
 
 

 
 

 

Abstract  

The unprecedented and often unplanned growth of urban areas in the global south is resulting in 

the spontaneous emergence of sprawling slums. The SDG (Sustainable Development Goal) 11, 

mentions as its first target to ensure access for all to adequate, safe and affordable housing and 

basic services and to upgrade slums by 2030 (United Nations, n.d.).  To achieve this detailed 

geographic information in relation to slums is essential for urban planners and other stakeholders 

to formulate effective interventions. To tackle this challenge, researchers have explored mapping 

methods like remote sensing and census data. However, employing these techniques to get 

precise spatial data regarding slums remains difficult for reasons like the detection of only large 

areas of slums or accessibility of census takers to these areas. 

In response to this, research's main goal is to improve the accuracy of detailed slum mapping by 

applying principles of urban morphology and topology, two fields that have been exploring 

settlements with very dynamic and organic characteristics. As a result, two sub objectives 

emerged: first, to explore quantitative parameters derived from building footprints and secondly, 

the development of a topology-based algorithm for identifying spatial relationships within slum 

areas. Once this was implemented in the Korail slum (Bangladesh) as a training area, an in-

detailed description of the informal settlement resulted. As a third objective, this study also 

intended to evaluate the adaptability of this methodology across diverse geographical contexts in 

the global south. For that purpose, the whole methodology was tested in two other slums: Katanga 

in Kampala (Uganda) and Ricardo Brugada in Asunción (Paraguay). 

Given that precise data availability for slums is often limited from official sources, this study 

serves as a valuable tool by utilizing VGI (Volunteered Geographical Information) from OSM 

(OpenStreetMap) to obtain building footprints and neighborhood polygons. Moreover, the 

mapping method is executable using readily accessible open-source tools like Python scripts 

executed within notebooks. By leveraging the mentioned, the proposed methodology provides a 

cost-effective and innovative solution for mapping slums, benefiting stakeholders including urban 

planners, designers, and local communities. 
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1 Introduction  

1.1 Motivation and Problem Statement 

In the contemporary world, urban centers are experiencing unprecedented growth, with cities 

expanding at an exponential rate.  Particularly in the global south, this growth often occurs 

aimlessly, resulting in the spontaneous emergence of sprawling slums that lack proper planning 

or organization. These informal settlements, though often overlooked and unregistered, 

represent a significant and undeniable facet of urban life. Despite their lack of formal recognition, 

they are home to countless individuals and families, forming integral components of the urban 

landscape and with a projection of growth in the next few years, for it is one in eight people who 

live in slums. In total, around a billion people live in slum conditions today (Tracking 

Improvement in the Lives of Slum Dwellers, 2015). All this mentioned, combined with the lack of 

urban planning that lies with it, represent several problems in these settlements, for instance the 

lack of tenure security, access to safe water, access to acceptable sanitation, durability of housing 

(Tracking Improvement in the Lives of Slum Dwellers, 2015). 

SDG 11, "Make cities and human settlements inclusive, safe, resilient and sustainable", mentions 

as a first goal to ensure access for all to adequate, safe and affordable housing and basic services 

and upgrade slums United Nations. (n.d.). For that purpose, it is necessary to localize qualitative 

and quantitative data collection and analysis systems to better understand local urban contexts 

in a more timely and accessible manner (Tracking Improvement in the Lives of Slum Dwellers, 

2015). Detailed geographic information in relation to the subject is essential for urban planners 

and other professionals/authorities to formulate effective interventions. Nonetheless, numerous 

significant challenges represent an obstacle to this endeavor. In attempts to overcome them, 

certain initiatives have been undertaken.  

To elaborate, one of the evident solutions was the mapping of slums, achieved through using 

remote sensing data, or socio-economic indicators using census data. However, employing these 

techniques to get precise spatial data regarding slums remains difficult. On the one hand, while 

remote sensing is a useful tool to maps slums at a low cost, and studies have shown that a 

combination of VHR (Very High Resolution) images and the ability of convolutional neural 

networks  to automatically learn high-level spatial features resulted in a streamlined workflow 

for slum mapping and higher classification accuracy (Persello et al., 2022), the method is not able 

to capture structural patterns and spatial relationships, which are important aspects to consider 
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when thinking about urban interventions. On the other hand, while census data stands as a potent 

instrument for maintaining an up-to-date database on this matter, it is obstructed by the reality 

that population census and household surveys may be difficult or even impossible to collect or 

access in some less-developed countries (Mahabir et al., 2020). Furthermore, the information 

typically accessible regarding these areas tends to be incomplete, generalized, and static. As cited, 

it neither allows spatially disaggregated analysis of deprived areas nor monitoring of rapidly 

changing settlement dynamics, which characterize slums (Kuffer et al., 2016). This poses a 

significant challenge, given that many slums tend to expand over time, demanding ongoing 

monitoring if effective solutions are to be implemented.  

In parallel to the aforementioned context for slum mapping, two fields have been exploring 

settlements with very dynamic and organic characteristics: urban morphology and topology. 

Urban morphology is a field of study spreading from geography to architecture, focusing on the 

analysis of urban form and processes of its formation and transformation (Fleischmann et al., 

2022). This allows an in-detailed description of informal settlements as it works with the 

principle of tessellations generated out of building footprints and reflect the smallest spatial 

division, which at the same retains the information on contiguity, allowing identification of 

topological relationships between individual buildings (Fleischmann et al., 2022).   

On the other hand, when topology is not an in-deep explored field yet, some studies have shown 

it represents a good approach on the study of urban structures like slums, for it leads to analytical 

tools for identifying incipient urban development in informal neighborhoods (Brelsford et al., 

2018). Urban slums are also very particular comparing to other urban structures from the 

perspective of urban topology because of its poor accessibility, for that a topological method is a 

better approach in comparison to an Euclidean as it implies a network analysis and the 

relationships between specific elements, being these streets, buildings or other urban elements, 

ÆÏÒ ÉÎ ÔÈÅ ÅÎÄ ȰÁ ÃÉÔÙ ÉÓ ÎÏÔ Á ÔÒÅÅȟ ÂÕÔ Á ÃÏÍÐÌÅØ ÎÅÔ×ÏÒËȱ (Jiang, n.d.). These mentioned fields 

can probably provide potential perspectives to develop a more in-detailed, low cost and 

innovative way for slum mapping. 
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1.2 Research Objectives 

The main objective of this study is to improve the accuracy of detailed slum mapping by applying 

principles of urban morphology and topology. For this purpose, the following sub objectives were 

determined: 

Sub Objective 1: To explore and analyze a range of quantitative parameters derived from urban 

morphology method within slum areas. 

Sub Objective 2: To design and implement an algorithm aimed at identifying topological relations 

within buildings in slum areas. 

Sub Objective 3: To evaluate the generalizability of integrating the aforementioned steps through 

testing it in three slum areas across different continents. 

This research aims to offer a new more precise methodology for mapping slums and its change 

dynamics to cartographers, urban designers and planners, local stakeholders in slums and more. 

It also aims to contribute to very diverse areas such as geoinformation, urban design, planning 

and governance. 

1.3 Research Questions 

In relation to the mentioned objectives, the following questions need to be answered: 

ђ How can we measure the morphological changes in very dynamic urban contexts such as 

slums areas? 

ђ Can a topology algorithm based on connectivity between buildings enhance the 

performance of urban morphology analysis for slum mapping? 

ђ How adaptable is this new slum mapping methodology across diverse geographical 

regions worldwide? 
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1.4 Thesis structure 

This thesis has the following structure, with seven chapters: 

Chapter 1, Introduction: the first chapter introduces and contextualizes the thesis topic, the 

motivations behind this research, the problem, objectives and research questions. Moreover, this 

chapter mentions the expected contribution of this research to several fields, such as urban 

planning, geoinformation, and cartography. 

Chapter 2, Background: The theoretical foundation and the review on the literature regarding 

urban morphology and topology as methods for mapping slums are examined in this chapter. 

Chapter 3, Methodology: In this chapter, the workflow of the entire research process is explained 

first, followed by the metrics of urban morphology and topology investigated, the method's 

evaluation through training data on a case study (Korail, Bangladesh) by making a classification 

with Random Forest and a Threshold searching, and it concludes with an assessment of the 

process's overall performance. 

Chapter 4, Cases of study / Testing the model: the testing and the results of the evaluation of the 

training  model into two other neighborhoods in different continents are explained in this chapter.  

Chapter 5, Discussions and Conclusion: This chapter examines the findings and draws 

conclusions from them. It also connects the findings to the questions, hypotheses, and goals of the 

study. The chapter also identifies the research's limitations and offers suggestions based on the 

findings.
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2 Background  

2.1 Definition of Slum and its relation to SDG 11 

There are many definitions of what a slum is and there is often a conceptual ambiguity of what is 

understood as a slum, informal settlement, or deprived neighborhood (Kohli et al., n.d.). The 

variety of names to define a slum across the globe also makes it more difficult to agree on a 

common definition. Slums can adopt different names depending on location, cultural context, and 

material used to build dwellings and infrastructure, for instance, chawls in Mumbai, kachi abadi 

in Karachi, vijiji in Nairobi, favelas in Rio de Janeiro, jhuggi jhopri in Delhi (Kohli et al., n.d.). 

However, in relation to cartography and urban planning, a good definition of a slum is the one 

from Vargas López & Flores-García who state that the physical or geographical reflection of urban 

ÉÎÆÏÒÍÁÌÉÔÙ ÉÎ ÈÕÍÁÎ ÓÅÔÔÌÅÍÅÎÔÓ ÉÓ ÇÌÏÂÁÌÌÙ ËÎÏ×Î ÁÓ Á ȰÓÌÕÍȱȢ  

As much as the definition of what a slum is, it is important for the purpose of slum mapping to 

define which characteristics are typical of a slum. The Institute of Electrical and Electronics 

Engineers et al. mentions that indicators such as building density and road characteristics in an 

image are potentially useful to describe differences between slum and non-slum built-up areas. 

The most common definition states that a household is deemed to be in a slum if at least one of 

the following criteria is lacking in their living conditions: access to improved water; access to 

improved sanitation facilities; sufficient living area (not more than three people sharing one 

room); structural quality and durability of dwÅÌÌÉÎÇÓȠ ÁÎÄ ÓÅÃÕÒÉÔÙ ÏÆ ÔÅÎÕÒÅȱȢ 5.ȟ ςππψ Ȣ 4ÈÉÓ 

research focuses on the indicator related to housing itself, as the methodology of mapping makes 

it possible to explore aspects related to measuring an overcrowded living environment. 

The importance of knowing the characteristics, and the reality of these settlements resides in the 

growth of the population living in them, for approximately 1.1 billion people currently live in 

slums or slum-like conditions in cities, with 2 billion more expected in the next 30 years (The-

Sustainable-Development-Goals-Report-2023, n.d.). This is a manifestation of the housing crisis, 

highlighting the need for diverse housing options, equitable public transportation and basic 

services to meet the varied needs of urban residents. (The-Sustainable-Development-Goals-

Report-2023, n.d.). Experts must comprehend the specifics of the mentioned and in order to 

address them cartography can play an important role by communicating the problems with great 

detail. 
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2.1.1 Slums Ontological concepts selected for the purpose of this study.  

To begin with the building footprints and the materials, there is evidence that experts refer to 

Sub-Saharan Africa roof material to be either tin or iron sheets in addition to others. The materials 

from an Asian context include mud, plastic or straw thatch etc. with color being a distinguishing 

feature (Kohli et al., 2012). What is more interesting for this research, however, are the findings 

related to the building footprints areas, as Kohli at al. state that footprints of dwellings in a slum 

are smaller than in planned settlements and their shape and orientation do not generally comply 

with planning standards, which are characteristics we can visually appreciate immediately when 

a morphology analysis is performed. 

In terms of shape, slums tend to follow the shape of features such as roads, railways or drainage 

channels, due to comparatively easy availability of public land (Kohli et al., 2012). The terms 

elongated or linear were used by 59% of the experts to specify the shape of slum in their 

respective context, while 50% also mentioned irregular. These two terms have a relation with the 

elongation index and this indicator can be used to find probable location of slums based on 

distance from such features. 

A key variable for identifying slums. Slums generally have high roof coverage with no open spaces 

or vegetation For the Asian context, 14 (93%) out of 15 of the experts specified roof coverage as 

80% or above. By comparison, in the SSA context only 12 (60%) out of 20 experts who responded 

to this question specified such high densities (Kohli et al., 2012). Building density plays a central 

role in a typical slum definition but both dense formal neighborhoods, and low-density slums are 

sufficiently common worldwide to ensure ambiguity. Therefore, density cannot be used as the 

sole variable for slum identification (Kohli et al., 2012). 
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Based on the concepts above, this research developed its own table based on ontological levels: 

Table 1. Ontological concepts from generic slum ontology and their relationship with Morphology and Topology 

metrics explored in this research. 

Ontology 

Level 
Indicators 

Interpretation 

element 
Observation UMMs TM 

      

Settlement 

level 

Shape Pattern 

Encircling the major 

ring road, follow the 

shape of features such 

as roads, railways or 

drainage channels 

Circular compactness, 

elongation, fractal 

dimension  

- 

Density Texture 

Denser roof coverage 

compared to planned 

areas 

Mean distance 

between buildings Average 

weighted 

distance Mean inter building  

distance 

      

Object level Building 

Shape Rectangular Longest axis length 

- 

Size 
Range of values ɀ 10 

to 40 m2 

Building Area, building 

perimeter, tessellation 

area 
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2.2 Literature review on Urban Morphology and Topology 

2.2.1 Urban Morphology, from Plots to Morphological Cells: A new approach to studying 

urban form in slums 

Urban morphology is oriented around three fundamental spatial elementsɂ­plots, buildings, and 

streets (and their aggregations)ɂ­and their spatial formation (Fleischmann et al., 2022). The plot 

ÉÓ ȱÔÈÅ ÓÍÁÌÌÅÓÔ ÍÅÁÎÉÎÇÆÕÌ ÕÎÉÔ ÏÆ ÓÐÁÔÉÁÌ ÓÕÂÄÉÖÉÓÉÏÎ ÁÎÄ Á ÆÕÎÄÁÍÅÎÔÁÌ ÃÏÍÐÏÎÅÎÔ ÔÏ 

ÕÎÄÅÒÓÔÁÎÄ ÔÈÅ ÓÐÁÔÉÁÌ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ ÏÒÄÉÎÁÒÙ ÆÁÂÒÉÃ ÏÆ ÕÒÂÁÎ ÓÅÔÔÌÅÍÅÎÔÓȱ (Fleischmann et al., 

2020). The importance of the plot resides in its essentiality as an element in any process of 

urbanization and its stability over time (Oliveira, n.d.). Examples of these processes are for 

ÉÎÓÔÁÎÃÅ ÔÈÅ ÄÅÆÉÎÉÔÉÏÎ ÏÆ ÌÁÎÄ ÕÓÅÓ ÏÕÔ ÏÆ Á ÃÉÔÙȭÓ ÐÌÏÔ ÓÙÓÔÅÍȟ ÔÈÅ ÓÕÂÄÉvision of a set of large 

plotsɂfor instance, plots of former rural useɂor the proposal of a new land division(Oliveira, 

n.d.), the definition in a long term of an entire urban landscape because of the building types that 

can effectively be built within these plots (Oliveira, n.d.). We care a lot about the plot element for 

this study as often this element is not defined or is non-existent in informal areas like slums. 

Even though new open source big data can be obtained from sources like OSM and by extension 

is useful for studying the urban form of a settlement, its usefulness to obtain information at the 

plot level remains a challenge, due to the lack of agreement within the OpenStreetMap community 

over the inclusion of parcel-level data on the platform, even though it became increasingly 

common. This is because of the many heterogeneous data sources and concerns about parcel data 

validity and quality (Brelsford et al., 2018). 

Because of the mentioned characteristic of slums frequently lacking a defined plot system, and 

the scarcity of quality big data related to plots in informal areas, the morphological cells are 

replacing the traditional plot for this study. A morphological cell is a geometric derivative of the 

Voronoi tessellation generated from the building footprint, and it is a representation of the plot 

or cadastral plot (Porta et al., 2022). The novelty of Morphological cells resides in its ability to 

convey reliable, universal and meaningful plot scale information and, at the same time, to 

minimize manual labor, subjective interpretation and data dependence (Fleischmann et al., 

2020). 
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2.2.1.1 Building Footprints obtained from VGI as a main data source for Slum Mapping 

with Urban Morphology 

Building footprints are crucial as they are the primary source of morphological cells and are 

necessary for obtaining further data through the urban morphology method. The universality of 

this data is to be noted for the analysis of informal areas, as building footprint information is 

equally present in all kinds of urban areas (Fleischmann et al., 2020). The same way as the plot, 

building footprints layers are often not available or not easy to find for the purpose of mapping 

informal settlements because official sources usually do not provide. An alternative to this would 

be getting the building footprints through remote sensing, but this also casts a problem as 

mapping buildings through Earth Observation has limited scientific validity in terms of 

reproducibility and generalizability (Porta et al., 2022).  

Another alternative found nowadays for getting quality vector data is VGI. Thanks to the effort of 

the OSM community, which is currently the largest openly licensed collection of geospatial data, 

widely used in many projects as an alternative to or integrated with authoritative data (Brovelli 

& Zamboni, 2018a), more building footprints data are available. The mentioned effort is 

frequently enhanced by volunteering mapping for specific vulnerable communities or situations, 

which are also frequently located in the Global South. For these reasons, quality building 

footprints out of OSM are a good fit for the purpose of this study.  

Among many others, OSM is one of the most successful examples of VGI (Jiang, 2013)  and it is an 

indispensable resource for mapping and assessing urban areas, especially when it comes to 

locating and classifying slum settlements. Community-driven mapping is made possible via OSM's 

open-source infrastructure, and this is crucial for accurately depicting areas that conventional 

mapping services could overlook. This participatory approach ensures that the data is both 

current and reflective of the actual conditions on the ground.  

However, acquiring accurate building footprint data in slums poses challenges. Remote sensing 

and VGI, particularly through platforms like OSM, offer viable alternatives.  
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A questioned aspect of VGI data is the the position accuracy of the mapped elements, as this type 

of data is produced by volunteers, which often have no qualification related to the field of 

geography or cartography, and as mentioned by Jiang (2013) are now performing functions that 

were previously performed by trained professionals. However, a study showed OSM building 

footprint accuracy by comparing an authoritative dataset and OSM building footprints in the 

northern region of Italy, Lombardy. A comparison of 1 million buildings from OSM to 2.8 million 

buildings in the authoritative dataset was developed in a total area of 23,900 km2. The results of 

ÔÈÅ ÃÏÍÐÁÒÉÓÏÎ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ ÐÏÓÉÔÉÏÎÁÌ ÁÃÃÕÒÁÃÙ ÏÆ ÔÈÅ /3- ÂÕÉÌÄÉÎÇÓ ÉÓ ȰÁÔ ÌÅÁÓÔ ÃÏÍÐÁÔÉÂÌÅ 

with the quality of the reference dataset at the scale of 1:5000 since the average deviation, with 

ÒÅÓÐÅÃÔ ÔÏ ÔÈÅ ÁÕÔÈÏÒÉÔÁÔÉÖÅ ÍÁÐȟ ÉÓ ÂÅÌÏ× ÔÈÅ ÅØÐÅÃÔÅÄ ÔÏÌÅÒÁÎÃÅ ÏÆ σ Íȱ (Brovelli & Zamboni, 

2018b). 

It is also mentioned in the Wiki of OSM that georectification is an option for accuracy of VGI data, 

by merging aerial images from different data sources, to create a single, coherent image of the 

ground. This is often very good, especially in built-up areas, where matching the edges is easy, 

and there are probably already surveyed reference points (OpenStreetMap Wiki, 2024). In many 

regions aerial imagery can be considered as nearly completely accurate (OpenStreetMap Wiki, 

2024). 

2.2.1.2 Urban Morphology Metrics (UMMs) 

Metrics are in general important values in urban analysis for the quantitative description of urban 

elements such as buildings, streets, and enclosed spaces, making it possible to reveal the patterns 

of urban organization and the potential relationships among different forms (Zhao & Wu, 2024). 

Urban morphology has embedded features that help describe in detail aspects that are many 

times overlooked. These features are the UMMs. 

To contextualize the methodology described in this section, the concept of UMM must be defined, 

which is a method of urban morphology analysis aimed at extracting the inner spatial patterns 

that distinctively characterize urban places in a numerical form (Porta et al., 2022). The 

importance of this field resides in the utilization of extremely parsimonious input information to 

generate a comprehensive set of urban form characters for three morphometric elements 

(buildings, streets, and plots), over six categories (dimension, shape, spatial distribution, 
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intensity, connectivity, and diversity) and three scales (small, medium, and large). All characters 

are measured at the building level (Porta et al., 2022).  If we recall the first section, one can tell 

the tessellations obtained are based on the building footprints, and for this, we can also obtain 

other metrics out of the tessellations. 

In a context of big open-source data available for urban analysis, this method is an opportunity 

for large scale urban analysis as it is specifically designed to bring together richness of description 

with extra-large-scale coverage for the generation of a systematic hierarchical taxonomy of urban 

form (Porta et al., 2022). At the same time, it offers the opportunity to analyze urbanization over 

time and its components, as it aims to identify fundamental spatial patterns that have proved 

adaptable over time from existing urban structures (Porta et al., 2022).  

)ÍÐÏÒÔÁÎÔ ÃÏÍÐÏÎÅÎÔÓ ÏÆ ÕÒÂÁÎ ÍÏÒÐÈÏÍÅÔÒÉÃÓ ÆÒÏÍ ÔÈÅ ÏÕÔÓÅÔ ÈÁÖÅ ÂÅÅÎ Ȱρ  ÃÏÎÎÅÃÔÉÎÇ 

analysis and design; 2) comprehensive, numerical description; and 3) an evolutionary approach 

ÔÏ ÕÒÂÁÎ ÃÈÁÎÇÅȱ (Porta et al., 2022). To go further, this method, with morphological indicators 

as a result, can allow us to explore on the diversity of urban form link to urban sustainability: for 

example, the urban SDG indicator 11.1.1 mainly uses a binary classification of slum/non-slum 

areas, while the results of the integrated approach shown here suggest the physical diversity of 

such areas, which can be related to other sustainability indicators (e.g., health, hazards, climate 

change) (Porta et al., 2022). 
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2.2.1.3 UMMs and informal settlements studies 

/ÎÅ ÏÆ ÔÈÅ ÎÏÔÅ×ÏÒÔÈÙ ÆÉÎÄÉÎÇÓ ÍÁÄÅ ÏÎ ÉÎÆÏÒÍÁÌ ÃÏÍÍÕÎÉÔÉÅÓ ÉÓ &ÌÅÉÓÃÈÍÁÎÎȭÓ ÒÅÓÅÁÒÃÈ ÏÎ 

urban patterns through urban morphology where informal settlements tend to be structurally 

similar to pre-industrial development than to any other period, suggesting that the lack of the 

influence of planning and especially transportation technology (i.e., personal vehicles) have a 

strong tendency to generate similar walkable dependable patterns (Fleischmann et al., 2022). 

The study of Porta et al. (2022), for Kochi city shows the taxonomy for the Urban Types detected 

with UMMs in this city. The results show that the classification proved to be surprisingly 

significant and still capable of reaching an appreciable degree of accuracy in reflecting 

morphological periods in the development of the city as embedded in patterns of current urban 

form (Porta et al., 2022), all of this despite the suboptimal data provision based only on building 

footprints data. Thus, rather than the entire set of 74 primary characters, only 26 were computed 

(those quantifying dimensions and spatial relations between buildings and cells). (Porta et al., 

2022) The characters were finally narrowed to only six for the case of informal  settlements: 1) 

plot size, 2) coverage ratio, 3) building footprint area, 4) building elongation, 5) alignment to 

surrounding buildings, and 6) distance between buildings (Porta et al., 2022). The method also 

shows a pathway to address varying degrees of availability, quality, and consistency of input data, 

which is commonly poor, for example, in informal settlements (Porta et al., 2022). 

2.2.1.4 Python libraries for urban morphology analysis 

Although regular GIS softwares is intuitive to use, it can have some constraints for low-cost 

mapping. For instance, ArcGIS requires access to proprietary software, which comes with 

inherent barriers to accessibility, either related to affordability or to platform compatibility (i.e., 

ArcGIS is available only for Microsoft Windows) (Fleischmann et al., 2022). 

This research aims to employ python libraries due to the rapid growth of quantitative geography 

and geographic data science, fueled by the development of new computational tools and 

availability of (big) open data (Fleischmann et al., 2022). Moreover, we are witnessing a growing 

number of libraries and packages being released for vector-based analysis of geographic data. 
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These are quickly maturing to provide the required degree of stability, performance, and 

scalability for processing of large datasets (Fleischmann et al., 2022). 

For geographics data science GeoPandas is well known, extending the Pandas package via support 

of geospatial features and operations, linking together various components of the ecosystem into 

a convenient form (Fleischmann et al., 2022). The Python ecosystem centered around the 

Momepy package has a potential to deliver great insights into the built-­up patterns. Some initial 

applications include analysis of informal settlements (Fleischmann et al., 2022). Combined with 

the parsing capability of OSMnx, we can now create open and fully reproducible workflows 

analyzing the structure and composition of urban form based on open data from OSM 

(Fleischmann et al., 2022). 

2.2.2 Leveraging Topology to enhance Urban Morphology Analysis 

As we mentioned in previous sections, the study aims to be adaptable to work with big data (OSM 

building footprints) obtained through python libraries like OSMnx. And this is indeed accurate in 

a context of urban morphometric analysis as, compared to conventional census data or small data, 

big data is more suitable for studying urban structures (Ren et al., 2024). This type of data 

involves new intricacies, which can be better examined and analyzed through complex networks, 

which implies the intervention of new points of view of studying the urban area as a whole.  

In the study of intricate urban networks, a novel idea known as topology seems to be 

revolutionary. This is a discipline which studies the qualitative properties that are invariant under 

distortion of geometric space (Jiang, 2013). Because it is not dependable on the Euclidean 

system, which implies geometric aspects such as locations, orientations, sizes, and shapes, it is 

concerned more about the relationship of geographic objects or units (Jiang, 2013).  Topological 

thinking is rooted in one of the two fundamental views about space, Leibniz's relative space, 

which focuses on relationships between individual objects (Jiang, 2013). According to Leibniz, 

everything existent in space is the arrangement of things that are perceived to exist together, and 

space can be analyzed in terms of spaces, which can be analyzed ÉÎ ÔÅÒÍÓ ÏÆ ÒÅÌÁÔÉÏÎÓ ÁÓ ȱ3ÐÁÃÅ ÉÓ 

ÎÏÔÈÉÎÇ ÂÕÔ ÁÎ ÏÒÄÅÒ ÏÒ ÓÅÔ ÏÆ ÒÅÌÁÔÉÏÎÓ ÁÍÏÎÇ ÂÏÄÉÅÓȱȢ 
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Figure 1: Two versions of topological maps: ( a ) topology of stations and ( b ) topology of lines (Jiang, 2013, p.130). 

Most network analysis related to urban studies are focused on street analysis or relationships 

between cities. For instance, Space syntax, which theory is based on the rejection of the metric 

ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÓÐÁÃÅȢ )ÎÓÔÅÁÄȟ ÓÐÁÔÉÁÌ ÃÏÎǢÇÕÒÁÔÉÏÎ ÉÓ ÒÅÐÒÅÓÅÎÔÅd by topological data, and intrinsic 

properties are shown on topological graphs (Space Syntax Analysis-Methodology of 

Understanding the Space Weronika DETTLAFF, n.d.).  This method also analyzes spatial 

relationships within a building or an urban area (Oliveira, n.d.), and this is normally represented 

in an axial map. However, in this research, topology and any resulting network analysis aims to 

highlight more a representation of the relationship between building footprints. 

 

Figure 2: Transformation of geometric representation to topological representation, which enables us to  see the 

underlying scaling of far more less-connected than well-connected streets. (a) Geometric  representation, due to 

geometric details of locations, lengths, and directions, must be transformed into the  topological representation (b) in 

order to see clearly the scaling property of far more less-connected streets  than well-connected ones (Ma et al., 2019, 

p. 1300). 
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2.2.2.1 Metrics out of topology: weighted Delaunay triangulation 

Topological analysis can capture most human activities without considering metric information 

like street lengths and widths, and even building heights (Ma et al., 2019). However, metrics are 

important to measure the level of connectivity between points inside the slum. Several topological 

measures can be extracted from a generated graph to quantify the characteristics on the spatial 

ÃÏÎǢÇÕÒÁÔÉÏÎ (Oliveira, n.d.). 

Delaunay triangulation builds network edges between nodes and their neighbors without 

generating any overlapping or intersecting edges. This enables efficient calculation as only road 

routing distances between buildings that are neighbors in the graph need to be calculated 

(Chambers, 2020). In the case of implementation of Delaunay triangulation for the analysis of 

slum building footprints, it would simplify the network structure and because of this, it will make 

it easier and more ordered to analyze relationships and connections between the elements. 

By measuring the degree of connectivity through a weighted Delaunay graph between the 

building points or tessellation centroids, we can have an idea on the level of clustering inside the 

slums. By comparing with the same metrics of formal surroundings neighbors the level of 

overcrowding inside the slums can be seen. In the case of Chambers research, this process 

ÃÏÎÓÉÓÔÅÄ ÏÆ ÔÈÅ ÆÏÌÌÏ×ÉÎÇȡ ȰÆor each edge in the Delaunay graph, we calculate the distance through 

ÔÈÅ ÒÏÁÄ ÎÅÔ×ÏÒË ÕÓÉÎÇ $ÉÊËÓÔÒÁȭÓ ÁÌÇÏÒÉÔÈÍ ÔÈÒÏÕÇÈ ÔÈÅ ÆÕÎÃÔÉÏÎ ȬÐÇÒͺÄÉÊËÓÔÒÁ#ÏÓÔȭ ÁÎÄ ÓÔÏÒÅ ÔÈÉÓ 

as an edge weight in the ÇÒÁÐÈȱ Chambers, 2020). 
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Figure 3: . Illustration of a building cluster processing. 1. The road network for the cluster is retrieved. 2. A Delaunay 

triangulation of the buildings in the cluster is performed. 3. Weights are calculated for Delaunay edges as the road 

network distance between the buildings for the corresponding edge. 4. A full distance matrix for the shortest 

difference between every pair of buildings is calculated by calculating the shortest path through the weighted 

Delaunay graph (Chambers, 2020). 
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3 Methodology 

The following general stepsɂdepicted in Figure 4ɂare implemented in order to address the 

research questions and objectives: Selection of cases based on the availability of building 

footprints and neighborhood polygons in OSM, a mapping using urban morphology method and 

the analysis of the metrics obtained, the development of a topology algorithm to enhance the 

method, a training set to test the performance improvement of the model with the topology 

metric and Testing of the training model to prove the generalizability of the model. 

 

Figure 4: Methodology workflow. 

3.1 Selection of cases  

First, the selection of the cases was based on the regions of the global south where slums are 

ÕÓÕÁÌÌÙ ÌÏÃÁÔÅÄȟ ÁÓ ÉÎ ÔÅÒÍÓ ÏÆ ÕÒÂÁÎ ÉÎÆÏÒÍÁÌÉÔÙȟ !ÓÉÁ ÇÁÔÈÅÒÓ ÏÖÅÒ ÈÁÌÆ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÓÌÕÍ 

population, and some cities in the region have reached worrying levels of inequality as it happens 

in Latin America and Africa (Vargas López & Flores-García, 2022) . The percentage of the 

population that lives in informal settlements was also a filter for the selection, where 25% of Latin 

America and 62% percent Africa population live in this type of settlement (Vargas López & Flores-

García, 2022). The selection of slums in specific cities for this research (Dhaka, Kampala and 

Asuncion) was based on The SDGs Report from 2023 where it is stated that most of the urban 

growth is taking place in small cities and intermediate towns, exacerbating inequalities and urban 

poverty. 
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The slum selected for training is Korail Basti, Dhaka's biggest slum with a total area of around 

110 acres of land. This slum exemplifies one of such meagres yet compact urban marginalized 

settlements. The lands where Korail now exists belonged originally to Telephone and Telegraph 

(T&T), now Bangladesh Telecommunication Company Limited (BTCL) (Siara Promy et al., 2019). 

For the testing of the new mapping methodology, Katanga and Ricardo Brugada were selected. 

The first mentioned is located approximately 2 km from the central business district of Kampala, 

the capital of Uganda. It is located next to the main city hospital and is surrounded by formal 

urban areas. The urban fabric of Katanga is mostly characterized by single-storey dense clusters 

of buildings and parking lots in the periphery of the settlement. Kampala is characterized by 

intertwined formal and informal areas (Mottelson & Venerandi, 2020). Ricardo Brugada, best 

ËÎÏ×Î ÁÓ Ȱ,Á #ÈÁÃÁÒÉÔÁȱȟ ×ÁÓ ÎÁÍÅÄ ÁÆÔÅÒ Á ÆÁÍÏÕÓ 0ÁÒÁÇÕÁÙÁÎ ÊÏÕÒÎÁÌÉÓÔ ÁÎÄ ×ÒÉÔÅÒȢ !ÃÃÏÒÄÉÎÇ 

to the historian Fabián Chamorro is one of the oldest neighborhoods of Asuncion. Since the middle 

20th century, the neighborhood has been the host of entire families that migrate from rural areas 

across the country since the dictatorship of Alfredo Stroessner, in search of better opportunities 

in the capital (Santana Ramos, 2020). 

Secondly, the selection of cases was based on the availability of VGI data related to slums, being 

these building footprints and neighborhood polygons. The chosen data source was OSM, the 

largest openly licensed collection of geospatial data, widely used in many projects as an 

alternative to or integrated with authoritative data (Brovelli & Zamboni, 2018b). A challenge in 

this process was to find slum areas where building footprints and neighborhood polygons were 

mapped at the same time. However, the primary approach for achieving this was to perform a 

search using the platform overpass turbo, a query-based webpage where OSM data can be 

visualized. A filtering process of the mentioned elements was performed, with the input of the 

ÔÁÇÓ ȰÂÕÉÌÄÉÎÇ ÙÅÓȱ ÁÎÄ ȰÒÅÓÉÄÅÎÔÉÁÌ ÉrregularͺÓÅÔÔÌÅÍÅÎÔȱȢ 
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Figure 5: Example of query with the tag residential=irregular_settlement. Screenshot from Overpass turbo.  Retrieved 

from https://overpass -turbo.eu/?w=%22residential%22%3D%22irregular_settlement%22+global&R . 

Regarding the tags used for the neighborhood polygons, in the context of slums areas there are 

specific tags for this purpose: residential=slum, residential=informal_settlement, or 

ÒÅÓÉÄÅÎÔÉÁÌ ÉÒÒÅÇÕÌÁÒͺÓÅÔÔÌÅÍÅÎÔȢ 4ÈÅ ÔÁÇ ȰÒÅÓÉÄÅÎÔÉÁÌȱ ÉÓ ÐÁÒÔ ÏÆ ÔÈÅ ȰÌÁÎÄÕÓÅȱ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ ÏÆ 

tags in OSM, and it is used to describe residential areas with predominance of housing buildings. 

 

Figure 6: Examples of tags to differentiate a slum area. Screenshot from Key:Residential table from OSM Wiki. 

Retrieved from https://wiki.openstreetmap.org/wiki/Key:residential . 

https://wiki.openstreetmap.org/wiki/Key:residential
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By looking at the table from OSM Wiki, we can see that the tag residential=irregular_settlement 

is the most frequently used. This can also be corroborated through the filtering tool Overpass 

turbo where the higher presence of these tags in a continental distribution can be observed. 

3.2. Data collection and Training area 

For the data collection, first, it was necessary to have knowledge about the coordinates of each 

slum selected. The following table summarizes this mentioned and it also includes the input 

distance radius from the PO for each slum to cover the whole extension of the neighborhood and 

its surroundings.  

Table 2: PO coordinates and distance radius from it to obtain OSM geometries. 

Neighborhood PO coordinates  CRS Distance radius from PO 

Katanga 0.335044, 32.575066 EPSG:32636 700 

Korail 23.784425, 90.408570 EPSG:32646 700 

Ricardo Brugada -25.28004691495517, -

57.624719589548526 

EPSG:32721 1200 

The next step is the extraction of geometries related to buildings and the neighborhood polygon 

footprints for Korail within a 700 -meter radius around the given point. For this, the Python 

library OSMnx was necessary. The following piece of code can resume this whole step mentioned: 

point = ( 23.784425 ,  90.408570 )  

dist = 700 

gdf = ox.geometries.geometries_from_point ( point ,  dist=dist ,  tags= { 'building' : True })  

gdf2 = ox.geometries.geometries_from_point ( point ,  dist=dist ,  

tags= { 'residential' :[ ' irregular_settlement' ]})  

gdf_projected = ox.projection.project_gdf ( gdf )  

gdf_projected_2 = ox.projection.project_gdf ( gdf2 )  

buildings = gdf_projected [ gdf_projected.geom_type.isin ([ 'Polygon' ,  'MultiPolygon' ])]  

Korail = gdf_projected_2 [ gdf_projected_2.geom_type.isin ([ 'Polygon' ,  'MultiPolygon' ])]  

Lastly, UIDs were added to the new features created. This step is very important as the UIDs from 

the buildings remain the same through the whole analysis and additions of labels along the 

experiment phase. This step already involves the usage of the Python library Momepy. The code 

that follows can resume how the mentioned was performed: 

buildings [ 'uID' ]  = mm.unique_id ( buildings )  

Korail [ 'uID' ]  = mm.unique_id ( Korail )  
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3.2.1 Ground Truth (GT) classification 

In the remote-ÓÅÎÓÉÎÇ ÆÉÅÌÄȟ ÔÈÅ ÔÅÒÍ ȰÇÒÏÕÎÄ ÔÒÕÔÈÉÎÇȱ ÉÓ ÕÓÅÄ ÔÏ ÄÅÓÃÒÉÂÅ ÔÈÅ ÐÒÏÃÅÓÓ ÏÆ ÖÅÒÉÆÙÉÎÇ 

a satellite image with what is already known about the location on the ground (Vajjhala, n.d.).  

Building footprints and the neighborhood polygons from OSM are used as GT data in this study.  

In this part of the experiment buildings are directly classified by filtering the buildings inside the 

ÐÏÌÙÇÏÎ ÁÓ ÓÌÕÍÓȟ ÁÌÌ ÔÈÉÓȟ ÂÁÓÅÄ ÏÎ ÔÈÅ ÃÏÎÃÅÐÔ ÏÆ Ȱ3ÐÁÃÅ ÆÉÒÓÔȱ ÄÅÆÉÎÅÄ ÂÙ  ,ÉÌÆÏÒÄ ÅÔ ÁÌȢ ȟ Á ÔÏÐ-

down method, where an area is demarcated and is then classified as slum versus non-slum. 

 

Figure 7: Results of the classification with GT data in training model (Korail). 

The filtering process was made by a classification of buildings as either "slum" or "non-slum" 

based on their spatial relationship with the neighborhood polygon. In order to do the GT 
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classification, a new GDF was first created using the Python module GeoPandas. Within this, a 

direct classification using NumPy was built by connecting the building footprints and the Korail 

neighborhood polygon. The primary function stated was carried out by the code below: 

building.within(Korail_union),'slum', 'non -slum', np.where(buildings.within). The results of this 

filtering process are used to evaluate the performance of the urban morphology and topology 

mapping approach in the next steps. 

3.3 Urban morphology  

Urban morphology and related metrics for mapping purposes are explored in the Korail slum to 

start this section of the research. As previously stated, the goal of the implementation of this 

strategy is to map the morphological characteristics of the slums in great detail and contrast them 

with the formal urbanizations that surround them. 

All the analysis and visualizations obtained for this stage of the experiment were possible thanks 

Momepy, which is a Python toolkit aims to  enable a systematic in-depth analysis of urban form, 

to comprehensively include a wide range of measurable characters and whose morphometric 

characters implemented allow to conduct a cross-scale analysis of urban form, spanning from the 

level of individual buildings and plots to the macroscopic metropolitan regions (Fleischmann, 

2019). 

3.3.1 Basic units: building footprints and tessellations 

Following the selection of cases, based on the slum regions' building footprints availability, these 

units are now required for the urban morphology analysis. The tessellations obtained from the 

building footprints serve as a substitute for the plot in this study and are also helpful in obtaining 

more urban morphometrics. 
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Figure 8: Building footprints and Tessellations obtained for Korail, Bangladesh (training set). 

3.3.2 Urban Morphology Metrics (UMM) 

The table 3 contains the selected UMM for this research resulting from the literature review and 

the exploration of the Python Momepy library documentation. These UMMs were implemented 

in the case of study areas and examined throughout the whole urban morphology analysis phase. 

The results were key for the further performance analysis of the whole mapping method in the 

training and testing phases. The UMMs selected belong to four of the six categories of urban 

morphometric characters: dimension, shape, spatial distribution and intensity, which provide a 

wide range of algorithms measuring different aspects of urban form and are able to describe its 

complexity with a significant degree of precision(Fleischmann, 2019). 
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The detailed description of each UMM are outlined as follows: 

1. Dimension (Simple characters): 

The basic geometrical dimensions of individual objects (Fleischmann et al., 2020). 

1.1. Building areas: Calculates the area of each building in a given GDF.  

1.2. Building perimeters: Calculates perimeter of each building. 

1.3. Longest axis length: Calculates the length of the longest axis of an object. Axis is 

defined as a diameter of minimal bounding circle around the geometry. It does not 

have to be fully inside an object (Momepy Documentation, n.d.). 

1.4. Tessellation areas: Calculates the area of each tessellation in a given GDF. 

2. Shape metrics: 

The mathematical features of geometrical dimensions of individual objects (Fleischmann 

et al., 2020). 

2.1. Circular compactness: Calculates the circular compactness of each object given its 

geometry (Momepy Documentation, n.d.). It is defined by the following formula: 

  

   
. 

2.2. Elongation: Calculates the elongation of each object given its geometry. 

The elongation is defined as the elongation of the minimum bounding rectangle: 

                                    (Momepy Documentation, n.d.). 

2.3. Fractal dimension: Calculates fractal dimension of each object in given GDF 

(Momepy Documentation, n.d.). The following formula is performed for this 

calculation: 
װ װ  

װ  
                                                  (Fleischmann et al., 2020). 

2.4. Compactness weighted axis of tessellations: Calculates the compactness-weighted 

axis of each object (Momepy Documentation, n.d.). 
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3. Spatial distribution metrics: 

The spatial distribution of objects in space and their reciprocal positioning (Fleischmann 

et al., 2020). 

3.1. Mean distance between buildings: a calculation resulted from spatial graphs 

calculations. In this case to calculate the mean distance to neighboring buildings, 

a queen contiguity weights of the first order captures the relationship between 

immediate neighbors (Momepy Documentation, n.d.). 

3.2. Mean interbuilding distance: Calculate the mean distance between adjacent 

geometries within a set neighborhood (Momepy Documentation, n.d.). 

4. Intensity Metrics: 

The intensity of space occupation, referring to the density of elements within a 

set context (Fleischmann et al., 2020). 

4.1. Covered area ratio: a simple ratio of the area of buildings divided by area of cells 

(Momepy Documentation, n.d.). Formula for the calculation: 
 

  
 

 

Table 3: Morphometrics selected for his thesis. 

 UMMs 

Elements Simple characters Shape  

metrics 

Spatial distribution  

metrics 

Intensity 

metrics 

Buildings Building areas Circular 

compactness 

Mean distance between 

buildings 

 

 

 

Covered 

area ratio 

Building perimeters Elongation Mean interbuilding 

distance 

Longest axis length  Fractal dimension   

Tessellations Tessellation 

areas 

Compactness 

weighted axis of 

tessellations 

- 
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3.3.2.1 Buildings ɀ Simple characters 

As stated in the Documentation of the Python library Momepy, simple characters are those 

requiring only one GDF. In this case, the geodata frame is the building footprints of the training 

dataset (Korail); no additional layer is needed for the computations. The addition of the 

neighborhood polygon is only to get an approximate real-world notion of its extension. 

 

Figure 9: Building areas for Korail, Bangladesh (training set) 
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.  

Figure 10: Perimeter for Korail, Bangladesh (training set). 

2ÅÓÕÌÔÓ ÏÆ ÔÈÅ ÓÉÍÐÌÅ ÃÈÁÒÁÃÔÅÒÓ ȰÁÒÅÁÓȱ ÁÎÄ ȰÐÅÒÉÍÅÔÅÒÓȱ ÓÈÏ× ÌÏ×ÅÒ ÖÁÌÕÅÓ ÉÎ ÔÈÅ ÂÕÉÌÄÉÎÇÓ 

enclosed by the Korail slum polygon, and higher values for the surrounding formal areas. As 

mentioned in the background section, smaller building surfaces are typical of slum buildings, and 

this has a direct relation with the UN slum criteria to classify a slum sufficient living area and 

quality of dwellings.  
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Figure 11: Buildings longest axis length. Korail, Bangladesh (training set). 

To estimate the longest axis, the Minimum Bounding Rectangle (MBR) is used, which 

ÅÎÃÏÍÐÁÓÓÅÓ ÔÈÅ ÓÈÁÐÅ ÁÎÄ ÁÌÉÇÎÓ ×ÉÔÈ ÔÈÅ ÓÈÁÐÅȭÓ ÍÁÉÎ ÄÉÒÅÃÔÉÏÎȢ 4ÈÅ ÌÅÎÇÔÈ ÏÆ ÔÈÅ ÌÏÎÇÅÓÔ ÁØÉÓ 

is then equal to the length of the longest side of this rectangle (Zhao & Wu, 2024). Figure 10 

reveals that shorter axis lengths can be found in the slum area. This could be defined by the 

smaller general measures of the building footprints (areas and perimeters). 

3.3.2.2 Buildings ɀ Shape metrics 

While the majority of Momepy functions require the interaction of more GDFs or using spatial 

graphs, there are some which are calculated on a single GDF assessing the dimensions or shapes 

of features.  
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Figure 12: Circular compactness - Korail, Bangladesh (training set). 
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Figure 13:  Elongation - Korail, Bangladesh (training set). 

Circular compactness is one of the morphometrics that describe the scale, size, and shape (Zhao 

& Wu, 2024)  of an element, and it is defined by area of the element divided by the area of its 

enclosing circle (Fleischmann et al., 2020), while elongation of an object refers to the elongation 

of its minimum bounding rectangle (Momepy Documentation, n.d.). The results for Korail show 

buildings with low values of circular compactness and less elongated buildings inside the 

neighborhood polygon. This means buildings whose shape areas are simpler compared to the 

surrounding buildings because they occupy most of the area of their enclosing circle, and because 

of very limited space and lack of defined plot, buildings could adopt more square shapes instead 

of rectangular. 

The fractal dimension quantifies the complexity of spaces or structures (Zhao & Wu, 2024) and it 

is based on the calculation made on area and perimeter. The buildings inside the Korail polygon 

show less fractal dimension values and this can also be related to the smaller areas and 
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perimeters of these buildings. The complexity increases with higher values of the fractal 

dimension and a highly fragmented urban form, while a simple urban form is characterized by a 

low value for the fractal dimension (Zhao & Wu, 2024). 

 

Figure 14:  Fractal Dimension- Korail, Bangladesh (training set). 

This UMM result shows how complex the Korail slum area is in relation to its surroundings, for 

most of the buildings with higher values of fractal dimension are located inside the neighborhood 

polygon. 
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3.3.2.3 Buildings ɀ Spatial distribution metrics 

 

Figure 15: Mean distance between buildings- Korail, Bangladesh (training set).
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Figure 16: Mean inter building distance - Korail, Bangladesh (training set) 

Interbuilding distances are calculated between buildings on adjacent cells based on spatial 

weights and the mean distance between is the result of the calculation of the mean distance to 

neighboring buildings, with queen contiguity weights of the first order capturing the relationship 

between immediate neighbors (Momepy Documentation, n.d.). They are similar but with 

different ways of neighboring calculation, and the results for both show a pattern of shorter 

distances between buildings in the slum area. 

3.3.2.4 Tessellations metrics 

 

Figure 17:  Tessellation areas- Korail, Bangladesh (training set). 
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Figure 18:  Compactness weighted axis of tessellations- Korail, Bangladesh (training set). 

4ÅÓÓÅÌÌÁÔÉÏÎ ÍÅÔÒÉÃÓ ÁÒÅ ÉÍÐÏÒÔÁÎÔ ÁÓ ÔÈÅÓÅ ÎÅ× ȬÐÌÏÔÓȭ ÁÒÅ Á ÒÅÓÕÌÔ ÏÆ ÔÈÅ building footprints, 

however with different surfaces and shapes. The Tessellation area is calculated with the same 

logic of building areas, with the usage of a different GDF. The compactness weighted axis of 

tessellations calculates the compactness-weighted axis of each object in a given GDF, and it was 

initially designed for blocks (Momepy Documentation, n.d.). The results are smaller plot areas 

and compactness-weighted axis in the Korail neighborhood areas. As the plot is commonly the 

beginning of any urbanization in a formal area, it is usually not the case of informal settlements, 

and these visualizations already tell us how different the values between the formal and informal 

areas are in terms of plot analysis. 
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3.3.2.5 Intensity metric 

 

Figure 19:  Covered area ratio- Korail, Bangladesh (training set).  

The covered area ratio involves two GDFs: buildings and tessellations. It is defined by Zhao & Wu 

as a measure that describes geometric features of buildings and their intensity, which also reflects 

ÔÈÅ ÔÏ×ÎȭÓ ÂÕÉÌÄÉÎÇ ÄÉÓÔÒÉÂÕÔÉÏÎ ÁÎÄ ÄÅÎÓÉÔÙȢ !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ -ÏÍÅÐÙ ÄÏÃÕÍÅÎÔÁÔÉÏÎ ÎȢÄȢ  ÔÈÉÓ 

metric is a simple ratio of the area of buildings divided by area of cells. In the case of this 

neighborhood, we can visualize a higher intensity in the slum area compared to the surroundings 

as the cell areas are proportionally smaller than the buildings in these areas, and this respond to 

a common characteristic of slums, which is  densely built up areas characterized by small 

buildings arranged according to irregular layout patterns and a lack of green spaces (Persello et 

al., 2022).  
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3.4 Topology  

This part of the research examines the implementation of topology algorithms to identify 

relations between buildings as a novel way for mapping slums. Beyond the visual exploration of 

new metrics related to topology because of the mentioned algorithms, the final goal of this 

implementation is to test topology as a mapping method that enhances the performance of slum 

mapping with urban morphology.  

The Python module NetworkX was the main tool that allowed the analysis and visualizations for 

this portion of the research. NetworkX is a Python language package for exploration and analysis 

of networks and network algorithms (Swart et al., 2008). 

3.4.1 Basic units: centroids and Delaunay triangulation 

When analyzing an urban structure with topology, different elements intervene in the process. As 

topology is a method based on graphs and networks, building footprints and tessellations are no 

longer the main elements like in urban morphology. Instead, centroids of the buildings linked by 

a network are the basic elements. As urban areas are complex structures, this mentioned network 

needs a specific structure. Delaunay Triangulation is geometrically dual to Voronoi diagrams 

(Pons & Boissonnat, n.d.), which is the morphological tessellation from the previous step basic 

form. 
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Figure 20: Centroids of buildings - Korail, Bangladesh (training set). 
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Figure 21: Network system resulting from the Delaunay Triangulations connecting the centroids - Korail, Bangladesh 

(training set). 
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3.4.2 Topology Metrics   

 

Figure 22: Weighted Delaunay triangulation - Korail, Bangladesh (training set). 
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Figure 23: Average weighted distance - Korail, Bangladesh (training set). 

Two metrics were possible to get from the network graph based on the centroids and the 

Delaunay triangulation. On one hand, the weighted Delaunay triangulation consists of weights of 

the network lines based on the distances between points. This metric was already explored in the 

background section through #ÈÁÍÂÅÒȭÓ ÂÕÉÌÄÉÎÇ ÃÌÕÓÔÅÒÉÎÇ ÅØÁÍÐÌÅȟ ÈÏ×ÅÖÅÒȟ ÔÈÅ ÁÌÇÏÒÉÔÈÍ 

implemented is different in this research, as instead of Dijkstra's algorithm, an own algorithm 

here was coded: the Euclidean distances from a set of points were calculated as weights, and the 
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points to be connected by edges are identified using Delaunay triangulation. The edges and their 

accompanying geometries are then stored in a GDF. On the other hand, the new metric 

implemented is a new one implemented in this research: the Average weighted distance. This 

metric concentrates the averages of the network distances from the previous algorithm into the 

centroids instead of the edges. As these second metricȭÓ values are stored in the centroids of the 

buildings, they are linked to each building's unique IDs, which can be combined with the 

building's GDF with all the other morphology metrics through a spatial joint.  

3.5 Evaluation of the method 

To evaluate the mapping methodology, it is necessary to first establish a framework for assessing 

the performance of the topology-based method described in Objective 2. This objective assumes 

that incorporating topological features will enhance the mapping's accuracy. However, 

topological and morphological metrics alone are not sufficient to distinguish slum buildings from 

non-slum buildings. Therefore, a classification process based on these new metrics is required. 

After classifying the buildings embedding the new topological and morphological values, it is 

crucial to evaluate the accuracy of this classification. This evaluation requires a comparison with 

the Ground Truth data, which includes verified information on building footprints and 

neighborhood characteristics. The Ground Truth data serves as a benchmark, providing a reliable 

standard for assessing the accuracy of the classification methodology. 

By comparing the results with the Ground Truth data, the effectiveness of the topological method 

in distinguishing slum buildings can be quantitatively measured. This comparison not only helps 

to validate the approach but also highlights areas for potential improvement in the mapping 

methodology. 
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3.5.1 Classification of buildings  

This part of the experiment prioritizes the Features first method which consists of the 

classification of the area as slum vs non-slum built up from observed features (Lilford et al., 

2019). Two classification techniques were used in this study: a Random Forest classifier that took 

into account all the morphometrics and topology metrics, and a threshold search that looked for 

the optimal values for each feature derived from the morphology and topology metrics. 

3.5.1.1 Threshold searching 

This part of the experiment classifies the buildings into slums and non-slums buildings through a 

rule set classification algorithm, where the best threshold for each metric is searched and the best 

score is determined for each metric to use in the testing step. To go into more detail, first, an initial 

range and parameters are defined for each metric, the python code explores a stepwise search to 

explore these ranges that divides the ranges into smaller segments and then test each segment to 

determine which threshold within the segment provides the best separation into slum and non-

slum areas. Lastly, to evaluate how well the threshold separates the clusters into slum and non-

slums, a silhouette score is performed. 

First, this model is tested with morphology metrics and afterwards, the topology metric is 

included in the algorithm. 
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Figure 24: Results of the buildings classification with the Threshold searching method. On the left, by a search of best 

values between Morphology metrics only and on the right with the inclusion of the Topology metric. 

3.5.1.2 Random Forest classifier 

This part of the experiment classifies the buildings into slums and non-slums buildings through 

Random Forest, an ensemble classifier which belongs to the category of decision tree 

classification algorithms (Wurm et al., 2017). This method has been chosen as this classifier can 

handle large data sets and extremely large-dimensioned input feature spaces providing estimates 

of variable importance (Wurm et al., 2017) which is compatible with our case, where a classifier 

for a significative large amount of building footprint data with several features embedded to the 

polygons as a result of the morphology and topology analysis is needed. 

  

Figure 25: Results of the buildings classification with Random Forest classifier. On the left, results with the 

Morphology metrics only and on the right with the inclusion of the Topology metric. 
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4 Cases of study / Testing the model 

This section has direct relation to the third objective of the research, and it describes how the 

proposed approach was used to assess the mapping method's generalizability to other existing 

slums, exploring two case studies on different continents: Katanga slum in Kampala (Uganda) and 

Ricardo Brugada neighborhood in Asuncion (Paraguay). For each case, a brief description of the 

context was already given in the Selection of cases section. Here, an explanation of the testing 

procedure and a conclusion with a brief analytical discussion about the results will be given. 

4.1 Katanga, Kampala, Uganda 

First, the best threshold values from the training dataset (Korail) were tested manually in the 

Katanga Slum. Because of the computation time, four main morphometrics were included first. 

When comparing this with the Ground Truth classification, the visual findings obtained for this 

testing area using this classifier is not very accurate in terms of location but relatively accurate 

in terms of the amount of slum buildings detected. 

#Best Threshold Values from training data (KORAIL)  

b_t_area = 61.93477484824078  

b_t_per = 352.74298446912377  

b_t_mid = 44.35849724422399  

b_t_tes_area = 20354.12633413816  

 
# Apply best thresholds to classify buildings  

joined_gdf [ 'label' ]  = np.where (  

    ( joined_gdf [ 'area' ]  < b_t_area )  & 

    ( joined_gdf [ 'mean_interbuilding_distance' ]  < b_t_mid ),  

    'slum' ,  'non - slum'  

)  

Code used for the testing of Threshold classifier in Katanga with Morphology metrics. 

# Apply best thresholds to classify buildings  

joined_gdf [ 'label2' ]  = np.where (  

    ( joined_gdf [ 'area' ]  < b_t_area )  & 

    ( joined_gdf [ 'mean_interbuilding_distance' ]  < b_t_mid )  & 

    ( joined_gdf [ 'avg_weighted_distance' ]  < b_t_awd ),  

    'slum' ,  'non - slum'  

)  

Code used for the testing of Threshold classifier in Katanga including the Topology metric. 

Secondly, the random forest classifier was tested for the same area. The training model of Korail 

slum was used to perform the testing. The results show that when compared to the Ground Truth 

classification, the visual findings obtained for this testing area using this classifier is correct in 
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terms of location but not very accurate in terms of quantitative data, as less slums buildings are 

detected.  

 

Figure 26: Results of the buildings classification using ground truth data. 
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Figure 27: Results of the buildings classification in Katanga using the TS classifier, utilizing only UMM. 
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Figure 28: Results of the buildings classification in Katanga using the TS classifier, utilizing UMM and TM.  
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Figure 29: Results of the buildings classification in Katanga using RF and Korail as a training model, utilizing UMM. 
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Figure 30: Results of the buildings classification in Katanga using RF and Korail as a training model, utilizing UMM and 

TM.  

4.2 Ricardo Brugada, Asunción, Paraguay 

As in the previous testing area, the best threshold values from the training dataset (Korail) were 

tested manually in Ricardo Brugada Slum too. The same morphometrics and topology metric 

were included in this testing area. When comparing this with the Ground Truth classification, the 

visualization shows accuracy in terms of location of the slum buildings and relative accuracy in 

terms of amount of slum buildings detected. 
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When testing the random forest classifier for this area, the results are very different from Katanga, 

despite following the same testing steps: usage of the training model of Korail slum was and same 

morphology and topology metrics. When comparing the Ground Truth classification, we can see 

very few slum buildings detected compared to the Threshold searching method. 

 

Figure 31: Results of the buildings classification in Ricardo Brugada using ground truth data. 
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Figure 32: Results of the buildings classification in Ricardo Brugada using the TS classifier, utilizing only UMM. 
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Figure 33: Results of the buildings classification in Ricardo Brugada using TS classifier, utilizing UMM and TM. 
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Figure 34: Results of the buildings classification in Ricardo Brugada using the RF classifier and Korail as a training 

model, utilizing UMM. 






























