for classifying and visualising data for statistical areas (Shaito & Elmasri,
2021; Tyner, 2014), such as enumerator areas, wards, municipalities or districts. Choropleth
maps are also referred to as thematic maps. De Smith et al. (2018) defined choropleth maps
as maps that display information about an area based on a particular theme, using techniques
such as colour shading, categorised into different classes. Juergens (2020) statedt h a n

essential purpose of choropleth maps is the visual perception of spatial patternsa

Generally, there are three types of choropleth maps: a simple choropleth map, a dasymetric
choropleth, and an unclassed choropleth (Tyner, 2014). A simple choropleth map uses
different colours or patterns (Tyner, 2014) to group spatial entities with similar characteristics,
enabling users to recognise spatial patterns in the data. Simple choropleth maps are used
frequently and are appropriate for analysing and visualising population densities and/or other
intensity data measures (Monmonier, 1993). Dasymetric choropleth maps are more
challenging to create, which is why they are used less often. The fundamental principle of a
dasymetric choropleth map is to exclude areas within geographic units that are irrelevant for
visualisation, such as uninhabited mountains, lakes, or industrial areas. Thereafter, densities
are calculated based on the remaining areas relevant to the analysis, resulting in a more
accurate distribution of the population (Barrozo et al., 2016). Unlike simple and dasymetric
choropleth maps, an unclassed choropleth map does not categorise geographic units into
distinct classes, so the data are not generalised. Instead, each geographic unit is displayed
with a different pattern or colour intensity. Therefore, the map legend only displays low and

high values based on the colour density.

To create simple choropleth maps, Robinson (1995) identified three elements, including the
size and shape of areas or polygons, the number of classes, and the class limits. These are

discussed in more details in the sections that follow.



2.3.1 Size and Shape of Polygons

The size and shape of polygons are frequently referred to as geographic units. A geographic
unit refers to the spatial resolution or granularity of the data, such as enumerator areas, census
tracts, wards, or municipalities. These units can also include polygons of equal size, such as
hexagons or grid blocks. One important factor that is often overlooked is the availability of data
for a usable and fit-for-purpose geographic unit. Data may not necessarily be available at a
suitable resolution for effectively visualising spatial patterns using a choropleth map. Boscoe
and Pickle (2003) defined the following ideal characteristics of geographic units, among other

factors:

T AA high degree of resolution,
1 homogeneity of population size and land area,

1 minimum population thresholds and land area thresholds,

9 compactness of shape,

91 audience familiarity, and

1

functi onal rel evanceo.

Population data derived from national census surveys are typically aggregated into specific
geographic units, such as enumerator areas, wards, or municipal boundaries. It is generally
recommended to visualise population data as ratios, such as population per square kilometre
or rate, instead of actual values (Tyner, 2014). In a South African context, other data
aggregation types include crime statistics by police precinct and information on voter

registration and party support by voting district.

2.3.2 Number of Classes

Kraak and Ormeling (2020)ment i oned that Ait is a good cartog
arrange the data before displayi ng,whithésindeedihi s pr
a form of data generalisation. Five to seven classes are generally accepted throughout the

literature ( Br ewer , 2015, Kraak & Or mel i ngFRurthémfictel; OO0 Su
Peterson (2015) mentioned thefive-s hade rul e: At he human eye can o
five shades of the same colour 0Additionally, fewer than five class intervals are not
recommended, as the level of detail will be lost or severely limited. The opposite is true when

more than nine class intervals are used. The display becomes too detailed, and fikey

differences between classes are difficult to seefi(De Smith et al., 2018).
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2.3.3 Class Limits

When choosing a specific number of classes, the choropleth map designer should also
consider the upper and lower limits of each class. According to Robinson (1995), faspect
of choropleth mapping has received more space in the cartographic literature than methods
t o det er mi neOverthayeass, numenoustdataclassification algorithms have been
developed and integrated into GIS software applications. Since each data classification
method has its own advantages and disadvantages, choosing an appropriate method should
be considered carefully. One of the key aspects to consider is the overall distribution of the
data. ADifferent frequency distributions suggest
Some methods, such as standard deviation, are more effective when the data are evenly or
normally distributed. In contrast, natural breaks are typically used when the data distribution

is skewed.

Brewer (2006) statedt hat At her e i s nml aosnse a dbaniesrt @aMh.y t o
pointed out in his book How to Lie with Maps that different sets of categories (or class limits)
can lead to completely different interpretations. He further mentioned that mapping software
canAfencour age limmdvértandysassés i asrt d-tt ihme m Ssinplysudeche default
classification methods to define class limits and the number of classes when creating a

choropleth map without exploring the other options available in the software.

Numerous data classification methods, or methods for determining class limits, for choropleth
maps are described in the literature, for example Slocum et al. (2014) highlighted six frequently
used methods of data classification. These include equal intervals, quantiles, mean-standard
deviation, maximum breaks, natural breaks, and the optimal method. Cromley (2019)
observed that the most frequently used optimal classification is the Jenks optimal
classification. Tyner (2014) mentioned arithmetic progression and geometric progression as

additional classification methods.

De Smith et al. (2018) compiled a comprehensive list of frequently used data classification
methods for choropleth maps, which are typically used to analyse univariate data that include
a single variable, such as population density or mortality rate. Besides those mentioned above,
De Smith et al. (2018) included unique values, exponential intervals, percentiles, and box
plots. Other data classification methods that are worth mentioning include equal feature areas
(Lloyd & Steinke, 1977), harmonic series (Kraak & Ormeling, 2011), and nested means (Dent
et al., 2009; Kraak & Ormeling, 2011).

For a more customised approach, class breaks could be manually adjusted to accentuate a
particular phenomenon relevant to the analysis. While other potential data classification

methods are mentioned in the literature, they are not readily available in GIS applications.
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Schiewe (2023) introduced a change preservation metric that evaluates the effectiveness of a
data classification method. The metric could be used as a data classification method that
Afexplicitly takes the pr es e(6chiawe,20238; 2a2f1). Ccaheknag e s i
(2018) and Jiang (2012) described a head-tail break data classification, which is useful for
data with a heavy-tailed distribution that are not normally distributed. Traun and Loidl (2012)
proposed an autocorrelation-based regioclassification method, which groups polygons if their

attributes are similar and spatially adjacent.

While there are various GIS software applications available for spatial analysis, mapping, and
visualisation (both open source and licenced), ArcGIS Pro? and QGIS® are considered the
most popular and frequently used applications globally, including in South Africa (GIS
Geography, 2022). Bolstad (2012) mentioned that ArcGIS is by far the most popular GIS
software. Furthermore, Gl S Ge o0@022 pdnking of the 30 best GIS software
applications placed ArcGIS Pro in the top spot, followed by QGIS. Hence, for the purpose of
this research, the effectiveness of data classification methods for choropleth maps available
in either ArcGIS Pro or QGIS will be examined. The following section provides a detailed

description of each data classification method.

2.3.3.1 Data Classification Methods Available in ArcGIS Pro or QGIS for Calculating

Class Limits

Table 1 shows the nine data classification methods that are available in either ArcGIS Pro or
QGIS. The geometric interval data classification method is only available in ArcGIS Pro, while
QGIS offers specific methods, including logarithmic scale and pretty breaks. Defined (or fixed)
interval, equal interval, manual interval, natural breaks (Jenks), quantiles, and standard
deviation are available in both ArcGIS Pro and QGIS.

Table 1: Data classification methods available in ArcGIS Pro and QGIS

Data Classification GIS Software
Method ArcGIS Pro QGIS

Defined (or Fixed) Interval
Equal Interval
Geometric Interval
Logarithmic Scale
Manual Interval
Natural Breaks (Jenks)
Pretty Breaks
Quantiles
Standard Deviation

2 https://www.esri.com/en-us/home
3 https://www.qgis.org/en/site/
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To illustrate the diverse visualisations that can be achieved using these data classification
methods, a series of choropleth maps depicting population density by municipality in South
Africa was created (see Figure 1 to Figure 7). For this purpose, the Census 2011 municipal
boundaries along with population density estimates were used. There are 234 municipalities
across nhine provinces in the country. The minimum population density is 0.33 people per
square kilometre, while the maximum is 2 961 people per square kilometre, with a mean
density of 96.5 (Statistics South Africa, 2012c).

2.3.3.2 Choropleth Maps Depicting Population Density by Municipality

With the exception of the manual and defined interval methods, which require the user to set
custom or manual limits for each class, the choropleth maps that follow highlight population
density based on seven data classification methods: equal interval, geometric interval,
logarithmic scale, natural breaks (Jenks), pretty breaks, quantiles, and standard deviation.

Where possible, five classes were chosen.

Defined (or Fixed) Interval and Manual Interval

Both these data classification methods require manual input. For a defined (or fixed) interval,
the user specifies a fixed size for each class break. If the data ranges between a minimum
value of 0 and a maximum of 100 and the user specifies a fixed size of 10, the GIS application
will generate ten classes: 0i 10;1071 20; 20i 30; 30i 40; 40i 50; 50i 60; 60i 70; 707 80; 80i 90;
and 907 100. The manual intervals data classification method requires the user to define both

the custom class limits and the number of classes.

Equal Interval

The equal interval classification method creates equal-sized class breaks based on a specified
number of classes, using the minimum and maximum data values. Figure 1 shows five
classes, each with a class limit of approximately 540. The number of features within classes
is skewed, with 227 of the 234 features (municipalities) allocated to the first class (0.3i 538).
This method works best if the data are uniformly distributed, meaning the data distribution has

no peak and is consistent (Kraak et al., 2021).
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Map (A) Equal Interval

227

Figure 1: Equal interval data classification
Geometric Interval

The geometric interval data classification method is only available in ArcGIS Pro. In theory,
the method attempts to group an equivalent number of features in each class while maintaining
consistent class intervals. This is done by minimising the sum of squares for the data in each
class. The population density map in Figure 2 shows a significantly lower feature count for the
fourth and fifth class breaks. Additionally, the class intervals are inconsistent. The first class
ranges from 0.3 to 11, while the last two classes range from over 195 to 728 and from over
728 to 2 961, respectively. This method is usually preferred if the data are skewed (Evans,
1977).

Map (B) Geometric Interval

11

6
N =

03to11 1110 50 50to 195 195t0 728 728 to 2961

Figure 2: Geometric interval data classification
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Logarithmic Scale

The logarithmic scale, which is only available only in QGIS, creates an exponential increase
between each class break. This method is useful when data span a wide range of values. The
population density map in Figure 3 illustrates these increments based on five class breaks:
0.337110° (0.33711); 10° 10! (17 10); 10% 102 (107 100); 10% 10° (1007 1 000); and 10% 10*
(1 0007 10 000). Since the legend is difficult to interpret, the map designer should consider
changing the legend text manually.

Map (C) Logarithmic Scale
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Figure 3: Logarithmic scale data classification

Natural Breaks (Jenks)

Jenks implemented a data classification algorithm in 1977, which was proposed by Fisher, to
identify data belonging to the same class (as cited in Dent et al., 2009). The method, known
as the optimal method, is now maore commonly referred to as natural breaks (Jenks) in modern
GIS software applications. The objective is to minimise the measure of data classification
errors. Data with similar values are grouped into classes, with class breaks defined where
there are significant differences between the data values. The number of features in each
class is usually unevenly distributed, and the intervals between class breaks are not
consistent. One advantage of this method is that it is effective for data that are not normally
distributed ( Ca g k a,. Th2 (pdp8lation density map in Figure 4 shows that most
municipalities are allocated to the first two classes, with 149 and 69, respectively, while only

a few polygons are allocated to the other classes.
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Map (D) Natural Breaks (Jenks)
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Figure 4: Natural breaks (Jenks) data classification
Pretty Breaks

The pretty breaks data classification method, which is only available in QGIS, is similar to the
equal interval method, in which equal-sized class breaks are created based on the minimum
and maximum data values. The pretty breaks data method, however, does attempt to round
(or simplify) the upper- and lower-class breaks, making them easier to read. As an example,
the first and second class break intervals in Figure 5 were 0.3 to 538, and 538 to 1 076,
respectively, compared to the pretty breaks data of 0.3 to 500, and greater than 500 to 1 000,
respectively. Again, this method works best if the data are uniformly distributed, meaning the

data distribution has no peak and is consistent (Kraak et al., 2021).

Map (E) Pretty Breaks

227
£
3 0 3 0 1
0.3to500 500 to 1000 to 1500 to 2000 to 2500 to
’ 1000 1500 2000 2500 3000
g 4

Figure 5: Pretty breaks data classification

Quantiles

Quantiles attempt to group an equal number of features in each class (De Smith et al., 2018).
As a result, class intervals are usually not consistent. This method is effective if the data are

not normally distributed. The population density map in Figure 6 indicates that four of the five
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classes comprise 47 municipalities each, with 46 municipalities in the last class. One
advantage of this method is that no class interval will be empty, meaning features are
distributed across all classes (Vasilca, 2019), compared to equal interval and pretty breaks,

where some classes may be empty.

Map (F) Quantiles
47 a7 47 47
~ 46
7
L)
0.196 d)/b‘:; %/O 6:96 6}0
s ® % % %%,

Figure 6: Quantiles data classification

Standard Deviation

Standard deviation measures the difference betweene ac h f eat ur erddshe averdll a

mean. ArcGIS Pro creates class breaks with equal ranges. The population density map in
Figure 7 shows an interval size of one standard deviation, resulting in only three classes. The
legend displays the difference between the means but nottheact u a l cl ass
2018). The number of classes is generated automatically based on the interval size. This
method is usually recommended when the data are normally distributed without outliers
(Slocum et al., 2014).

Map (G) Standard Deviation
218
9 2
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v

Figure 7: Standard deviation data classification
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2.3.4 Problems with Simple Choropleth Maps

One disadvantage of choropleth maps when visualising statistical data is the tendency to
foveremphasize large, yet often sparsely populated, administrative areas because of their
strong vi s(Beaanconet al.,2020)0This is also true for population data depicting
urban and rural areas, as rural areas encompass a larger geographic space than urban areas
(Harris et al., 2017). Furthermore, since statistical data are usually captured on various
administrative boundaries, such as enumerator areas or wards, which are demarcated
artificially, i t i s not possible to show vari at.Slocamwi t hi n
et al. (2014) stated that choropleth maps are most effective and accurate when the size and

shape of the polygons are fairly similar.

One of the major challenges associated with choropleth maps is selecting a suitable data
classification method that displays and communicates the data distribution in a clear and
effective way (Slocum et al., 2014). Using the wrong data classification method can distort
spatial patterns, resulting in a misleading representation of population densities. This may
highlight incorrect or inappropriate locations for the positioning of service centres, ultimately
leading to poor service delivery and frustrated citizens. Another challenge with choropleth
maps in South Africa is selecting a classification method that effectively displays unequal and
dispersed population densities (demand). It should emphasise not only the city centres and
their surroundings but also secondary or tertiary populated areas such as townships and

informal settlements that are segregated from the city centre.

Kraak et al. (2021) pointed out that classification could potentially increase uncertainty, as the

patterns derived from a classification are influenced by the positioning of class breaks.

Additionally, Jenks (1963) comme nt ed t hat fa cartographer make
without really understanding what effect these judgments will have upon the reader 6 s
interpretati on .d&hoosinthtee wdongsar mapjraptiate aatao classification

method for visualising data with choropleth maps could potentially distort spatial patterns,

causing misleading representations and a possible oversimplification of information (Brewer,

2006; Evans, 1977 Monmonier, 2018). Schiewe (2023) further noted that standard or

traditional data classification methods are not ideal for visualising multi-temporal data, where

temporal changes are either lost or incorrectly highlighted.

2.4 Measurement Techniques

As discussed in Section 2.3.3, a key consideration in choosing a data classification method
for a specific data set is the data distribution. i Di f f er ent frequency di st

di fferent cl ass interval S y s tsachmasctanddedvdaviation, 197 7 ) .

18



are more effective when the data are evenly or normally distributed, while natural breaks are

often preferred for skewed data distributions.

Besides data distribution, the literature highlights two effective techniques for measuring or
assessing data classification methods for choropleth maps. These include, firstly, a user study
in the form of a survey or questionnaire and, secondly, mathematical equations that measure
the error between class breaks. This is useful for understanding the extent of data

generalisation within class breaks.

In user studies, questionnaires are frequently used to assess respondents @terpretation of
choropleth maps that depict different data classification methods. The user study typically
includes a series of map-specific questions. The correct and incorrect answers are analysed
to determine which method(s) the target audience understands better, specifically the
respondents participating in the user study.

The literature discusses various mathematical equations for determining the error between
class breaks, with references dating back to the 1970s. These equations calculate an accuracy
score or index that indicates the level of data generalisation within each class break. Jenks
and Caspall (1971) highlighted the fact that since a choropleth map is a fgeneralization of

reality based on an aerial (or location) distribution, it must include some degree of errora

The next section provides a detailed description of each technique.

2.4.1 User Studies

AfUser studies can objectively establish which me
(Kosara et al., 2003). User studies are conducted using a survey or questionnaire. Survey
guestionnaires have been used for many years (Clifford et al., 2016), including in the field of

geography, and have proven to be an important tool for evaluatingpeopl eds percept.i
interpretations of a subject. These questionnaires are frequently referred to as explicit reports

duetot heir explicitness, AfPeople know they are pr
they are sur v e&ySetwg 2012M @esigreny & questionnaire requires careful

planning, and the questions should be structured to address a specific topic or research

problem effectively. Clifford et al. (2016) further described the following three basic principles

for designing questions:

1 Keeping the questions simple,
91 Define and describe relevant terminology clearly and effectively, and lastly

1 Try to use plain and simple wording; easily understood by the target audiencea
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As internet connectivity is becoming more available and affordable, online questionnaires are
increasingly being considered as a great cost-effective approach compared to traditional
methods such as face-to-face or telephonic interviews (Regmi et al., 2016). To design online
guestionnaires, Regmi et al. (2016) defined six key components. Firstly, a user-friendly design
makes it easy for respondents to navigate the interface and respond to the various questions.
Secondly, selecting the appropriate respondents to participate in the survey is a crucial aspect
to consider. Not just regarding their required level of expertise on a subject but also their age,
technical literacy, and experience with online applications. Thirdly, multiple responses from
respondents should be avoided as much as possible by requesting that potential participants
register for the survey. The forth component is data management. Data management is
important. Secure data storage, along with the ability to export survey results, enables
researchers to analyse data using various platforms such as MS Excel or a database
management system. Next, ethical issues, which include informed consent, privacy and
confidentiality, and the right to withdraw are noted in the questionnaire. The final component
involves piloting. Once the questionnaire design is complete and available on an online
platform, it is advisable to conduct a pilot study with a small group of targeted individuals. The
pilot is required to test the functionality of the online questionnaire, identify potential issues,

and evaluate the structure and format of the captured data.

The following section highlights various user studies described in the literature. The review
begins with examples of how questionnaires were used to assess map reading skills. The
Santa Barbara Sense of Direction Scale developed by Hegarty et al. (2002) has proven to be
a useful tool for predicting spatial abilities in different environments. The scale consists of 27
self-evaluation questions, with responses ranging from 1 (strongly agree) to 7 (strongly
disagree). During the discussion, Hegarty et al. (2002) noted that while evidence suggests
that people oftenfiov er est i mat e theirtstady® obseitvatidns revead thad people

ar soméwhattruthfuland accurate in estimating their envi:

Lee and Bednarz (2012) developed a spatial thinking ability test. The test was designed to
cover the following spatial thinking components: orientation and direction, map and graphic
information, choosing locations on a map, slope profiles, spatial distribution of map features,
visualising three-dimensional images, foverlayinga nd di s s o |, and understaralipgob

point, line and polygon features. In their conclusion, Lee and Bednarz (2012) highlighted the

fact t hat spati al t hi nki ng, andsin oader fioctestl studeats ® on o f
knowledge of spat i al thinking, they should Ademonstrate
way.so
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In another example, Tomaszewski et al. (2015) presented a modified version of the spatial
thinking ability test. They conducted a logistic regression analysis to assess the significance
of the variables. The results of the study indicate that students from urban schools performed
better than those from rural schools. Tomaszewski et al. (2015) also found statistically

significant differences between the gender groups.

A map reading experiment regarding the interpretation of COVID-19 data compared
choropleth map visualisations with graduated symbols, which were considered the most
frequently used techniques for visualising COVID-19 data at the time. Results from an online
guestionnaire revealed the opposite, showing that choropleth maps were much easier to read

and understand than graduated symbols (Sukraini et al., 2022).

Albert et al. (2016) tested the general map reading skills of 488 higher education students.
The questions focused on orientation, distance, topographic elements, geographic hames,
map symbols, and hypsography. The results of their study revealed variations in map reading

competency based on gender, nationality, and age group.

Rautenbach et al. (2014) conducted a map literacy test using both two-dimensional maps and
three-dimensional models. The test was conducted using various methods, including a focus
group and a questionnaire, and it examined aspects such as map orientation, direction, and
distance. Twenty-one students participated in the experiments. The preliminary results from
the study showed that participants performed equally well when exposed to two-dimensional
maps and three-dimensional models. Subsequently, Rautenbach et al. (2017) developed and
evaluated a task taxonomy for spatial planning through a map literacy experiment involving
49 map-literate participants using topographic maps. The task taxonomy included tasks
ranging across six levels of increasing difficulty. Qualtrics was used to design the online
guestionnaire. Participation was voluntary, and there was no time limit for completing the
guestionnaire. The results were evaluated based on an accuracy score, which reflected the
correct and incorrect responses of participants. The results indicate that the accuracy score
of participants correlated with their self-perceived difficulty levels for each question.
Rautenbach et al. (2017) also found that ge nder Afhad no effect

compl et i olLastlytthenmeap literacy experiment demonstrated that there was no
significant correlation between participantséself-rated experience levels and their accuracy in

performance.

Lloyd and Bunch (2008) evaluated map reading efficiency based on gender, memory and
geographic information. Their experiment included a map reading task, in which respondents

were asked to locate specific states on a map of the United States based on their names. The
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slowest mean reaction time and the lowest mean accuracy were recorded for females (Lloyd
& Bunch, 2008).

Questionnaires are also useful for assessing how respondents interpret maps depicting
statistical data. Schiewe (2019) evaluated the visual perception of spatial patterns with
choropleth maps based -i®smore thinsy aren-size fbihse and slata-
cl assi fi cd@The study ingolvéd @esigning an online questionnaire, which was used
to examine responses from 260 participants. The results revealed that higher values are
indeed associated with darker colours. The analysis also confirmed area-size bias, as 301

40% of participants overlooked smaller areas on the map.

Afifah (2019) tested data classification methods and colour symbol schemes to visualise
population density in the Special Region of Yogyakarta. Although a proportion assessment
test was used to evaluate the effectiveness of data classification methods, a questionnaire
was also designed featuring choropleth maps to evaluate various colour symbol schemes.
Based on the time and duration required to assess maps using eye-tracking technology,
effective colour symbol schemes were identified. The results from his proportion test suggest
that the arithmetic interval data classification method was the most effective. The eye-tracking

analysis revealed that a diverging colour scheme was the most effective.

The use of questionnaires to evaluate the effectiveness of data classification methods for
choropleth maps is not a new concept. Through questionnaires, respondents are typically
asked to answer a series of map-specific questions based on choropleth maps that depict
various data classification methods. Percentage accuracy scores, which represent the
percentage of correct answers provided by respondents, are used to compare data
classification methods and determine which methods are most suitable for a specific data set

and use case.

Brewer and Pickle (2002) assessed various data classification methods for classifying
epidemiological data using choropleth maps. The study comprises nine series of mortality
maps for the United States, which are based on seven different classification methods. These
include hybrid equal intervals, quantiles, box plots, standard deviation, natural breaks (Jenks),
minimum boundary error, and shared area. A total of 56 respondents, all students at
Pennsylvania State University, participated in the study. The map interpretation questions
were designed in such a way that certain question types were more difficult than others.
Brewer and Pickle (2002) conducted a logistic regression analysis to evaluate the accuracy of
responses derived from the seven data classification methods. Findings from the study

indicate that quantiles and the minimum boundary error classification methods produced the
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most accurate results, which were best interpreted by participants, followed by natural breaks

(Jenks) and a hybrid version of equal intervals.

2.4.2 Error Calculation Between Class Breaks

Calculating the error between class breaks to evaluate data classification methods for

choropleth maps is well-documented in the scientific literature. Jenks and Caspall (1971)

highlighted the fact that since a choropleth map is a generalisation of reality based on an aerial

or locational distribution, it must include some degree of error. Jenks and Caspall (1971)

further noted that factors such as the visual attractiveness of patterns and the creation of class

breaks defined at AfAcritical 0 v aslsucteas Jones (1830)c ons i de
and Schultz (1961). In general, Jenks and Caspall (1971) commented that writers or

researchers recognise the need for an objective approach to define and evaluate accurate

data classes.

For example, Figure 8 illustrates the level of generalisation, distortion, or error that occurs
when data are grouped into different classes. Figure 8(A) shows an unclassed three-
dimensional prism map. Each polygon is displayed at a certain unique height (as opposed to
a unique colour for each polygon), hence no generalisation. Figure 8(B) shows a two-
dimensional choropleth map with generalisation based on a data classification method with
five class intervals. Lastly, Figure 8(C) illustrates the generalisation or distortion of Figure 8(B),
this time using a three-dimensional prism map that shows areas (polygons) belonging to the
same class. Thus, polygons in the same class are displayed at a uniform height, which makes
it difficult for the user to discern variations within that class. This phenomenon is known as

generalisation, distortion, or error.
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Figure 8: Generalisation based on data classification

Source: Jenks and Caspall (1971)
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Robinson (1984) and Slocum et al. (2014) described two statistical criteria for calculating the

error for class limits, namely goodness of variance fit and goodness of absolute deviation fit.

Goodness of Variance Fit

A measurement technique frequently described in the literature is the goodness of variance fit
(GVF) measure (Armstrong et al., 2003; Chandra & Mistri, 2011; Declerq, 1995; Golian et al.,
2010; Robinson, 1984; Slocum et al., 2014; Smith, 1986). The GVF score ranges from O to 1,
with 1 representing the highest accuracy. This means there is no generalisation or distortion,
ensuring that each polygon belongs to a distinct class. The GVF measures the fsum of
squared deviations about the class meandbased on the following formula:

"YOO 0"YOO0 0

‘Ow"0p Y05 0

Where SDAMs the squared deviation from the array mean and SDCMSs the total sum of square

deviation from the array mean (Robinson, 1984).

An existing R package called Jenks71 and classint is available for automatically calculating
GVF, the overview accuracy index, and tabular accuracy index scores simultaneously for any
given data classification method, using a specified number of class intervals (the overview
accuracy index and tabular accuracy index are described in more detail below). For example,
see the Jenks71 R script (Figure 9) depicting five class intervals based on the quantile data

classification method.

install.packages("spbata")
data(jenks71, package="spData")
install.packages(“classint")
library(classInt)

g5 <- classIntervals(jenks71%jenks71, n=5, style="quantile™)
print(jenks.tests(q5, jenks71%area))

Figure 9: Jenks71 R package
Goodness of Absolute Deviation Fit

The goodness of absolute deviation fit (GADF) is also used to assess the accuracy of data

classification methods. GADF is calculated with the following formula:

00060
0000

"00 00p
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Where ADCMis the sum of absolute deviations about class median (Slocum et al., 2014)
(Vasilca, 2019) and ADAMis the sum of absolute deviations about the median for the entire

data set.

Jenks and Caspall (1971) developed three additional algorithms to assess the error of a
classification method: the overview accuracy index, tabular accuracy index, and boundary
accuracy index. These measurement techniques were designed to evaluate data classification
methods based on these questions: (a) i Wimapccleates the most accurate overview?;
(b) Which map provides the most accurate intensity values?; (c) Which map has boundaries
that occur along major breaks in the statistical surface?0 (Jenks & Caspall, 1971). The

accuracy index ranges from 0 to 1, with 1 representing the highest level of accuracy.

Lastly, another measure for calculating classification error is based on the sum of absolute
deviations from the class medians (ADCM), which is illustrated in Table 2. This calculation
was used to develop an optimal data classification method. The classification errors for the
optimal method (on the right) and the quantiles method (on the left) are calculated separately.
For example, Class 2 in the quantiles classification includes 14, 31, and 32. The median is 31,
so the error calculation is as follows: (147 31=17)+ (317 31=0)+ (327 31=1)=(17+0+1)=18.
Note the significantly smaller error for the optimal classification method when the data are
grouped differently. The calculated error for the quantiles is significantly higher at 87,

compared to the optimal method, which has an error of only 7.

Raw Data: 11, 12, 13, 14, 31, 32, 33,99, 100
Quantiles Classification Optimal Classification
Class Value Error Class Value Error
1 11,12, 13 2 1 11,12,13, 14 4
2 14,31, 32 18 2 31, 32,33 2
3 33, 99, 100 67 3 99, 100 1
ADCM = 87 ADCM = 7

Table 2: Sum of absolute deviations from the class medians

Source: Slocum et al. (2014)

The following section highlights various examples from the literature where data classification

methods were evaluated based on the error calculation between class breaks.

Declerg (1995) compared the GVF to two other measurement techniques: the goodness of
deviation around the median fit and the GADF for data classification accuracy. Their intention
was to determine the optimal number of class intervals using various data classification

methods. These include: the Jenks optimal method, equal intervals, a suboptimal method

Aminimising i magaadahathargubeptimaalt i nmentohod A mi ni mi

25



compl elxuirtiynog t he study, a GVF accuracy of .0.95 or
Results from this study suggest that seven or eight classes are required for accurate

choropleth maps.

Chandra and Mistri (2011) used the GVF measurement technique to test for the most suitable
classification method when the data are normally distributed. For this, they used the population
density data of the Bankura District. Five data classification methods were tested: equal range
(or equal interval), nested mean, parameters of normal distribution (or standard deviation),
guantiles, and areal equal steps. The equal range classification achieved the highest accuracy
of 82.96%. This was followed by standard deviation, quantiles, and nested means. Areal equal

steps was ranked the lowest.

Additionally, Vasilca (2019) used the GADF to assess the effectiveness of the data
classification methods available in ArcGIS Pro. For this purpose, thematic maps were created
to illustrate the correlations between emergency calls and the populations of various regions
in Romania. The GADF measure yielded the highest value for natural breaks at 0.82, followed

by geometric interval, which scored 0.76. The lowest accuracy score was quantiles at 0.49.

Smith (1986) compared five traditional data classification methods i quartile, equal interval,
standard deviation, natural breaks, and an optimisation method i based on the GVF
measurement. It wat determined that only the optimisation method, nowadays commonly
referred to as natural breaks (Jenks), produced accurate results. For this study, a sample of
117 data sets was derived from the 1977 County and City Data Book, which includes data

such as birth rate, population density, and income.

2.5 Population Distribution in South Africa

South Africa has an uneven population distribution, which leads to unequal access to service
facilities. Weir-Smith and Dlamini (2024)f ur t her menti oned that fAunequa
is at the heart of econoandthatpostbparthedpolieies dicthnotSout h A
resolve economic imbalances caused by the apartheid era. A report by the World Bank (2018)
on poverty and inequality describes South Africa as one of the most unequal countries in the

world, statingt hat fi nequality has increased since the ¢

People in South Africa are highly segregated, and this segregation is inherently geographical
(Brown & Chung, 2006). The Group Areas Act 41 of 1950 (apartheid)i pr ohi bi t ed t he mu
useoroccupat i on dStrauss, 208N Sehregatetl aones were established in urban
areas, allowing only certain race groups to live and work there. This resulted in the

establishment of densely populated townships and informal settlements outside city centres
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and suburban living spaces. Mostly poor people reside in these areas, and access to basic
services and public service centres is limited and insufficient. Ar ound 67 % of the ¢
population live in urban spaces, with an estimated urban growth rate of 1.97% (UN-Habitat,
n.d.), affecting service delivery and resulting in an ever-increasing unemployment rate and
rising crime levels. Moeti et al. (2023) analysed quality of life survey data from the Gauteng
City-Region Observatory and found that residents of informal settlements have significantly

poorer access to healthcare facilities compared to those living in formal housing structures.

2.5.1 Population Data

Statistics South Africa? is the custodian of demographic data in South Africa. The last national
census survey was conducted in 2022. Unfortunately, demographic data has not yet been
released at a more granular level than local or metropolitan municipalities. Hence, for this
research, demographic (or population) data from the previous national census conducted in
2011 were used. The following section first describes national and provincial population
dynamics based on Census 2022, followed by a more granular description of population
distribution based on the Census 2011 data (Statistics South Africa, 2012c).

The country covers a land area of approximately 1.2 million square kilometres. The total
population is estimated to have reached 62 million in 2022, an increase from 51.7 million in
2011. Of the nine provinces, most people reside in Gauteng (15 million) and KwaZulu-Natal
(12.4 million). The dominant population groups are Africans (81.4%) and coloured people
(8.2%). The white population is estimated to be 7.3%. The total number of households is
estimated at 17.8 million. Access to basic services, such as water, sanitation, and electricity,
was also documented. It was estimated that around 82% of households has access to piped
water, which includes access inside a dwelling or in the yard. Most households (70%) have
flush toilets, followed by access to pit toilets without ventilation (12.5%). It was also reported
that 94.7% of households use electricity as their main source of energy (Statistics South Africa,
2023a).

For Census 2011, the country was demarcated into approximately 103 000 enumerator areas
ifbasedpemni fications of administrative boundaries
South Africa, 2012a), which were used to capture all the demographic data. These enumerator

areas were subsequently classified intotene numer at or azaordiag totapgh @iteria i
profiling | and use and hurStatistics South Afrcan) 20d2b). @i t hi n

the 51.8 million people in South Africa, more than half (55.8%) live in formal residential areas,

4 https://www.statssa.gov.za/
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followed by traditional residential areas and informal residential areas, with 31.3% and 5.8%,

respectively. See Table 3.

Table 3: Population distribution by enumerator area type

Enumerator Area Type Population Percentage
Formal residential 28 885 090 55.8%
Informal residential 2991477 5.8%
Traditional residential 16 213521 31.3%
Farms 2078722 4.0%
Parks and recreation 35999 0.1%
Collective living quarters 609 907 1.2%
Industrial 157 978 0.3%
Small holdings 451 811 0.9%
Vacant 59 588 0.1%
Commercial 286 478 0.6%
Total 51 770 571 100.0%

Source: Compiled from Statistics South Africa; Interactive data in SuperCROSS (2012)

Census data are accessible to the public through an online portal® and a software application
called Census 2011 Community Profiles in SuperCROSS. SuperCROSS allows users to
download a range of demographic variables, including age, gender, population group, income,
and employment data, for various geographic units or scales. These include a small area layer,

sub-place, ward, main place, municipality, district, and province.

The small area layer is the smallest geographic unit for which demographic data are available.
The data set is an aggregation of enumerator areas consisting of approximately 84 000
polygons. Sub-pl aces represent fa suburb, section or
war d or (Statistice SonttaAfricas 2012).| Maimm@anes 0

include cities, towns, townships, tribal authorities, and administrative areas.

village,sub-vi | | age,

Based on the 2011 municipal demarcation, South Africa has 234 municipalities, including 226
local municipalities and eight metropolitan municipalities. Some municipalities are
characterised by a diverse and distinctive geographic spread of urban, farm, and traditional
spaces. The population within municipalities is unevenly distributed. In addition to densely
populated central business districts, most municipalities also feature scattered pockets of

populated townships or informal settlements located in peri-urban areas or outside the city

centre. Henderson (2006) noted that a graphic visualisaton of t he data i s fHesse

t he dat a dThehistogramRigure 1) which contains 20 bins calculated in ArcGIS

5 https://superweb.statssa.gov.za/webapi/jsf/login.xhtml
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Pro and illustrates population density (POPKM2), highlights the fact that at the municipal level,

the population is not normally distributed but rather skewed at 6.7 (kurtosis = 54.6).
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Figure 10: Population distribution by municipality

Due to its history, the geographic distribution of the South African population presents unique
challenges for visualising spatial patterns on a map for effective decision-making. To
effectively connect the population with public services, decision makers must understand
where the population demand is in relation to public service facilities (Snyman & Coetzee,
2024). To do this, supply (service centres or facilities) and demand (population) maps are
needed to visualise potential gaps and shortfalls. Choropleth maps are commonly used and
effective for visualising population distribution (see Section 2.5.2 for a discussion on the use

of choropleth maps in South Africa).

The challenge with data classification methods for choropleth maps in South Africa lies in
selecting a classification method that effectively displays the unequal and dispersed
population densities (demand). It should emphasise not only the city centres and their
surroundings but also secondary or tertiary populated areas, such as townships and informal

settlements, that are segregated from the city centre.

2.5.2 Choropleth Maps in South Africa

Choropleth maps are frequently used by the Electoral Commission of South Africa (IEC) to
visualise voting and voter registration patterns. T h e | (E02% #tlas of Results® enables
users to analyse political party support with pregenerated choropleth maps (Figure 11) for
different geographic units such as voting districts, wards or municipalities. The Atlas is an

online portal that showcases election results from 1999 to 2019. Voter registration choropleth

6 https://atlas.elections.org.za/npeatlas/#
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maps at the voting district level (highlighting high- and low-density patterns) enable decision
makers to optimise voting district boundaries and voting station locations in preparation for
election day (IEC, 2019).

[ORGROJORE) ) ORCRONORCHCHORO)
2019: Party support by voting district ANC
[Rs .

Figure 11: Choropleth maps showing voter registration and party support
Source: IEC (2019)

Statistics South Africa (2023b) uses choropleth maps to display population distribution and
growth patterns across the country.” Other examples include (a) a study by Public Health that
used choropleth maps to analyse cervical cancer screenings (Makura et al., 2016); and (b) an
analysis of population distribution in relation to economic activity across the Gauteng city
region (Mosiane & Murray, 2021). In a study conducted by the University of Pretoria,
choropleth maps were used to show both isochrones i indicating travel time to catheterisation
laboratories (cath lab) facilities i and population density by ward. The aim of the study was to
identify densely populated areas across South Africa where access to cath lab facilities

exceeds the specified travel-time thresholds (Coetzee et al., 2021).

A Scopus search for articles and abstracts that included the key phrases @horopleth mapéand
&outh Africadyielded four more relevant publications. Bekker (2023) analysed the occurrence
of protest incidents using both dot distribution and choropleth maps and suggested that
protests per capita are best represented with choropleth maps. Friesen et al. (2018) described
a proof of concept web application that displays community-oriented primary care data using
both choropleth maps and proportional circle maps. Friesen et al. (2018) concluded that for
choroplethmaps,ian aut omated determination of the optin
specific variable would be desirable. In health science, Khumalo et al. (2022) utilised the
capabilities of choropleth maps to analyse the distribution of community health workers in
relation to HIV prevalence in the KwaZulu-Natal province. A final example of the use of
choropleth maps is a study by Motlana et al. (2021) that visualised the spatial distribution of

cancer cases across three public hospitals in KwaZulu-Natal from 2015 to 2017.

7 https://census.statssa.gov.za/#/
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2.6 Geographic Accessibility and Population Demand

For this research, visualising population demand for geographic accessibility analysis was
selected as a use case to assess the effectiveness of data classification methods for
choropleth maps. This section provides a brief overview of the concept of geographic

accessibility.

fRAccessibility is the most widely wused metric i

service del i&NMurray,2009).Grhaomecting the population to public services,
decision makers must understand where the population demand is in relation to public service
facilities (Snyman & Coetzee, 2024). To achieve this, it is essential to create maps that
visualise both supply (service centres or facilities) and demand (population) in order to identify
gaps and shortfalls.il mpr ovi ng service del i v eagakeyproritysof
governmentii (Green, 2012). Popul ati on demand r effpeopleswhd may

need the serviceso (Ma et al., 2018).

Effectively communicating or presenting the results of a geographic accessibility analysis is
as important as the results themselves. Although visualising population demand is not the only
metric used to analyse geographic accessibility, it is one of the prominent outputs of such a
study, which is usually presented to a target audience. Generally, choropleth maps are
effective for visualising statistical data such as population densities (Tyner, 2014). Other
critical factors to consider are a road network and the location of service centres or facilities

(DPSA, 2021). If service centres are situated too far away from the population demand,

I peop
t he #fn

reaching these cent fceon sarm nfgcBoMit@) 00 which douldn e

result in poor service delivery and frustrated citizens. Rodrique et al. (2009) defined spatial or
geographic access as fAthe measure of the
reach, different othdimeaand distansedAshiagloretal.,2020) between

people and service centres.

Snyman and Coetzee (2024) measured geographic access to service facilities in the rural
areas of the Eastern Cape, South Africa, where roads and footpaths are often not mapped.
For the study, they compared travel distances based on a straight line, a road network, and
an augmented travel network that includes a triangular irregular network to serve as a proxy
for unmapped roads and footpaths. The results from their study suggest that an augmented
travel network is a suitable alternative for measuring geographic access to service centres,
especially in data-poor areas where rural roads and footpaths are not mapped. Choropleth

maps were used throughout the study to visualise travel distances to service centres.
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Earlier work by the Department of Public Service and Administration (DPSA, 2012) includes
the development of a practical step-by-step guideline for improving geographic access to
government service points. While the guideline was comprehensive regarding developing
access standards, collecting and using quality geospatial data, conducting accessibility
studies, and developing an implementation strategy, little attention was given to the
geographic visualisation of results.

Questions relating to geographic accessibility differentiate between densely and sparsely
populated areas, while also identifying locations that are either over- or underserved for the
optimal provision of service centres. Questions were structured based on the following facility
location modelsasi dent i fi ed (R012) gebgeaphiz BcBesdgsideline:

1 Expansion model
9 Reduction model

I Relocation model

The expansion model encompasses two approaches: greenfield and brownfield. For the
greenfield approach, optimal locations for service centres are determined regardless of the
current footprint of service centres. The brownfield approach considers the current footprint
when determining optimal locations (DPSA, 2012). If service centres are not optimally located
(close to the people) due to possible settlement growth or movement patterns, they could

either be relocated (relocation model) or closed down (reduction model).

Examples of geographic accessibility studies that mapped population demand using
choropleth maps include published work by Ab Hamid et al. (2023), Chen et al. (2023), and
DPSA (2013).

The literature review explored the use of choropleth maps and emphasised the importance of
choosing an appropriate data classification method for a specific dataset. Also, previous
research identified two effective techniques for measuring or assessing data classification
methods for choropleth maps. These include, firstly, a user study in the form of a survey or
guestionnaire and, secondly, mathematical equations that measure the error between class
breaks. To assess different data classification methods based on these two techniques, maps

are needed.

The next chapter (Chapter 3) focuses on the research design with a technical description of
the processes that were followed to create choropleth maps for evaluation. These include the
selection of study areas, geographic units, number of classes, colour schemes, and data

classification methods.
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3. RESEARCH DESIGN

Chapter 3 describes the choropleth map design process. The first section provides an
overview of the research approach and ethical considerations, followed by a technical
description (Sections 3.3 to 3.6) of how the data and choropleth maps were prepared. Figure

12 illustrates the five steps of the map design process.

Identify Study Define . SEIE.CF Da_ta Define Number Select a Colour
Geographic Classification
Areas . of Classes Scheme
Units Methods

Figure 12: Choropleth map design process flow

3.1 Approach

Based on the recommendations of the empirical literature review, this research adopted two
guantitative research methods (Research Objective 2) to assess the effectiveness of data
classification methods for choropleth maps. These include elements of both explicit reports
(experimental design) and statistical data analysis (nonexperimental design). The explicit
reports were based on a user study (presented in Chapter 4), which consisted of an open-
ended online questionnaire that assessed

depicting different data classification methods for geographic accessibility analysis (Research
Objective 3). For the user study, convenience sampling was used which included voluntary

participation of students from the University of Pretoria.

Statistical data analysis involved measurement techniques to assess and evaluate the
effectiveness of data classification methods for visualising population demand in South Africa.
For this, the error between class breaks was measured using a recommended mathematical
equation (Research Objective 4). The statistical data analysis process and results are

presented in Chapter 5.

For this research, priority was given to the user study. The error between class breaks
measurement was used to compare findings from the user study against a well-known
mathematical equation. The combination of these two methods provided a more

comprehensive view of the use of data classification methods for choropleth maps.

3.2 Ethical Considerations

The research aim and objectives were approved by the Ethics Committee, Faculty of Natural

and Agricultural Sciences, University of Pretoria (NAS021/2023). Please see Appendix A for
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the ethics approval document. Participants who accepted the invitation to participate in the
user study were informed aboutther e s e a pupdsé ad objectives and they were required

to give their consent before completing the questionnaire.
The following geographic data sets were used with permission from the data custodians:

Census 2011 population data, aggregated by small area layer and sub-place from

Statistics South Africa. https://www.statssa.gov.za/?page id=425

Eskom Holdings SOC Ltd Spot Building Count; a geo-referenced dwelling or building

frame point data set. https://www.eskom.co.za/paia-popia/

3.3 Study Areas

The aim was to identify suitable study areas that are representative of the unique spatial
distribution of people in South Africa, as described in Section 2.5. Choropleth maps showing
various study areas at different geographic units, or geographic scales as defined in
Section 3.4, were designed to eliminate a possible learning effect. Specifically, to avoid or limit
the likelihood that participants fesponses to a question based on a choropleth map would be

influenced or affected by their answers to previous questions in the questionnaire.

The population in South Africa is not evenly distributed. In addition to the densely populated
central business districts, which are characterised by high-rise residential buildings, and
suburban residential zones in metropolitan or local municipalities, there are also scattered
pockets of densely populated townships and informal settlements located in peri-urban areas
or on the outskirts of city centres. The challenge with data classification methods for choropleth
maps lies in effectively displaying the varying densities. Choropleth maps should highlight not
only primary locations such as city centres and their surrounding suburban areas but also

populated secondary and tertiary locations such as townships and informal settlements.

Statistics South Africa is the custodian of demographic data in South Africa. Although a
national census survey was conducted in 2022, demographic data has not yet been released
on a more granular level than local and metropolitan municipalities. Hence, for this research,
demographic (or population) data from Census 2011 were used (Statistics South Africa,
2012c), as the data are available at more granular levels, referred to as small area layers and
sub-places. Small area layer polygons are the smallest geographical units with demographic
data, whereas sub-places are aggregated polygons derived from small area layers that

represent suburbs or villages (Statistics South Africa, 2012b).

Based on the Census 2011 results, the country has a population of 51.7 million covering a

total land area of 1.2 million square kilometres. South Africa has 234 municipalities, which
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include 226 local municipalities and eight metropolitan municipalities (Statistics South Africa,
2012c). Furthermore, areas are categorised into ten enumerator area types: formal residential,
informal residential, traditional residential, farms, parks and recreation, collective living
quarters, industrial, small holdings, vacant, and commercial, highlighting the diverse
landscape of the country (SuperCROSS, 2012).

To effectively evaluate and assess the suitability of data classification methods for choropleth
maps that depict population demand in a diverse geographic setting, representative
municipalities were selected as study areas where populations are distributed across all ten
enumerator area types. Table 4 shows the top ten municipalities based on total population

distributed across all enumerator area types.

Table 4: Top ten municipalities based on total population distributed across all enumerator area types

Local and Metropolitan Municipality Total Population Rank
eThekwini Metropolitan Municipality 3442 360 1
City of Tshwane Metropolitan Municipality 2921 488 2
Buffalo City Metropolitan Municipality 755 094 3
Mangaung Metropolitan Municipality 747 432 4
Polokwane Local Municipality 629 000 5
The Msunduzi Local Municipality 618 536 6
Thulamela Local Municipality 618 462 7
Mbombela Local Municipality 588 794 8
Rustenburg Local Municipality 549 574 9
Bushbuckridge Local Municipality 541 249 10

Source: Compiled from Statistics South Africa; Interactive data in SuperCROSS (2012)

The aim was to identify four suitable study areas that are representative of the unique spatial
distribution of people in South Africa (see Figure 13), namely the City of Tshwane Metropolitan
Municipality, Buffalo City Metropolitan Municipality, Mangaung Metropolitan Municipality, and

Polokwane Local Municipality.

35



Ty, s

South/Africa
0 1,000 2000 3,000
Kilometers

N

- /
A N
Polokwane Local A
Municipality
POPO
City of Tshwane
Metropolitan Municipality
D alanga
<4
ori) 1z 7
Mangaung Metropolitan
Municipality
Buffalo City Metropolitan D Provincial Boundary
A ety I selected Municipalities
[:J Municipal Boundary
0 100 200 400
]|
Kilometers
Data Sources: Esni South Africa, Esri, TomTom, Garmin, FAO, NOAA, USGS,
Esri, USGS, Statistics South Africa and naturalearthdata.com

Figure 13: Municipalities in South Africa showing the four selected study areas
Source: Map created in ArcGIS Pro using built-in data from Esri (2024). These include Esri South Africa, TomTom,
Garmin, FAO, NOAA and USGS. Other sources include Statistics South Africa (2011) and naturalearthdata.com

(2023)

Table 5 depicts the percentage distribution of the population per enumerator area type for
each of the four selected study areas. Most people reside in formal residential areas, except

for the Polokwane Local Municipality, where 54.8% of the population lives in traditional

residential areas, followed by 37.4% in formal residential areas.

Table 5: Percentage population distribution per enumerator area type for each of the four selected study areas

Buffalo (_:ity T(s:rl1t\7va(1)r]:e Mangau_ng Polokwane
Enumerator Area Type Metr_opollt_an Metropolitan Metrppollt_an L_ogal '

Municipality Municipality Municipality Municipality
Formal residential 67.4% 78.1% 83.4% 37.4%
Informal residential 12.6% 10.3% 8.4% 2.3%
Traditional residential 16.4% 5.2% 1.6% 54.8%
Farms 1.2% 0.6% 1.6% 0.7%
Parks and recreation 0.0% 0.0% 0.0% 0.1%
Collective living quarters 1.3% 2.1% 2.3% 1.2%
Industrial 0.3% 0.3% 0.7% 0.1%
Small holdings 0.2% 2.3% 1.6% 2.8%
Vacant 0.1% 0.0% 0.1% 0.2%
Commercial 0.6% 1.0% 0.3% 0.5%

Source: Compiled from Statistics South Africa; Interactive data in SuperCROSS (2012)
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Figure 14 to Figure 17 show detailed orientation maps of each study area, depicting municipal
boundaries as demarcated in 2011. The maps were designed in Maptitude GIS, highlighting
primary cities and towns, as well as general topographic features such as road and railway
infrastructure, along with natural features including dams, river networks, and nature reserves.
Data sources include OpenStreetMap, NAVTEQ, and Statistics South Africa.

City of Tshwane Metropolitan Municipality

The metropolitan area is situated in Gauteng province and covers more than 6 300 square
kilometres, making it the largest of the four selected study areas. With a total population
estimate of just under 3 million, based on Census 2011, the population density is
approximately 460 people per square kilometre (Statistics South Africa, 2012d). Major cities
include Pretor i a, alanghwith varmus dengely @opulatedalqealittesasuch as
Mamelodi, Atteridgeville, Centurion, Akasia, Ga-Rankuwa and Mabopane, which are in close
proximity to the capital. Secondary localities across the metropolitan area include

Bronkhorstspruit, Cullinan, Rayton, Ekangala, and Temba.

ATshwane str et &hfeom eaatktowessand 108%rh from north to south, making
it the third-l argest <city in the worl d af (Cayrof Tshevane, Yor k a |
n.d.).

iThe municipalitybébs main economic sectors are co

by finance and manufacturing @Statistics South Africa, 2012d).
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Buffalo City Metropolitan Municipality

The Buffalo City Metropolitan Municipality is situated in the Eastern Cape province and has a

and

coastline of 68 kilometres along the Indian Ocean. The metropolitan is approximately 2 500
East London is the largest city in the metro, situated on the coastandfiboast i ng
sea

square kilometres with a population density of just under 300 people per square kilometre.

i ai
| Boffalo Gitly Matrepolitarf Municipality, n.d.). Densely populated localities
across Buffalo City include Mdantsane, Bhisho, and Qonce.
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Figure 15: Buffalo City Metropolitan Municipality
Source: Map created using data from NAVTEQ (2012), OpenStreetMap (2024), and Statistics South Africa (2011)

Mangaung Metropolitan Municipality

The Mangaung Metropolitan Municipality is located in the Free State province. Mangaung
translatestot he pl ace of the cheetah. iThe economy
s e c t followed by the finance sector (Statistics South Africa, 2012e). The largest city is
Bloemfontein, which is also the largest city in the province, with densely populated secondary
localities including Botshabelo, Mangaung, and Thaba Nchu. The physical size of the
metropolitan area is just below 6 300 square kilometres with around 750 000 people (120

people per square kilometre).
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Figure 16: Mangaung Metropolitan Municipality
Source: Map created using data from NAVTEQ (2012), OpenStreetMap (2024), and Statistics South Africa (2011)

Polokwane Local Municipality

The Polokwane Local Municipality is situated in the Limpopo province, bordering Botswana,
Zimbabwe, and Mozambique. The municipality spans just over 3 800 square kilometres and
has a population of close to 630 000 (Statistics South Africa, 2012c). Polokwane is the largest
city in the municipality and serves as the capital of the province. Most people in the municipality
reside in traditional residential dwellings (55%), followed by formal residential dwellings (37%)
and small holdings (3%) (Statistics South Africa, 2012c).
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Source: Map created using data from NAVTEQ (2012), OpenStreetMap (2024), and Statistics South Africa (2011)

3.4 Geographic Units

A geographic unit, also referred to as data resolution, fi i s related to scal e,
granul arity of the da t(Slocumletalt 2044). 8ince ge@yphic anitsma ppi n g
such as census blocks, wards, and hexagons, are important factors to consider when selecting

geospatial data visualisation techniques, various geographic units that depict population

distribution were identified for this research.

The aim was to evaluate and test the impact of different geographic units on the effectiveness
of data classification methods for choropleth maps. Firstly, geographic units depicting
population demographics were selected from the Census 2011 Community Profiles in
SuperCROSS database, an official and freely available data source. These include a small
area layer and sub-places. Small area layer polygons are the smallest geographical units with
demographic data, whereas sub-places are aggregated polygons derived from small area
layers that represent suburbs or villages. Secondly, since both small area layer and sub-place
polygons vary in size, hexagons were created to represent equal-sized polygons, the
researcher also wanted to determine whether equal- or varied-sized polygons could influence

participants interpretation of choropleth maps. Rather than computing spatial overlays, which
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present their own challenges, it was decided to superimpose the Census 2011 population data
onto the hexagons. A point data set called Spot Building Count representing dwelling locations
was aggregated per hexagon to indicate densities, or rather household densities, per

hexagon.

The Spot Building Count data are maintained by Eskom,® the main electricity supplier in South
Africa. Points are captured from Spot 5 imagery (European Space Agency, n.d.) and verified
through various sources, including schools, 1:50 000 topographic data, and dwelling points
captured by Statistics South Africa (n.d.). Hexagons were created with an area of two square
kilometres, because the sub-place median polygon size of all four municipalities combined is
approximately 1.5 square kilometres, which was rounded up to 2 square kilometres. Figure 18
and Figure 19 show the four municipalities depicting equal- and varied-sized polygons:

hexagons, small area layer, and sub-places.

8 https://www.eskom.co.za/
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Buffalo City Metropolitan Municipality (East London) City of Tshwane Metropolitan Municipality
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Small Area Layer (SAL)

Figure 18: Geographic units for the Buffalo City Metropolitan Municipality and City of Tshwane Metropolitan
Municipality
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Mangaung Metropolitan Municipality (Bloemfontein) Polokwane Local Municipality
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Figure 19: Geographic units for the Mangaung Metropolitan Municipality and Polokwane Local Municipality

35 Data Classification

Data classification methods are used for choropleth maps to categorise data by determining
upper- and lower-class limits based on a specified number of classes. Ideally, choropleth maps
depicting population distribution in South Africa should highlight not only the primary high-
density areas, such as city centres and their surroundings, but also populated secondary and

tertiary locations, such as townships and informal settlements.
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Although various open source and licenced GIS software applications are available and used

for spatial analysis, mapping, and visualisation in South Africa, ArcGIS Pro°® and QGIS*°

(Figure 20) are considered to be the most popular and frequently used applications globally

and locally (GIS Geography, 2022; Khan & Mohiuddin, 2018). Hence, the data classification

methods available in both these applications were considered for this research. Bolstad (2012)

mentioned that ArcGIS is the most popular GIS software. Accor di ng to GI S Geoc¢
(2022) ranking of the 30 best GIS software applications, ArcGIS Pro was rated the best,

followed by QGIS 3. While other GIS applications are also used in South Africa, they are not

compared to ArcGIS Pro and QGIS frequently. These applications include GeoDa, Maplnfo,

Maptitude, TransCAD, Global Mapper, and SAGA.

long term release

@ oo (QAGIS 3.28

Firenze
&9 esri

Figure 20: ArcGIS Pro and QGIS

There are nine data classification methods available in both ArcGIS Pro and QGIS. These
include: defined (or fixed) interval, equal interval, geometric interval, logarithmic scale, manual
interval, natural breaks (Jenks), pretty breaks, quantiles, and standard deviation. The
geometric interval data classification method is available exclusively in ArcGIS Pro. Methods
specific to QGIS include logarithmic scale and pretty breaks. Defined (or fixed) interval, equal
interval, manual interval, natural breaks (Jenks), quantiles and standard deviation are
available in both ArcGIS Pro and QGIS. Refer to Section 2.3 for examples and a detailed

description of these data classification methods.

Except for the manual and defined interval methods, which require users to set custom/manual
limits for each class, this study initially identified seven data classification methods, namely
equal interval, geometric interval, logarithmic scale, natural breaks (Jenks), pretty breaks,

guantiles, and standard deviation.

One of the key aspects recommended in the literature for selecting a data classification
method for a specific data set is conducting a data distribution test, also known as a test for
normality in the data. Hence, for these seven methods, histograms and descriptive statistics

9 https://www.esri.com/en-us/home
10 https://www.qgis.org/en/site/
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were generated, showing both population and household distribution per study area and

geographic unit (hexagon, small area layer, and sub-place).

The histograms in Figure 21 show the data distribution for each study area and geographic

unit. Based on a visual inspection, it is evident that the data are not normally distributed.
Descriptive statistics, as shown in Table 6 to Table 9, confirm this. The skewness and kurtosis
measuret he fdegree of normal ity of d i&&n, 201%).UAt § on s,
skewness value between 1 0.5 and 0.5 suggests a normal distribution of frequencies (Hatem

et al., 2022).

The results suggest that the household distribution by hexagon and population density by
small area layer and sub-place are not normally distributed in any of the four study areas;
instead, they are highly skewed. The degree of skewness of the four study areas per
geographic unit ranges from 2.49 to 8.02. This indicates that the majority of polygons exhibit
a low population distribution (or low household count for hexagons and low population density
for small area layers and sub-places), while only a small number of outliers show extremely

high density.
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Figure 21: Histograms showing data distribution for each study area per geographic unit
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Table 6: Descriptive statistics for Buffalo City Metropolitan Municipality

Buffalo City Metropolitan Municipality (East London) i Descriptives

TYPE Statistic Std. Error
Count Hexagon T Mean 162.69 11.518
Household count Median 20.00
Std. Deviation 400.813
Minimum 0
Maximum 5192
N 1211
Skewness 4.844 0.070
Kurtosis 33.565 0.140
Small area layer 1 Mean 5270.11 180.390
Population density  Median 3116.77
Std. Deviation 6 715.746
Minimum 1
Maximum 55 690
N 1 386
Skewness 2.835 0.066
Kurtosis 10.311 0.131
Sub-place i Mean 1 946.80 185.049
Population density  Median 931.28
Std. Deviation 3447.080
Minimum 0
Maximum 34 544
N 347
Skewness 5.279 0.131

Kurtosis 37.045 0.261




Table 7: Descriptive statistics for City of Tshwane Metropolitan Municipality

City of Tshwane Metropolitan Municipality i

Descriptives

TYPE Statistic Std. Error
Count Hexagon i Mean 193.98 8.626
Household count Median 19.50
Std. Deviation 504.134
Minimum 0
Maximum 6 851
N 3416
Skewness 4.765 0.042
Kurtosis 32.086 0.084
Small area layer T Mean 7 046.88 129.917
Population density Median 4 484.17
Std. Deviation 8 738.313
Minimum 1
Maximum 127 262
N 594
Skewness 4509 0.036
Kurtosis 33.953 0.073
Sub-place i Mean 3408.64 169.267
Population density Median 2195.19
Std. Deviation 4 125.388
Minimum 0
Maximum 31 648
N 31648
Skewness 2.491 0.100
Kurtosis 9.457 0.200
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Table 8: Descriptive statistics for Mangaung Metropolitan Municipality

Mangaung Metropolitan Municipality (Bloemfontein) 1 Descriptives

TYPE Statistic Std. Error
Count Hexagon i Mean 63.71 6.027
Household count Median 1.00
Std. Deviation 325.762
Minimum 0
Maximum 4 586
N 2921
Skewness 8.020 0.045
Kurtosis 74.624 0.091
Small area layer T Mean 5270.11 180.390
Population density Median 3116.77
Std. Deviation 6 715.746
Minimum 1
Maximum 55 690
N 1 386
Skewness 2.835 0.066
Kurtosis 10.311 0.131
Sub-place i Mean 1 946.80 185.049
Population density Median 931.28
Std. Deviation 3447.080
Minimum 0
Maximum 34 544
N 347
Skewness 5.279 0.131
Kurtosis 37.045 0.261
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Table 9: Descriptive statistics for Polokwane Local Municipality

Polokwane Local Municipality i Descriptives

TYPE Statistic Std. Error
Count Hexagon i Mean 86.99 5.525
Household count Median 4.00
Std. Deviation 237.826
Minimum 0
Maximum 2 447
N 1853
Skewness 4.982 0.057
Kurtosis 31.772 0.114
Small area layer T Mean 2 746.80 114.345
Population density Median 1585.38
Std. Deviation 3 664.407
Minimum 0
Maximum 41 990
N 1027
Skewness 4,967 0.076
Kurtosis 39.967 0.152
Sub-place i Mean 1 305.02 100.149
Population density Median 899.76
Std. Deviation 1528.705
Minimum 0
Maximum 10 266
N 233
Skewness 2.742 0.159
Kurtosis 9.411 0.318

Based on the skewness of the population distribution for each study area and geographic unit

(hexagon, sub-place and small area layer), the standard deviation, equal interval and pretty

breaks data classification methods were excluded from further analysis, as these methods are

best suited for data that are normally distributed (Slocum et al., 2014; Tyner, 2014; Vasilca,

2019). Furthermore, equal intervals and pretty breaks are most effective when the data are

uniformly distributed, meaning the data distribution has no peak and is consistent (Kraak et

al., 2021). Hence, these methods would not effectively represent data distribution in South

Africa, nor would the data variability or nuances stand out.

The remaining data classification methods that were tested in the user study along with their

accuracy score measurements (or errors between class breaks), include:

Geometric interval,

Logarithmic scale,

Natural breaks (Jenks), and

Quantiles.
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3.6 Map Design

A total of 48 choropleth maps were created to depict the four study areas (local and
metropolitan municipalities), three geographic units (hexagons, small area layers, and sub-
places), and four data classification methods (see Figure 23 to Figure 34). Based on the
recommendations found in the literature, five class intervals were used for all the maps where

possible. The default number of classes in both ArcGIS Pro and QGIS was set to five.

Most GIS software applications include a variety of built-in colour and pattern schemes to
display differences between class intervals when designing a choropleth map. Nevertheless,
the researcher opted for the well-known generic colour scheme design web application,
ColorBrewer,! (Figure 22) to select differential colours for each class interval. To ensure
consistency, a single colour scheme was used for all maps. ColorBrewer is a free web
application, created by Brewer, that allows users to specify the number of data classes and
select a predefined colour scheme. All maps were standardised by using a single sequential
colour scheme ranging from light yellow to dark blue. Light grey was chosenf or t he boundar

outline colour.

Number of data classes: | 5 v | i pda 0 Ao
U U K |
Nature of your data: i
@® sequential O diverging O gualitative
Pick a color scheme: ]
Multi-hue: Single hue: 1~
IEEE BB |
Only show: i | 5-class YIGnBu N
D colorblind safe @ m ;?4:: D:] %
a print friendly | RGE v | Q
O photocopy safe I E
B 255,255,204
Context: i
161,218,180
Oroads IEI
Ocities lEI 65,182,196
borders [ B 44,127,184
37.52,148
Background:
® solid color
Oterrain
I
color transparency
& Cynthia Brewer, Mark Harrower and The Pennsylvania State University @ OX]SI'T'IODS
Source code and feadback
Backto Flash version
Backto ColorBrewer 1.0

Figure 22: ColorBrewer 2.0

11 https://colorbrewer2.org/
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Although ColorBrewer requires a certain degree of manual work for the map designer i

specifically copying RGB or hex values for each colour and manually updating the five auto-

generated colour schemes in ArcGIS Pro and QGIS T a similar colour scheme is built in and
available in both GIS software applications: Yellow-Green-Blue in ArcGIS Pro and YIGnBu in

QGIS.
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Figure 27: Mangaung Metropolitan Municipality i Small area layer

55



Population Density

0.00-27144

271.45-804.35
= 804,36 - 1850.55
= 1850.56 - 3904,48
. 390449 - 7936,80

GeometricInterval__

1590m

L3

) Kilometers: E3n. NASA NGA, USGS, Ei South Africa, Esn, HERE, Garmmin, Founquane. FAD, /"
0510 20 METNA R

Population Density
0-1070
1070 - 1071

B 1071 - 1042

N 1072 - 1073

I 1073- 1074

Logarithmic Scale

0 5101520km <
-

—»N at u ra I B re a ks (J.g n ks) Population Density

S 0,00-546.12
546,13 - 1470,82

W 147083 - 3047,83

. 3047.84 - 473593

— 473594 - 7936.80

- o

Bl
) Kilometers Esri, CGIAR.Esn South Africa, Esri HERE, Gormin, Foursquare, FAQ, METUNASA,#
0510 20 U

)
' : =% -
3
?
)
) Kilometers Esn NASA NGA USGS. £ South Altica, Esri, HERE Gaemve, Foursquare, FAO, /™
0510 20 MET sss

= Population Density
Quantiles ...
R ool 0.00-257.74
257.75-750,97

. 750,98 - 1836,37
= 1836,38 - 3604,32
. 360433 - 7936,80

Figure 28: Mangaung Metropolitan Municipality i Sub-place
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Figure 31: Polokwane Local Municipality i Sub-place
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Figure 33: City of Tshwane Metropolitan Municipality i Small area layer
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Figure 34: City of Tshwane Metropolitan Municipality i Sub-place

Chapter 3 described the process followed to design choropleth maps so that the maps could
be assessed with a user study (described in the next chapter) as well as through a
mathematical equation that measures the error between class breaks for each data
classification method (Chapter 5). A total of 48 choropleth maps were created depicting the
four selected study areas (local and metropolitan municipalities), three geographic units
(hexagons, small areas, and sub-places), and four data classification methods: geometric

interval, logarithmic scale, natural breaks (Jenks), and quantiles.
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4, USER STUDY
4.1 Introduction

Chapter 4 evaluates the suitability of data classification methods for choropleth maps depicting
population demand (Research Objective 3: Identify the most suitable data classification
method(s) to visualise population demand for decision makers in geographic accessibility
studies in South Africa). Four data classification methods, available in both ArcGIS Pro and

QGIS, were selected and assessed through a user study.

The chapter is divided into four parts. Section 4.2 describes the user study design. Section 4.3
gives an overview of the respondents who participated. Section 4.4 assesses the results
derived from the user study, and Section 4.5 concludes with a discussion of the key findings.
See Figure 35.

4 R N
Design

Questionnaire
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L responses)
Findings

Figure 35: User study flow diagram

The results of the user study were used to elicit recommendations regarding the suitability of

each method. These recommendations are useful for non-GIS professionals who need to
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analyse population demand in South Africa but are unsure which data classification method
willef fectively display t he daionusing ghéreplethmapsfue popul

4.2 Study Design

The user study includes a survey featuring an online questionnaire designed to assess
respondentsé interpretations of choropleth maps depicting population demand (see
Appendix C). The survey was created using Qualtrics,'? a secure online platform specifically
designed for building and customising online questionnaires. Qualtrics enables researchers to
create survey projects, allowing them to select and customise from a variety of built-in methods
to design questions, such as radio buttons, drop-down menus, and click events. Click events
are useful when assessing respondents @nterpretation and understanding of images. For
example, respondents were asked to identify specific locations by clicking on a map. The
guestionnaire was accessible online through a web address link. Therefore, an internet

connection was required to access and complete the questionnaire.

Quialtrics also captures general statistics such as the starting date and time, as well as the
duration to complete the questionnaire, including the time taken for each question. The

structure of the questionnaire comprised four parts:

T Introduction and background,

1 Demographic, academic, and skills characteristics of respondents,
1 Map literacy and colour vision tests, and
1

Choropleth map assessment.

4.2.1 Introduction and Background

The starting page of the questionnaire included a brief introduction, providing respondents
with a concise description of the research goal, intended outcome, and potential applications
of the results. The key concepts and terminology, including geographic accessibility and
choropleth maps, were explained, followed by a brief overview of the questionnaire structure.
Content regarding research ethics and participants @onsent was also added. See the text

below.

12 https://www.qualtrics.com/uk/
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https://www.qualtrics.com/uk/

Dear participant

This survey evaluates the interpretation of different data classification methods for choropleth maps. Results

from the survey will be used to develop a set of good practices for professionaleadhio visualise
population demand with choropleth maps in order to conduct geographic accessibility studies.

What is geographic accessibility and how is it measured?
Geographic accessibility is measured by calculating the physical distance peoplddrapetific facilities or

service centres (such as clinics, community celntres,

these centres is costly and time consuming, especially to those who suffer the burden of poverty and

depr i v a asurimghgeograplie accessibility enables policy makers to implement effective strategieg for

the optimal positioning of service centres (close to the people).

Choropleth (or thematic) maps are frequently used to visualise population demand for geogcapbgibility

studies. It is however noted that these maps are sometimes incorrectly interpreted or misunderstood which leads

to ineffective optimisation strategies. These strategies include recommendations for (1) where to open g new

service centre,e.t he O6expansion model &8 (2) wheg.e ttlhoe cdrogsdcku at ical

and (3) where to move a current service centre to a different locatione . t he o6r el ocatijon

What you need to do
You will be shown 2 general map readogestions, as well as 48 map interpretation questions specifically

related to geographic accessibility (where to open, close or move service centres). Please read each guestion

carefully and then follow the instructions for providing an answer.

Note thatconsent cannot be withdrawn once the questionnaire is submitted as there is no way to trace the

particular questionnaire that has been filled in. Please answer the questions in the questionnaire as completely

and honestly as possible. This should not takee than 30 minutes of your time. This study has received

written approval from Research Ethics Committees of the Faculty of Natural and Agricultural Sciences (lel:

012420 4356). The results of the survey may be published in the media and/or an agaderalavithout

identifying any of the participants individually. We will provide you with a summary of our findings on request.

mo d

If you have any questions or comments, please do not hesitate to ask the facilitators or contact Lourens|Snyman,

lourens.snyma@up.ac.za

By clicking 6Nexté, you agree to the above terims

Thank you

4.2.2 Demographic, Academic and Skills Characteristics of Respondents

The first part of the questionnaire was designed to capture ther e s p o n demographic
characteristics and their current level of education. Demographics included age and gender.
Details of their current academic enrolment programme were logged, including a summary of
modules (subjects) that they are either busy with or have completed. Additionally, various self-
evaluation questions were designed, and respondents were asked to rate their level of training
or proficiency in different categories related to visualisation, cartography, GIS, and data
analysis. These categories included map reading, geography, statistics, cartography,
planning, topographic maps, statistical maps, spatial data, web browsers, English as a
language, and Google Maps. The rating scale ranged from 0 to 10, with a score of 10 being
the highest.
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4.2.3 Map Literacy and Colour Vision Test

These questions were added to establish a general baseline of map literacy among of
respondents and also to evaluate their ability to differentiate different colour scales, which
could influence their ability to visualise choropleth maps. The two general map literacy
guestions were designed to test spatial orientation skills related to distance, direction, and the

general identification of map features (Table 10).

Table 10: Map literacy questions

Definition Question

Distance What is the approximate distance (straight-line) between points A and B on the
measurement map?

Sense of If | travel from Pretoria to Kungwini, | will be travelling in a(n) direction.
direction

For the colour vision test, respondents were first asked whether a professional had ever
informed them that they had imperfect colour vision. This was followed by a test in which they

were required to differentiate between light and dark colour schemes. See Figure 36.

Question 10 - Use the image below to identify the eight different colors

Light Light Light
Blue Blue Green Green Red  LightRed Yellow  Yellow
A @) O O O O O O O
B O ®) O O ®) O @) ®)
c O O O O O O O O
D @) ®) O O ®) ®) @) ®)
E O O O O O O O O
F O @) @) O @) @) O @)
G O O O O O O O O
H O O O @) ®) ©) @) @)

Figure 36: Colour vision test
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4.2.4 Choropleth Map Assessment

The last part, which covers the main research objectives, includes map-specific questions (see
Table 11) where respondents dnterpretations of choropleth maps depicting different data
classification methods were assessed. Questions related to geographic accessibility were
designed according to real-world scenarios. Respondents were required to differentiate
between densely and sparsely populated areas and to identify locations that are over- or
underserved for the optimal provision of service centres. Questions were structured based on
the following facility location models i dent i f i ed (2012t geagrapbid® &cesdss
guideline:

1 Expansion model,
9 Reduction model, and

i Relocation model.

Respondents were required to click on relevant locations on the map. The locations of existing
service centres were randomly plotted; hence, they do not reflect an actual geographic

footprint.

Four questions were designed, each with varying levels of difficulty. Question 1 is considered
the easiest, while Question 4 is considered the most difficult. Additionally, each question
required respondents to click on a specific number of locations on the map, referred to here
as O0cl i cTke urderlyingtdatadclassification method used for each choropleth map was

not disclosed to respondents.
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Table 11: Geographic accessibility questions

Definition

Question

No. of Click

Events

Q1L

Identify three areas on the map where the dwelling count is very
low. Click on the relevant areas.

Q2:

Identify the best area for opening a new service centre. ldeally the
new centre should be located in a densely populated cluster (areas
with a high dwelling count). The maximum threshold (catchment
area of a service centre) is 10 km, i.e. a centre serves only people
within 10 km from it. Anybody living further away is not served by
that centre.

Q3:

Identify two locations on the map to add additional service centres.
These centres should be located in high-density clusters (areas with
a high dwelling count) with no other facility nearby (further than

10 km away from existing centres).

Q4.

Identify two service centres that are incorrectly placed and should
be relocated to different locations. Remember the ideal location
would-be high-density clusters (areas with a high dwelling count)
with no other facility close by (within 10 km).

A total of 48 static choropleth maps were used, covering the four study areas (local and

metropolitan municipalities), three geographic units, and four data classification methods, as

described in Chapter 3.

Respondents were assigned exactly the same questions in the same sequence (within-subject

participant assignment). One disadvantage of this method is a potential learning effect,

meaning that a response to a question could be influenced or affected by previous questions.

Thus, to eliminate sequential dependencies of responses and the potential learning effect,

both the geographic unit and locality (study areas) changed throughout the questionnaire

(Table 12). For reference, geographic units include hexagons, small area layers, and sub-

places. The four localities (or study areas) are:

A1 City of Tshwane Metropolitan Municipality,

B i Buffalo City Metropolitan Municipality,

C i Polokwane Local Municipality, and

D i Mangaung Metropolitan Municipality.
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Table 12: Structure of the questionnaire

Data Classification

Method Hexagon Small area layer Sub-place
1 2 3 4 5 6 7 8 9 10 11 12
Geometric interval Q1L Q2 03 04|01 Q2 Q3 Q4|01 Q2 Q3 04
A B C D B C D A C D A B
13 14 15 16 17 18 19 20 21 22 23 24
Logarithmic scale Ql Q2 03 Q4 |0Q1L Q2 03 Q4|Q1L Q2 Q3 04
D A B C A B C D B C D A
25 26 27 2829 30 31 32|33 34 3 36
Natural breaks (Jenks) Ql Q2 Q3 Q4|01 Q2 Q3 Q4|01 Q2 Q3 Q4
C D A B D A B C A B C D
37 38 39 40 41 42 43 44 45 46 47 48
Quantiles Q1L Q2 Q3 Q4|01 Q2 Q3 Q4|01 Q2 Q3 04
B C D A C D A B D A B C

For example, Question 22 (highlighted in orange in Table 12) includes:

(1) Identify the best area for opening a new service centre, (2) the location (or study area) is
Polokwane Local Municipality (C), and (3) the choropleth map shows population density on a

sub-place level based on the logarithmic scale data classification method (see Figure 37).

Figure 37: Question 22 i Identify the best area for opening a new service centre
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