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Abstract: Mapping slums is vital for monitoring the Sustainable Development Goal (SDG) indicators.
In the absence of reliable data, Remote Sensing (RS)-based approaches, particularly the Deep Learning
(DL) methods, have gained recognition and high accuracies for slum mapping. However, using
RS alone has its limitation in complex urban environments. Previous studies showed the added
value of combining ground-level information with RS. Therefore, this research aims to integrate
Remote Sensing Imagery (RSI) and Street View Images (SVI) for slum mapping. Jakarta city is the
study area representing the challenge of distinguishing between slum and non-slum kampungs,
and these kampungs accommodate approximately 60% of the population of Jakarta. This research
compares the mapping results obtained by four DL networks: FCN-DK6 used only RSI, a VGG16
used only SVI, and two networks combined RSI and SVI (FCN-DK6-i and Modified FCN-DKS6).
Further, the Modified FCN-DK6 network was explored by integrating SVI at each convolutional layer,
i.e., Modified FCN-DK6_1, Modified FCN-DK6_2, Modified FCN-DK6_3, Modified FCN-DK6_4, and
Modified FCN-DK6_5. Experimental results demonstrate that combining RSI and SVI improves the
accuracy, depending on how and at what level in the FCN network they are integrated. The Modified
FCN-DK6_2 outperforms the rest in Modified FCN-DK6 experiments and FCN-DK6-i.

Keywords: slum mapping; remote sensing images; street view images; deep learning; fully convolu-
tional networks; feature extraction; spatial interpolation

1. Introduction

The global population living in urban areas is increasing rapidly due to overall popu-
lation growth as well as increasing urbanization rates [1]. More than half of the population
currently lives in urban areas, and this proportion is estimated to be as high as 68% by
2050 [2]. Adequate city planning in the face of such rapid expansion is difficult and inade-
quate response to the growth often leads to inadequate infrastructure, services and houses,
as well as an increase in slums and slum dwellers. This challenge is particularly relevant
for the Global South. Indeed, the population living in slums is estimated to be above one
billion people [3].

Slums and informal settlements across the world share some similar physical charac-
teristics [4,5]. According to the most widespread definition, a household must meet at least
one of the following conditions to be considered a slum: (1) absence of tenure security, (2)
lack of housing durability, (3) insufficient living spaces, (4) lack of access to water, and (5)
lack of access to sanitation [4]. However, it should be noted that some, albeit few, informal
settlements may be relatively wealthy and have sufficient living conditions. When a group
of slum households forms an unplanned layout in high-density urban areas, it is called a
slum area. Slum areas are dynamic, i.e., physical characteristics within slums change over
time in terms of density of structures, location, building size, height, and arrangement,
making slum identification extremely complex using Remote Sensing (RS).

Identifying and characterizing slum areas using RS can help to understand and update
the current situation to support slum development policies and plans [6]. Updated spatial
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information on the location and characteristics of slum areas in official records is often
missing or incomplete [7,8]. Generating up-to-date slum maps and providing them to
local governments supports them in their efforts to target interventions and upgrade slum
areas efficiently.

Approaches for mapping slums can be broadly divided into three categories: survey-
based, participatory and RS-based [9]. Survey-based and participatory approaches require
extensive human resources, whereas RS-based approaches require fewer resources for field
work but do require expert knowledge in RS in order to interpret the images [10]. The
benefits of utilizing RS data include that it can be regularly updated and, as it is taken from
above, it provides information on areas that are not accessible from the ground [11].

In recent years, many researchers have developed different methods to map slums
due to the increasing availability of Very High Resolution (VHR) Remote Sensing Imagery
(RSI) [9]. RS-based slum mapping can be done through visual image interpretation, where
an expert manually delimits slum areas. The resulting slum maps can have high accu-
racy [12]. However, this manual process is very slow, the obtained accuracy depends
greatly on how the expert perceives slums and the identified boundaries tend to differ
among experts [13,14]. Nevertheless, in the absence of up-to-date and consistent official
slum boundaries, visual interpretation is often used as reference data to cross-check slum
boundaries obtained through other methods.

Automatic Machine Learning (ML) methods are an alternative approach for delineat-
ing slum boundaries in RSI. Object-Based Image Analysis (OBIA) is a sub-group of ML
methods used for this purpose [15]. These methods first segment an image by grouping
neighboring pixels into “objects” that represent meaningful objects in the imagery (e.g.,
houses, trees), and characteristics such as size and shape can be computed for each of
these objects [16], which is used to identify slum areas, i.e., the primary set is to define a
rule set to identify slums using RSI [9,17]. Yet designing the rule set criteria is extremely
challenging as the appearance of slums, and thus their morphological characteristics, show
a great variation across cities and within a single city [18]. OBIA can also be combined with
traditional ML methods, such as Random Forest (RF), to classify image objects in complex
urban environments. The traditional ML methods extract spatial features from RSI to map
slums [19] and can obtain better results than the rule-set-based OBIA approach [15].

Deep Learning (DL) approaches have recently gained popularity in various image
classification tasks, including the classification of RSI. For example, Fully Convolutional
Networks (FCNs) consist of different layers that can be trained to automatically extract
relevant features from the imagery, thus extracting more accurate information and often
achieving higher accuracy than other ML methods [19]. Indeed, studies have recently
shown that FCNs can also achieve high accuracies for mapping using RSI [20].

All methods of generating slum maps require a clear conceptualization of the char-
acteristics of slums [21]. Due to the large variation in slum appearances across different
contexts, there is no universal definition of slums; the definitions change over time and
space and also depends on the official definitions adopted by governmental organizations.
Therefore, it is a good practice to start any slum mapping exercise by incorporating local
and contextual knowledge into the conceptualization of a slum [22].

RSI gives a bird’s eye view of an area, but it does not reflect the detailed ground-level
information in order to understand the complexity of slum areas, such as non-durable wall
construction materials or the number of floors of a building, or the presence of uncovered
or open drainage elements in the neighborhood. Rather, such information should be
obtained from the ground through field surveys, interviews, focus groups, or Street View
Images (SVI), i.e., photographs of a neighborhood obtained from the ground level. Yet
very few studies have used SVI to identify slums [23,24]. Furthermore, using SVI alone has
limitations because it provides only point-wise information or information along an easily
accessible roadway, but it cannot produce a spatially complete slum map. For example,
if we want to map a region only accessible by foot, in that case, we cannot use SVI alone
because SVI are often photographed by people accessing the areas using automobiles.
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Although previous studies [23-25] have integrated ground-level information with RSI,
none of the researchers directly integrated SVI and RSI for slum mapping. Therefore, our
study aims to analyze whether combining RSI with SVI using the DL approach leads to
higher accuracy in slum mapping (compared to both methods individually). Based on a
case study in Jakarta, experiments compare slum classifications using only SVI, only RSI, a
simple combination, and a novel combination network presented here.

2. Study Area

Jakarta is one of the most densely populated provinces of Indonesia and growing
rapidly [26]. It is the country’s economic center and its work opportunities attract people
from many other regions. The increasing population and urbanization overcome the
availability of affordable housing [14], resulting in the growth of informal settlements.

The 2030 Sustainable Development Goals (SDGs) and other global development agen-
das are recognized by the Indonesian national government and incorporated into various
planning programs such as the National Medium-Term Development Plan (RPJMN) [27].
For example, Improving the quality of housing and settlements and Clean Water and Sanitation
have been included in the RPMJN 2020-2024 [27], which explicitly plans for a 100-0-100
(i.e., 100% access to clean water with zero slums and 100% access to sanitation) policy.
Keeping track of slum reduction is key to monitoring the success of this initiative. However,
two main reasons make slum monitoring difficult in Jakarta. First, various definitions
of slums are used by national, regional and local governmental institutions in Indonesia,
which makes it challenging to conceptualize and map slums uniformly. Using the different
definitions of slums also leads to delineating different slum boundaries. Second, the char-
acteristics of kampungs in Jakarta complicate the accurate mapping of slum areas. Around
50 years ago, Jakarta faced rapid urbanization leading to developing low-income housing
called kampungs. The housing sector was under pressure due to the increasing population,
affordable housing was lacking and many people were forced to live in substandard hous-
ing. This caused a gradual growth in the size of kampungs which also housed middle-class
income groups. Kampungs grew to accommodate around 60% of the city’s population [14].
Figure 1 shows Jakarta’s location with the regional administrative boundary and selected
study area.
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Figure 1. Maps of Jakarta’s location with respective regional administrative boundaries and selected
study area.
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3. Materials and Methods

In this section, we first give an overview of the data used in this research. In the second
section, a methodological workflow is presented.

3.1. Datasets
3.1.1. Slum Reference Map

Official slum boundaries were provided by the local government of Jakarta in 2017
(RW Kumuh). These slum boundaries are divided into four categories: heavy (Berat),
medium (Sedang), light (Ringan), and very light (Sangat Ringan). Figure 2 displays these
official boundaries and the four categories. As discussed in Sections 1 and 2, the definition
of slums varies from place to place and person to person. For this research, therefore, we
combined important slum indicators formulated and utilized by governmental institutions
and academic literature to create a single definition of slum and a corresponding set of slum
indicators. Further, the official reference map was modified according to this definition, as
discussed in the Data Preparation Section below and used as reference data to measure the
accuracy of slum maps derived using RSI and SVI through the DL network.
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Figure 2. Official slum boundaries from 2017 showing heavy, medium, light and very light slums.

3.1.2. Remote Sensing Imagery

The European Space Agency (ESA) granted 125 km? of GeoEye mission satellite VHR
imagery for the study. It was not possible to obtain satellite imagery from the same year
as the official slum boundaries (2017). Therefore, imagery from 2018 with less than 10%
cloud cover was procured due to constraints on obtaining recent data. The procured pan-
sharpened multi-spectral (red, green, blue and near-infrared bands) imagery has a spatial
resolution of 0.4 m.

3.1.3. Ancillary Data

Ancillary data included road networks, building footprints, and zoning data, which were
available as shapefiles on the official website of Jakarta’s government (https:/ /jakartasatu.
jakarta.go.id /portal /apps/sites /#popup) (accessed on 7 February 2021). Note that these
datasets were utilized to modify the reference data. They were not used as direct inputs for the
deep learning algorithms.

The first ancillary dataset was the road network. This data consists of a shapefile
with an attribute table containing the road class (kelas jala) and information (keterangan).
The road class (attribute) information was used to identify minor roads (local) and branch
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roads (environment), which in turn helped select the locations to download the SVI. The
information (attribute) describes road class information used to identify dirt roads (unpaved
roads) for modifying the slum reference layer in this research.

The second ancillary dataset was the building footprint. The shapefile contains in-
formation on the area of each building (shape area). This attribute was used to filter out
buildings of less than 60 m? area for modifying the slum reference layer. A threshold of 60
m? was utilized after visually comparing the building footprint data with the official slum
reference map of 2017. These are slums as per the local government and as also confirmed
by one of the co-authors (Mr. Jati Pratomo) with local expertise.

The third ancillary dataset was zoning data which contains information on the type of
zone (zona). Zone types include green belt (zona jalur hijan), city park (zona tamon kota/
lingkungan), waterway (zona terbuka biru), cemetery (zona permakaman) and industrial
and warehouse area (zona industri dan pergudangan). The zoning data was utilized to
modify the slum reference layer. Green belts, city parks, waterways and cemeteries are areas
where other infrastructural development, such as construction, cannot take place. These
were, thus, used to flag zones that do not have a legal occupation. Therefore, residential
buildings in these areas are likely to form informally to create larger slums.

3.1.4. Street View Imagery

A regular grid was generated to list the latitude and longitude in meters in order to
query the SVI; thus, using these coordinates (latitude and longitude), images were obtained
from Google Street View Static API in all four cardinal directions (north, south, east and
west). Figure 3 shows the SVI captured in the cardinal direction at one of the slum locations
in western Jakarta according to the official slum reference map of 2017.

Figure 3. SVI captured in the cardinal directions at one slum location according to official slum
reference map of 2017.

Random points were generated along the minor road and branch road network, with
an approximately equal number divided into slum and non-slum areas of the modified
slum reference data “using random points along line” tool in QGIS. Any points that fell on
boundaries between slum and non-slum areas were excluded to avoid confusing the DL
classifier, i.e., any point which contains slums in the SVI directed east and non-slums in
the SVI directed west would hamper the algorithm from learning features to distinguish
the different classes. We eventually arrived at 6903 random points for slum areas and 7339
random points for non-slum areas, as shown in Figure 4.
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Figure 4. Random point locations on roadways in both slum and non-slum areas (green are non-slum
point and red are slum point).

This set of randomly generated point locations is called Google Street View (GSV)
locations. A total of 19,796 images for slums and 24,596 for non-slum areas were obtained,
and no GSV images were present at a few GSV locations. Each of the SVI downloaded was
manually inspected for anomalies. For example, pictures that were completely dark or
taken from inside buildings were removed from the dataset. The final set then contained
19,748 images for slum and non-slum areas.

3.2. Methodology

The research workflow consists of three phases (Figure 5). First is the identification
stage, which characterizes slums in the study area and updates the reference slum map
using RSI, SVI and ancillary data. Second comes the implementation phase, consisting of
(i) data preprocessing and (ii) experimental design and running models. In the third and
final stage, the accuracy values obtained for different models are compared.

Review RSI
Identification
Stage Characteristics Vi

of Slum Identified from
Ancillary Data

Mapping
Indicator
for Slum

Conceptualization
of Slum

Deep Learning
Model

FCN-DK6-i || Modified FCN-DK6
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Implementation
Stage

Ancillary data
Official slum reference
data of 2017

FCN-DK6 || Places365-VGG16
(RSI) (SVI1)

RSI

Reference Data

Accuracy
Assessment
Stage

Comparison

Figure 5. An overview of the methodological workflow shown over three stages: identification,
implementation and accuracy assessment.



ISPRS Int. ]. Geo-Inf. 2022, 11, 631

7 of 19

3.2.1. Identification Stage

Slum characteristics were identified through a literature review. This review included
identifying the indicators defined by global, national (Indonesia) and local (Jakarta) gov-
ernmental organizations to identify slum characteristics and academic literature at the
local level (Jakarta) in order to understand slum definitions in Jakarta’s kampungs using
local characteristics. Additionally, one of the co-authors has considerable local expertise
and greatly supported the understanding of slum characteristics in Jakarta in the local
context. Based on these findings and the discussion with the local expert, an overview
was made of slum characteristics that can be identified using RSI or SVI or ancillary data.
These characteristics were used to conceptualize the concept of a slum for the purposes of
this research. Table 1 demonstrates the conversion of chosen characteristics of slums into
mapping indicators.

Table 1. Conversion of chosen characteristics of slums into mapping indicators ! in order to modify
the 2017 official reference map of slum Source: [28].

Characteristics Mapping Indicators

Absence of tenure security Ancillary data: Zoning data
SVI: Iron sheets, Wood-blocks, Plastic sheets, and

Poor wall materials Low-quality construction materials

Ancillary data: Road network data

Dense area with lesser roads RSI Shape: Compactness

Unplanned layout RSI Shape: Compactness

Ancillary data: Road network data

Unpaved/Light roads RSI Shape: Compactness

Ancillary data: Building footprint data

Small building size/building footprint RSI Shape: Compactness

RSI Tone: Iron sheets and Asbestos sheets

Poor roof materials SVI: Iron, Asbestos, and Plastic sheets

RSI Association: Proximity to Rivers, Railroads,
Swamps, and Shrines

SVI: Proximity to Rivers, Railroads, Swamps, and
Shrines

Proximity to rivers, railroads, swamps, and shrines

RSI Association: Near to the industrial and
Near to industrial and warehouse area warehouse area
Ancillary data: Zoning data

RSI Association: Less open and green spaces

Less open and green spaces SVI: Less open and green spaces

1 8VIs are natural color composite pictures; thus, the characteristics can be identified with the human eye, whereas,
to analyze RSI, visual factors such as tone, form, size, association, and geographical features were used.

3.2.2. Implementation Stage
Data Preparation

There are two steps to the preprocessing. The official slum reference map from 2017
was updated in the first stage using slum characteristics explained in Table 1. The dataset
for training and subsequently, testing the results was generated in the second stage.

In the first step of data preprocessing, some regions in the 2017 official slum reference
map did not fit the definition of slums used in this study. In the official reference map,
certain highly developed areas, green spaces, tall residential structures and warehouse
and industrial areas are categorized as slums. This misalignment may be caused by the
temporal gap between the input data used for the classification, which was acquired in
2018, and the slum reference data, which was acquired in 2017. Therefore, the modification
of the official reference slum map of 2017 was carried out according to the slum definition
using the indicators presented in Table 1. In this process, a few localities were not classified
as slums, as originally in the official slum reference map of 2017. Yet they exhibit the
characteristics of slums as per the knowledge of local experts and slum definition used



ISPRS Int. ]. Geo-Inf. 2022, 11, 631

8 of 19

in this research. Therefore, the localities mentioned above were classified as an unknown
category of slum. In this study, this updated and modified slum map was used to produce
high-quality training and testing datasets for further analysis. The modified slum reference
map used in this study is depicted in Figure 6.
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Figure 6. Modified slum reference map created for this study using mapping indicators.

The second step of data preprocessing concerns preparing the data for the deep
learning workflow, i.e., the FCN network. The study area was divided into 12 tiles of
2000 x 2000 pixels, each covering an area of 800 x 800 m. The tiles were selected in
such a way to balance the classes (slum and other) within the tiles and ensure a diverse
representation of both classes. Thus, 12 RSI and ground truth tiles were created, of which
10 were utilized for training and 2 for testing the FCN networks that were suggested in the
study.

Fully Convolutional Neural Network

Persello and Stein [29] introduced a Fully Convolutional Neural Network-Dilated
Kernel (FCN-DK) network for slum mapping. More specifically, FCN-DK6 performs
better than all other FCN-DKs networks. Therefore, the FCN-DK6 network was used
to identify slums using RSI alone and the combination of RSI and SVI. The researchers
in [24] classify urban land use by combining the RSI with SVI through the FCN-VGG16
network. The disadvantage of selecting FCN-VGG16 or any other network is that it
has a higher computational cost than FCN-DK6. In addition, FCN-DK uses the dilated
convolution technique in order to increase the respective field while limiting the number of
learnable parameters and reducing the risk of overfitting [30]. Furthermore, FCN-DKG6 is
an unexplored network when it comes to fusing two different levels of datasets, i.e., RSI
(bird’s eye view level) and SVI (ground-level images).

Classification Using Only RSI

Each training tile was split into 125 x 125 pixels of non-overlapping patches. The FCN-
DK6 was trained using the network set-up depicted in Table 2, with initial weights chosen at
random. The number of training epochs was initially set to 300 and the validation accuracy
was monitored by using Early Stopping methods from the Keras library with patience of 10
epochs, i.e., the model stops training if it does not find an increase in validation accuracy
over the previous 10 epochs. The model ran until 300 epochs without stopping because the
validation accuracy did not say constant for 10 successive epochs.
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Table 2. Network configuration used for training FCN-DK6, FCN-DK6-i and the Modified FCN-DK6
in this research.

Characteristics Value
Number of epochs 300 2
Batch size 64
Validation split 0.30
Stochastic Gradient Descent (SDG)
Optimizer Learning rate: 1 x 10~°

Momentum: 0.9
2 400 epochs were utilized for FCN-DK6-i and the Modified FCN-DK®6.

Classification Using Only SVI

It can take a lot of time, resources, and access to a sizable database to train CNN from
scratch. Therefore, to identify urban scenes from SVI, a pre-trained VGG16 network on the
Places365 dataset was fine-tuned specifically for Jakarta. Using the same network set-up
presented in Table 2, the Places365-VGG16 network was fine-tuned by freezing the five
convolutional blocks and fine-tuning only the final classification block. The weights are
initiated with Places365 weights. The Keras library’s Early Stopping method was used to
track validation accuracy over a period of 10 epochs.

Classification Using an Integration of SVI with RSI

In order to combine information contained in SVI from discrete locations with RSI in a
raster format, SVI feature maps were generated. The geographical area covered by GSV
images depends on the mobility of automobiles, such as cars or bikes along the roadway,
which helps to capture the picture of the urban environment at various GSV locations, i.e.,
“The GSV images capture the scenes of areas in the proximity instead of single dots in the
space” [24]. Hence, it is essential to interpolate the point-wise ground-level information
from GSV images into spatially continuous feature maps, which can be combined with the
RSI. The feature maps are created in three steps: (i) feature extraction from GSV images, (ii)
generating new points around each GSV location and (iii) interpolation of extracted feature
spatially. To distinguish between slum and non-slum locations, the fine-tuned Places365-
VGG 16 network was used to derive the features from GSV images. For each GSV image,
128 features were retrieved from the dense layer (dimensionality of 128) prior to the final
fully connected layer in fine-tuned Places365-VGG16 network. However, integrating all
128 features into the FCN-DK would greatly increase the dimensionality of the data and
computational time. Therefore, a feature reduction approach was applied to (i) minimize
training time and (ii) minimize the FCN-DK network’s overfitting. Principal Component
Analysis (PCA) was utilized to minimize the feature dimensionality. With the help of linear
algebra, PCA converts the dataset into a compact representation [31], where the greatest
variability is shown by PC’s first transformed component. The advantage of implementing
PCA is that we can choose limited features while still capturing the greatest possible
variability in the data. For this study, the first 32 PCA components were selected, which
represented 58.35% of the total variance of 128 features. Further, for each GSV location,
one point was generated in each direction (north, south, east and west) at a distance of
0.5 cm, shown in Figure 7. Then the 32 features (reduced features) for each GSV image
were appended in accordance with their GSV location and the pertinent direction. These
reduced features were converted from point features (i.e., the CNN features of the street
view image at a defined location) to a continuous spatial grid through Inverse Distance
Weighted (IDW) spatial interpolation. Finally, 32 feature maps were produced. Thus the
number of feature maps produced was determined by the number of features added to each
point. Figure 8 demonstrates the process used to create the feature maps. These feature
maps can be integrated with RSI because they share the same spatial dimensions as RSI
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because, while generating feature maps using IDW interpolation, the extent and resolution
were kept the same as the RSL
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Figure 7. At a distance of 0.5 cm from each GSV location, additional points were created in the
cardinal direction (red are GSV locations and yellow are newly generated points).
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Figure 8. Preparing feature maps and the input data for Approaches 1 and 2 (this figure only demon-
strates the procedure for creating two feature maps; likewise, 32 feature maps can be generated).

Two approaches were used to integrate RSI with the SVI feature maps. The first ap-
proach is FCN-DKé6-i, where RSI was directly stacked with the SVI feature maps using layer
stacking functionality in ArcGIS. This stacked imagery (RSI + SVI feature maps) was given
as input to FCN-DKG® for classifying slums. The FCN-DK6, which uses stacked imagery
as input, is referred to as FCN-DK6-i from this point forward through the manuscript in
order to avoid misunderstanding with the FCN-DK6 network, which uses RSI alone as an
input. The training of FCN-DK6-i was carried out the same way as FCN-DK®, as discussed
in Section 3.2.2. — Classification Using only RSL

The second approach is a Modified FCN-DK6. This research proposes a novel method
for leveraging the FCN-DK6 network with six convolutional blocks to integrate RSI with
the SVI feature map at deeper layers of the FCN-DK network. The FCN-DK6 network was
modified to generate a single classification output using two individual inputs which is
called Modified FCN-DK6. However, the SVI feature map is fused with each convolutional
block separately in the Modified FCN-DK6 network, i.e., if the SVI features are concatenated
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at the 1st convolution block, it is called Modified FCN-DK6_1 similarly, SVI features were
concatenated with the 2nd, 3rd, 4th, and 5th convolution block then they are called as
FCN-DK6_2, FCN-DK6_3, FCN-DK6_4, and FCN-DK6_5, respectively, and collectively
they are called Modified FCN-DK6 experiments from now on in this manuscript to avoid
lengthy names for the networks. The Modified FCN-DK6_2 network used for this study is
depicted in Figure 9.

Convolution Blocks Classification Block

A |

) [ 1

Convolution Dropout

o
l Input Image_1 Fusion l’ SoftMax

IReLU I

. /
Eatch lizati ‘ Pooling l’ Convolution l’ Output
ormalization (1X1)

s
Input Image_2 l’ Zero Padding

Figure 9. Suggested network architecture of Modified FCN-DK6_2 for combining RSI and SVI
feature map at 2nd convolution block (RSI is Input-Image_1 and stacked feature map of SVI is
Input-Image_2.

As shown in Figure 9, the first input was routed via the 1st and 2nd convolution block,
and the output from the 2nd convolution block was fused with the second input at the fusion
and created a fused layer. After that, the fused layer was fed to the remaining convolution
blocks, i.e., 3rd, 4th, 5th, and 6th, respectively, the output from the 6th convolution block
was passed to the classification block, and the final classification map was generated using
the Modified FCN-DK6_2 network. In this process, the first input is RSI and the second
input is a stacked SVI feature map. Similarly, fusion was done at each convolutional block,
i.e., 1st, 3rd, 4th, and 5th individually, and the final classified output was generated using
Modified FCN-DK6_1, Modified FCN-DK6_3, Modified FCN-DK6_4, and Modified FCN-
DK6_5 network. The network parameters during the training phase were the same as for
FCN-DKG®6 (see Table 2).

3.2.3. Accuracy Evaluation

In this study, the model’s accuracy was evaluated using the testing tile prediction
accuracy. Several accuracy metrics, including recall, precision, F1 score, IoU, overall
accuracy (OA), and kappa coefficient, have been explored in previous slum mapping
research. The kappa coefficient cannot be used to evaluate the model accuracy for a
problem like an image classification [32]. Similarly, OA can also give deceptive results
when a class imbalance is present. For example, a higher OA value does not always indicate
better performance of the model, as is the case for slum mapping, where non-slum areas
predominate over slum areas. As a result, the model outcomes were evaluated in this study
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using recall (R), precision (P), F1 score, and IoU. Equations (1)-(4) show how the recall,
precision, F1 score, and IoU are calculated.

b= TPT+PFP @

TP
R=TprEN @
F1 Score = 2 % Iljj_l; 3)
ol = o Fp T E @)

In the equations above: P = precision, R = recall, TP = true positive, FP = false positive,
and FN = false negative. Furthermore, the accuracy was calculated for each slum category
present in the modified slum reference data.

Thus, instead of comparing precision, recall, F1 score, and IoU for accuracy comparison
among the proposed networks, we explored F1 score and IoU in detail because the F1 score
is the combination of precision and recall, whereas IoU is a standard accuracy metric used
in computer vision challenges such as PASCAL VOC challenge [33].

4. Result

The accuracy metrics for the eight slum classification networks used in this research
are provided in Table 3. Results indicate that using only RSI, i.e., FCN-DKG®6 (IoU = 61.65)
outperforms using only SVI, i.e., Places365-VGG16 (IoU = 55.46), and few networks that
integrate RSI and SVI, i.e.,, Modified FCN-DK6_1 (IoU = 56.63), Modified FCN-DK6_3
(IoU = 58.05), and Modified FCN-DK6_4 (IoU = 54.8) in this case study. The FCN-DK6-
i, which integrates both RSI and SVI, obtains accuracies approximately equal to that of
FCN-DK6 and Modified FCN-DK6_5. However, the Modified FCN-DK6_2 achieves the
highest F1 Score and IoU. This is mainly due to an increase in the recall by 2.9% compared
to FCN-DKG6-i, 3.3% compared to Modified FCN-DK6_5, and 3.5% compared to FCN-DKG6.

Table 3. Accuracy metrics for the eight different experimental set-ups. Results in bold indicate the
highest values.

Method Input data Integration Precision Recall F1 Score IoU
FCN-DK6 RSI - 78.22 74.42 76.28 61.65
Places365-VGG16 SVI - 66.66 76.75 71.35 55.46
FCN-DK6-i RSI & SVI Stacked 77.38 75.04 76.19 61.54
Modified FCN-DK6_1 RSI & SVI Concatenated at Block 1 74.5 70,25 72.31 56.63
Modified FCN-DK6_2 RSI & SVI Concatenated at Block 2 77.07 77.93 77.50 63.26
Modified FCN-DK6_3 RSI & SVI Concatenated at Block 3 77.46 69.84 73.46 58.05
Modified FCN-DK6_4 RSI & SVI Concatenated at Block 4 80.23 63.35 70.8 54.8
Modified FCN-DK6_5 RSI & SVI Concatenated at Block 5 78.25 74.58 76.37 61.77

The accuracy assessment can also be disaggregated according to the types of slums
identified in the modified slum reference map, where the class “unknow slum” refers
to parts of the RSI that were visually identified as slums according to the characteristics
labeled in Table 1 but not officially classified as slum in the provided reference data (see
Section 3.2.2 —Data Preparation on how the reference data was modified). The result for
Modified FCN-DK6_2 is presented in Table 4 and Figure 10 depicts the outcome generated
by Modified FCN-DK6_2 on tile-12. Similarly, Figure A1 depicts the outcome generated by
Modified FCN-DK6_2 on tile-3 in annexure-A.
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Table 4. The Modified FCN-DK6_2 cumulated confusion matrix, which includes various slum
categories and non-slum (other).

Cumulated
Predicted Ground Truth
Non-Slum Heavy Slum Medium Slum Light Slum Very Light Slum Unknown Slum Total
Non-slum 3,337,202 28,475 200,990 230,783 127,138 248,024 4,172,612
Heavy slum 33,521
Medium slum 550,343
Light slum 877,730 1,153,302 3,827,388
Very light slum 267,890
Unknown slum 944,602
Total 4,214,932 61,996 751,333 1,384,085 395,028 1,192,626 8,000,000
Recall (%) 79.18 54.07 73.25 83.33 67.82 79.20
RSI of tile 12 Ground truth of tile 12
Legend
] slum
I Other
A i
Feature map of tile 12 Predictions of tile 12

Figure 10. Outcome generated for tile-12 using Modified FCN-DK6_2,white color represents slum
areas and black shows other areas (non-slum).

We wanted to analyze how different combinations of input datasets affect the under-
standing of the DL model for various categories of slums. Therefore FCN-DK®6, Places365-
VGG16, FCN-DK6-i, and Modified FCN-DK6_2 were selected. Only Modified FCN-DK6_2
was selected from Modified FCN-DK6 experiments as it performs better than others. The
predicted outcome generated using FCN-DKS6, Places365-VGG16, FCN-DK6-i, and Modi-
fied FCN-DK6_2 was further broken down into various categories of slums, as shown in
Figure 11.
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Figure 11. The outcome generated by FCN-DK®6, Places365-VGG16, FCN-DK6-i and Modified FCN-
DK6_2 networks is compared across the various slum categories.

Figure 11 demonstrates that Places365-VGG16 can more accurately identify heavy,
medium and very light slums than other FCN-DK6 networks used in this research, but
it performed poorly at detecting light and unknown categories of slums. Compared to
FCN-DK6-i and FCN-DKG®, the Modified FCN-DK6_2 is more accurate at classifying the
various types of slums, whereas, when it comes to classifying light and unknown slum
categories, Modified FCN-DK6_2 outperforms Places365-VGG16.

5. Discussion

The results of these experiments indicate that including information from SVI can
increase the accuracy of slum classification rather than using RSI alone, but it also depends
on how and at what level SV1is integrated into the FCN-DK network. The simple stacking
of RSI and SVI for FCN-DK6-i did not improve on using only RSI as input, whereas
integrating SVI through the more sophisticated Modified FCN-DK6 experiments did lead
to an improvement. Modified FCN-DK6_2 and Modified FCN-DK6_5 perform better than
FCN-DK®6 and Places365-VGG16 network, as shown in Table 3.

We have compared the result produced by FCN-DK6 and Modified FCN-DK6_2
because this research aims to compare the result generated by the combination of RSI and
SVI over RSI. As discussed in Section 1, the slum map cannot be generated using SVI alone,
therefore the result generated using the combination of RSI and SVI was not compared
with that generated through SVI alone. Figure 12 compares the output generated for
tile-12 by Modified FCN-DK6_2 and FCN-DK6. Similarly, Figure A2 compares the output
generated for tile-3 by Modified FCN-DK6_2 and FCN-DK6 in annexure-A. Compared
to FCN-DK6, Modified FCN-DK6_2 demonstrates a more accurate prediction. The SV
potential to provide ground-level information that helps understand slums in an urban
setting increases the Modified FCN-DK6_2 prediction accuracy. Thus, the red circle in
Figure 12 indicates that the Modified FCN-DK6_2 outperforms the FCN-DK®6 in places
where SVI are available. Figure 13 illustrates the classification results generated by FCN-
DK6 and Modified FCN-DK6_2 for detecting slum regions. It includes (a) the actual image
of a slum area with GSV locations and (b) and (c) the results generated by FCN-DK6 and
Modified FCN-DK6. The area demarked by yellow circle indicates the misclassification
of a slum area as non-slum due to the lack of availability of SVI and the absence of slum
characteristics, particularly in the roofing material; both networks produce approximately
the same outcome. In contrast, the area demarked by magenta indicates that the availability
of SVI plays a vital role in identifying slums while using Modified FCN-DK6_2.
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Figure 12. The outcome generated by Modified FCN-DK6_2 and FCN-DK®6 for tile-12 (location
highlighted by red circle represent those places where Modified FCN-DK6_2 perform better than
FCN-DK6_2 because of the availability of GSV location).
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Figure 13. Classification using FCN-DK6 and Modified FCN-DK6_2 for detecting slum areas (area
highlighted in yellow, where Modified FCN-DK6_2 and FCN-DKG6 performs poorly because access to
the GSV location was limited and area highlighted in magenta where Modified FCN-DK6 perform
better than FCN-DKG6 because access to the GSV location was rich).
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As shown in Figure 11, integrating SVI also improves the identification of the different
slum categories. Thus, the SVI capture visible characteristics of slums that are not visible
in RSI (such as building construction materials, open drainage, etc.). Furthermore, the
fine-tuned Places365-VGG16 network is more appropriate for differentiating between slum
categories, such as heavy and medium slums. Upon further investigations of the Places365-
VGG16 network, we observed that the images of slums on which Places365-VGG16 was
pre-trained are more similar to the slum images that fall into the category of heavy and
medium slums in our case study. This may be why the fine-tuned Places365-VGG16
particularly improved the recall of these two slum categories.

Although the inclusion of SVI with RSl is promising for slum classification applications,
further research is needed to optimize this integration. Firstly, the coverage of SVIis not
consistent in slum areas and there are many areas with no SVI available. This is because the
information along the road is only captured in SVI [24]. Furthermore, there are streets with
no SVI. This research used IDW interpolation to generate the SVI feature maps. Further
research could find more sophisticated ways of dealing with this inconsistent coverage
to better interpolate the SVI features spatially. For example, techniques that explicitly
deal with missing data could be investigated. Alternatively, ancillary data, such as road
networks or city blocks [34] available through OpenStreetMap, could be used to interpolate
the SVI more meaningfully.

Secondly, the SVI feature maps were generated with the first 32 principal compo-nents
of the 128 Places365-VGG16 features. These 32 components only explain 58% of the variance
of all of the features, yet it is not computationally efficient if one tries to generate feature
maps for all 128 features and integrate them all as layers into the Modified FCN-DK6_2.
Further research could investigate ways of generating feature maps that capture more
information from the SVI without generating too many spatial layers to include in the
Modified FCN-DK6_2.

Finally, it is important to remember the conceptualization of slums is highly depend-
ent on the local context [34]. As a result, conceptualizing the slum based on the local
con-text is highly valued when generating slum maps.

6. Conclusions

Over the past two decades, RSI has shown increasing promise for identifying slums
and creating slum maps. This information can be crucial for policymakers in planning
urban upgrading projects. However, physical characteristics captured through RSI are
limited to understanding the urban environment, e.g., building size, density, roof material
and road network pattern. However, other characteristics related to living conditions—such
as building construction material and open drainage—are important to identify slums,
yet very difficult to capture in RSI. This gap can be filled by SVI, in particular, integrating
SVI and RSI. For a case study in Jakarta, the use of RSI and SVI data together performed
better than either RSI or SVI data alone. Our results also demonstrated that the network
architecture is crucial in increasing accuracy. A novel Modified FCN-DK6_2 network
presented here showed a large improvement in Recall, F1 score and IoU. More research
is needed to explore a more optimized way of integration. Another important point for
further research is to find an efficient way to spatially interpolate the information obtained
from the SVI classification, which is limited to point-wise observations at coordinates where
the SVI was taken, with the continuous spatial coverage provided by the RSI.
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Figure Al. Outcome generated for tile-3 using Modified FCN-DK6_2, where white stands for slum
area and black for other areas (non-slum).
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