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ARTICLE INFO ABSTRACT

Editor: DR B Gyampoh With the development of unmanned aerial vehicle (UAV) in the recent decade, very high-
resolution aerial imagery has been used for precise land use/land cover classification (LULC).

Keywords: However, special structures in rural areas of developing countries such as traditional thatched

Remote sensing houses have posed challenges for precise LULC classification due to their undistinctive appear-

LULC

ance and confusable characteristics in both reflectance and structure. LULC mapping is essential
I e particularly in rural areas which have high data scarcity and vulnerability to natural disasters.
mage classification K K R A X T )

Machine learning With high-resolution observation has been achieved by UAVs, it is important to propose high-
Thatched house precision LULC classification methods which can fully use the advantages of UAVs. To empha-
Rural development size the differences among the common LULC types in rural areas, this study proposed an original
index, the rural residence classification index (RCI). RCI was calculated as the product of the
above ground height and the square of the difference between the NDVI value and one. Then, a
comprehensive classification method was established by combining the RCI, the traditional
threshold method and a machine learning method. As a result of the comparison with the
traditional threshold method, object-based image analysis, and random forest methods, the
method by this study achieved the highest overall accuracy (overall accuracy = 0.903, kappa =
0.875) and classification accuracy for detecting thatched houses (user’s accuracy = 0.802, pro-
ducer’s accuracy = 0.920). These findings showed the possibility on identifying the confusable
structures in rural areas using remote sensing data, which was found difficult by the previous
studies so far. The method by this study can promote the further utility of UAVs in LULC clas-
sification in rural areas in developing countries, thereby providing precise and reliable material
for hydrological, hydraulic or ecosystem modelling, which eventually contributes to more ac-
curate natural hazard risk assessment, rural development, and natural resource management.
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Introduction

Land use/land cover (LULC) classification is essential not only for natural resource management and urban planning, but also for
natural hazard risk assessment, disaster response after disasters (such as floods and earthquakes), and post-disaster reconstruction [1].
As a landlocked country in sub-Saharan Africa, Malawi lies in the eastern rift of the Great Rift Valley and is bordered by Lake Malawi to
the east of the country. Geolocation has caused natural hazards in Malawi, such as cyclones, floods, and earthquakes [2]. In recent
years, the disaster vulnerability of Malawi has increased because of climate change, population growth, and agricultural expansion,
particularly for rural households with semi-permanent buildings [3], such as grass thatched roof houses, the details of which will be
introduced later within the section. For instance, the flood caused by the tropical cyclone Freddy devastated southern Malawi in March
2023 has killed 679 people, injuring 2178, displacing 143,487, and affecting 2514,913 [4]. Natural hazard impacts can be reduced by
applying suitable risk assessments and hazard mapping [5]. It has been suggested that for flood risk hazard mapping with hydrological
models, where LULC data are important basic parameters, LULC data with higher resolution and accuracy could provide better
modelling performance [6]. Highly accurate and precise LULC mapping is not only useful for hazard mapping, but also important to
improve the understanding of both societal and environmental exposure to natural hazards, such as cyclones, floods, and earthquakes,
by providing precise information of household, residence, infrastructure, and natural resource.

As the major material for LULC mapping, artificial satellites launched by the National Aeronautics and Space Administration
(NASA), the European Space Agency (ESA), Maxar and other national or private aerospace development organisations have become an
essential platform for modern remote sensing based on advances in sensor technologies, aerospace platforms, and computer sciences
since the 1960s. Nowadays, satellite imagery has been used for LULC mapping at national or regional level all over the world, with
well-developed classification technology and algorithms. On the other hand, satellite observations still have limitations in terms of
both spatial and temporal resolutions, which cause difficulty when precise LULC mapping at local level is necessary. For example, the
satellites that are utilised worldwide, such as Landsat, Terra, and SPOT, have a ground resolution of several tens of meters, and satellite
data cannot be obtained under certain conditions, such as heavy cloud cover [7]. Particularly in rural areas of Malawi, where the area
of single housing is often smaller than 100 m? (10 x 10 m), it is difficult to identify a single household using open-access satellite
imagery. Therefore, the development of new remote sensing platforms and classification methods that are suitable for high-precise
LULC identification has become necessary. Since the 2010s, unmanned aerial vehicles (UAVs) have made rapid and significant
progress in performance and have been used worldwide for disaster relief, civil engineering surveys, pesticide spraying, crop moni-
toring, and infrastructure inspection [8]. Compared with satellite data, UAVs have advantages in terms of spatial and temporal res-
olution, mobility, and manoeuvrability. At present, with the development of the Global Positioning System (GPS), Geographic
Information System (GIS), and optimal sensor technologies, and improvement in aviation law systems, UAVs are already being seen as
a stable and reliable platform for LULC mapping.

Several classification techniques have been developed to map LULC patterns and dynamics from the remotely sensed imagery, and
in recent years, the application of machine learning algorithms has become one of the most popular approaches [9]. Among the su-
pervised machine learning classifiers that are commonly used for LULC mapping, such as maximum likelihood, random forest (RF),
support vector machine (SVM), spectral angle mapper, fuzzy adaptive resonance theory-supervised predictive mapping, Mahala Nobis
distance, radial basis function, decision tree, multilayer perception, and naive Bayes, it has been found that RF and SVM have the best
performance for LULC classification [10]. It has been pointed out that RF modelling is one of the most precise classification methods
because it can model the complexity of input variables, handle outliers, treat noise efficiently, and avoid overfitting [11]. RF is a
non-parametric ensemble algorithm based on decision trees that produces multiple estimators during the modelling process and
combines them to generate the final prediction. In a supervised machine learning classifier, the dataset is separated into training and
testing data, whereas in RF, the training data are further separated into bootstrap samples, which are used for each decision tree, and
out-of-bag samples, which are used to evaluate the performance of the constructed model. Two parameters, the number of the trees and
the number of features of each split, must be defined when setting up an RF model. According to the developer of RF, although a large
number of trees tends to provide better accuracy, more trees than required do not improve the classification result [12]. Despite the
high potential of machine learning and also deep learning on LULC classification or ground object identification, the accuracy of
machine learning and deep learning has been proven to be restricted in the studies so far due to a variety of factors, including the
selection of an efficient wavelength, spatial resolution, and the selection and tuning of hyperparameters [13], and studies worldwide
have been dedicated to the improvement of classification accuracy or efficiency of machine learning or deep learning approaches by
different kinds of approaches. For example, Hap et al. (2021) developed a new automated weed detecting system using Convolution
Neural Network (CNN) classification and snapshots to choose the optimal parameters for the model, and eventually achieved the
highest overall accuracy (0.99) among the studies so far at the similar field [13].

Traditionally, machine learning classifiers are used at the pixel level, which means assigning the given classes to all pixels of the
study area based entirely on the spectral feature information of each single pixel. This approach can yield fine performance when the
aerial data have medium- or low-ground resolution because one pixel typically represents an area of > 100 m? [14]. However, with the
rapid development of UAVs, aerial data with a high or even ultrahigh resolution of < 10 cm can be easily obtained. In high-resolution
imagery, the variance in multiple pixels representing one ground object makes it difficult to separate a vast number of pixels in one
image [15]. Differing from traditional pixel-based classification methods, the object-based image analysis (OBIA) method first sep-
arates the image into segments which are small polygons constructed of several neighbouring and similar-valued pixels, then, with
appropriate training samples, the classification is performed by dividing the segments into different classes according to their shape,
size, and spectral content [16]. The classification based on these segmented objects instead of single pixels has been proven to have
better performance at defining the precise shape of the ground object and separating the pixels located at the border between two
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ground objects [17].

Although pixel- or object-based classification using supervised machine learning is the most efficient, convenient, and commonly
used method in remote sensing to create LULC maps, the technique has one limitation factor which is that the classification accuracy is
determined by user’s-trained samples that define the statistics of the classes of interest [18]. In other words, human error has a direct
and significant effect on classification accuracy. When the ground object category is simple inside the study site, instead of the
automatic identification methodology, some studies use the threshold of certain waveband information, calculated index values, or
other pixel values, such as elevation or the true height value, to extract ground objects with special attributes. One representative
example of this approach is the normalized difference vegetation index (NDVI) threshold method used to extract vegetation areas or
even identify vegetation species [19].

Despite the various classification methods introduced above, some certain ground object types remain difficult to identify using
remote sensing data. For example, Wouters et al. found it difficult to identify thatched houses when constructing a flood damage
assessment tool in southern Malawi. Although the study tried to improve the classification accuracy by combining OBIA and SVM, and
further utilizing the digital surface model (DSM) data, the classification accuracy remained moderate (F1 score of the OBIA-SVM
method: 0.53; OBIA-SVM-DSM method: 0.72) [20]. Thatch is a material made from tall grass mainly used for roofing structures
and has similar reflection characteristics to soil and dead wood. This characteristic results in a very close RGB appearance of thatched
houses with the soil and a very close multispectral characteristics of thatched houses with the relatively low trees inside the settlement
with lower stem density. The potential biases in identifying thatched houses are that when using RGB value as the main parameter to
automatically detect thatched houses, it is difficult to separate them from the bare ground with the same colour. When using height or
vegetation indices such as NDVI as the main parameters, thatched houses cannot be separated from the lower trees. Furthermore, this
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Fig. 1. Details of the study site: (a) Location of the study site; (b) Ground object categories inside the study site.
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problem cannot be solved by using all the RGB value, height information and NDVI as parameters respectively since the similarity
among the three kinds of ground type would cause confusion during the procedure of machine learning and eventually a result with
mixed classes. This is the reason why thatched houses are difficult to separate using remote sensing imagery, and this difficulty has
been proven by Chan et al., (2022) when they tried to identify the thatched houses in a refugee camp in east Africa using very
high-resolution (VHR) UAV imagery with the U-Net architecture. As the result of the study, the thatched houses inside the refugee
camp were completely missing from the residence class and all classified as bare ground [21]. Similarly, when Chen et al., (2021) used
VHR imagery with OBIA approach to classify the LULC in rural Mozambique, the user’s accuracy of the thatched houses (0.58) was
extremely lower than the class types (metal roof: 0.94, Corral: 0.92, Other: 0.98) [22]. Thatched houses are traditional housing found
in rural areas throughout Africa, Asia, and Europe. There are many opinions suggesting that the thatched houses are “semi-permanent”
and can increase the risk of disease such as Malaria, and thus should be replaced with iron-cedar materials [23]. Conversely, there are
also studies on architecture showing that, with the right housing technique on roof angle and packing method, and with proper
maintenance, structures in Africa that have thatched roofs last for a century or longer [24]. Further opinion suggests that the people in
villages in the rural areas of Malawi still feel distrustful of the western way structures which lack an understanding of the basic African
traditions and customs [25]. Regardless of the different opinions on thatched houses, they are home to numerous Malawian families at
present and should not be ignored or treated as irrelevant during precise LULC mapping in Malawi and all other countries and areas
worldwide with similar cultures. However, no study has focused on LULC considering the characteristics of thatched houses.

Based on this background and facing the same difficulties on rural area LULC classification like the previous studies, the objectives
of this study were to (1) revise the specific characteristics of thatched houses in the remote sensed imagery and find the key difference
between thatched houses and other ground objects in rural area; (2) develop an original index for identifying thatched houses by
combining both optical and structural features based on the key differences; and (3) establish a comprehensive methodology for high-
accuracy LULC classification using UAV imagery, compare the accuracy of the results produced by the three most commonly used
classification methods (RF, OBIA, and a ensembled threshold method), to finally suggest the optimal method for precise LULC mapping
in rural area. The methodology of this study was specifically identifying the complex differences between thatched houses and other
ground objects, and proposing an original detection index by combining the spectral and height information instead of using them as
individual parameters which causes mis classification, enhancing the differences between ground objects. Based on the introduction of
LULC classification studies so far in the previous paragraphs in this section, since RF has been proven to be one of the most proper
algorithms for LULC classification [11], RF has been chosen as the pixel-based machine learning method as the comparison with the
method proposed by this study. On the other hand, since the OBIA has been considered as a more suitable classification approach
especially for UAV imagery classification, and is becoming a popular way at LULC classification, it has been chosen as the object-based
method for the comparison with the proposed method. Furthermore, the conventional ensemble threshold method has the advantages
of efficiency and versatility, it has been chosen as the conventional method for the comparison with the proposed method. Finally, for
the validation procedure was conducted on pixel-level for all methods, which was exactitude to less than three centimetres. This study
has used >2000 accuracy assessment points which was a very high density for the size of the study area, to evaluate the user’s ac-
curacy, producer’s accuracy, overall accuracy and kappa coefficient. This study also analysed the confusion matrix created by the
accuracy assessment points to unravel the detailed advantages and also disadvantages of the proposed method, in order to better
contribute to the practical use of it in rural areas of developing countries.

Materials and methods
Study site

The location of the study site is shown in Fig. 1. Chembe Village is a small settlement located on the southern shore of Lake Malawi.
The village is part of Lake Malawi National Park, Mangochi District, Malawi, where the climate is classified as tropical savanna. The
yearly average minimum and maximum temperatures are 29.9 °C and 33.6 °C respectively, coupled with a mean annual rainfall of
1690 mm.

Adjacent to Lake Malawi, the village maintains a traditional way of life based on fishing and cultivating crops such as corn, rice, and
vegetables. Houses with iron or grass thatched roofs are densely distributed in the village, with trees and grass interspersed among
them. The roads inside the village are not paved, and the soil surface is classified as Cambic Arenos by the FAO Soil Group. The study
site is located in the centre of the village between 34.836E to 34.843E and 14.023S to 14.0308S, with an area of 240,000 m? (300 x 800
m), which is approximately one-third of the total area of the village.

UAV and ground surveys

The ground survey and UAV photography were conducted on 11 March 2023 under sunny and no-wind conditions. During the
aerial surveys with UAVs, the use of ground control points (GCPs) is one of the most commonly used methods to calibrate the geo-
location information of UAV imagery. Proven by many previous studies, the calibration accuracy is affected by both the number and
the spatial distribution of the GCPs [26]. Awasthi et al. (2020) have compared the geolocation accuracy of UAV products calibrated by
different GCP distribution patterns and have found that GCPs evenly distributed inside the target area with a minimum number of five,
which forms the shape of a die could provide proper calibration result [27]. Based on these instructions, before conducting the surveys
of this study, GCPs were evenly distributed at the study site with four at the corners and one at the centre (Fig. 1a). Zhang et al. (2022)
have tested 88 kinds of GCP distribution patterns in an experimental field and established a method to previously evaluate the GCP
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calibration accuracy using the number and surround area percentage by GCPs [28]. Based on the accuracy prediction method sug-
gested by the previous study, the five GCPs surrounding an area of 112,116 m? (target area size: 212,786 m?) would at least provide
calibration with an error of no >15 cm. The calibration accuracy could be improved with a greater number of GCPs, however,
considering that the time of the survey of this study was limited, and the geolocation accuracy of an error <15 cm was acceptable due
to the objective of this study, the authors have decided this distribution strategy could accomplish accurate coordinate calibration for
this study. Anti-aircraft signals (size: 40 x 40 cm) were settled on the GCPs to make them recognisable in UAV imagery. All the GCPs
had a clear view of the sky and maintained a distance of at least 5 m from trees or houses to ensure the accuracy of the coordinate
measurement. The coordinates of the GCPs were determined using two sets of real-time kinematic global navigation satellite system
(RTK-GNSS) receivers, Drogger DG-PRO1IRWS (BizStation Corp., Matsumoto, Japan), in RTK mode. During the ground survey, defi-
nition of the categories of the ground objects has been conducted (Fig. 2b).

UAV photography was conducted after the GCPs were fixed and measured. The UAV used in this study was a Phantom 4 Multi-
spectral (DJI Inc., Shenzhen, China). The camera incorporates one RGB lens and five multispectral lenses (red, green, blue, red-edge,
and near-infrared bands). The resolution for all lenses was 1600 x 1300 pixels. During photography, the camera angle was set
vertically downward using the auto flight application DJI GS Pro (DJI Inc.). The flying altitude was 50 m above the ground, and the
overlap was 75 % for the top and 75 % for the side. The total flight distance and time were 16 km and 160 min, respectively, and 10
batteries were used. The flights covered a total area of 24 ha, and 16,680 images (2780 for each lens) were collected. The flight height
was decided considering the balance between flight time and the ground resolution of the UAV imagery. 50 m flight height with DJI P4
provides a ground resolution of 2.6 cm, which is considered precise enough for the detection of all kinds of ground objects inside the
study site, and the flight time by this flight height was acceptable. The top and side overlap rates were decided based on the
recommendation from the commonly used UAV image processing software, which is at least 75 % frontal and at least 60 % side
overlap. The top overlap of this study was the same as the recommendation, and the side overlap rate was relatively higher than the
recommendation considering the possible mis capturing, image blur and overexposure.

Image processing

The Structure from Motion (SfM) process was conducted using Metashape Professional ver. 2.0.1 (Agisoft LLC., Saint Petersburg,
Russia) to reconstruct the 3D structure of the study site. After inputting the UAV images into the SfM software, a tie-point cloud was
generated by identifying the significant and stable points in the overlapping areas among the aerial images. During this procedure,
Metashape uses a key matching algorithm to relate the imagery and a greedy algorithm to find approximate camera locations and
refines them using a bundle-adjustment algorithm. The coordinates of the GCPs obtained by the RTK-GNSS were then adapted to the
tie-point cloud to correct for accurate absolute geolocation by a georeferencing algorithm. Based on the geographically corrected tie-
point cloud, a dense point cloud using a patch-based multi-view stereo algorithm for depth-map computation, 3D polygonal mesh
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using the surface reconstruction algorithm based on Delauney triangulation or Position surface reconstruction, and texture model
using the surface complexity and atlas filling coefficient (‘Texture mapping’) algorithm were generated sequentially. Finally, the RGB
orthomosaic, multispectral orthomosaic per band, and DSM were constructed. The ground resolutions of the final products were 2.6 cm
for the orthomosaic and 5.2 cm for the DSM. A raster of the NDVI was then calculated using the raster calculator tool within ArcGIS Pro
ver. 3.1.0 (Esri Inc., Redlands, CA, U.S.) using Eq. (1). Finally, one raster combined with the RGB, NDVI, and DSM values of the study
site was generated for the use in the classifiers.

NDVI = (NIR — Red) / (NIR + Red) @™

LULC classification methods

Ensembled threshold method

The threshold method is possible for LULC classification when a study site has simple ground object categories with significant
reflectance characteristics. The study site of this study is a small village with six main LULC types, which are considered to be able to be
classified using the proper parameters. An ensembled threshold method using two parameters, NDVI and DSM, were used to extract all
six types of ground objects in this study.

Firstly, as shown in Eq. (1), the NDVI which represents the normalized value of the difference between the reflectance of the NIR
and red bands of light [29] was calculated within ArcGIS Pro. During the photosynthesis of healthy green vegetation canopies,
chlorophyll strongly absorbs red light while reflecting almost all of the NIR light, causing an extreme difference between the reflec-
tance of NIR and red light, and eventually a high NDVI value. Therefore, the NDVI is often considered the optimal threshold for
extracting vegetation coverage. NDVI can not only be the standard to identify vegetation, but also some objects that have the opposite
reflectance to vegetation. For example, water reflect approximately 15 %~5 % of the visible light, while absorbs almost all of the
infrared light. This characteristic caused a very low NDVI of water. Moreover, tin materials reflect >80 % of the visible light but reflect
only about 50 % of the near-infrared light. Because of this characteristic, houses with tin roofs also have negative NDVI value. In this
study, the NDVI threshold was used to separate the classes with extremely high NDVI value (NDVI 2 0.3) which were the tree and grass
class, and also the classes with extremely low NDVI (NDVI < —0.2), which were the water and tin house class. The classes left after
removing the high NDVI and low NDVI areas were soil whose NDVI value was near 0, and thatched houses, whose NDVI value varies
between —0.2 to 0.4 depending on the status of the thatch and the surrounding objects. After the NDVI thresholding step, the six
ground objects were separated into three groups which would be further thresholding using the second parameter.

In addition to the optical characteristics, the height value is another commonly used threshold to separate ground objects,
particularly when they have similar optical features [30]. For example, UAV photography took place during the rainy season in
Malawi, when grass was flourishing and had similar visual colour and NDVI values as the tree canopies. In this case, the height
threshold makes it easy to separate trees and grass. Moreover, water and tin houses that both have negative NDVI could be separated
using height information. However, the DSM created from UAV images by SfM process cannot be used directly as a threshold
parameter. The DSM value represents the elevation of a ground object, which is the distance between the top of the object and sea level.
Because of the effect of undulating terrain, certain ground objects with a low absolute height (the distance between the top of the object
and the ground surface) located at a highland may have a higher elevation value than the objects with high absolute height at a
lowland. To remove the effect of upward and downward terrain, this study created a virtual Digital Terrain Model (DTM) which
represents only the elevation of the ground surface. To do this, three hundred multiple points equally distributed in the bare ground
area (such as roads and yards) inside the study site were created, of which the elevation value was extracted from the DSM raster.
Subsequently, a virtual surface raster was constructed based on multiple points using the natural neighbour geo-process in ArcGIS Pro
ver. 3.1.0. The DTM fabricated in this step was a smooth surface that only represented the relief of the bare ground. Finally, the
difference in the height between the DSM and the DTM, which is the absolute height of the ground objects, was calculated and used as
the height threshold. Among the three groups made by the NDVI thresholding, each group had one class with high height value (tin
houses, thatched houses and trees) and one class with low height value (water, soil and grasses). Thus, the three groups were further
separated by a height threshold of 2.0 m. To this point, all the six LULC classes inside the study site were identified using two threshold
parameter and combined into one LULC raster for the final accuracy assessment.

Comprehensive classification modified by the rural residence classification index (RCI)

Altthough the ensembled threshold method could manage LULC in small settlements with simple ground objects, the method could
face difficulty when separating thatched houses from other objects. Therefore, in African villages, where there are a vast number of
thatched houses, this method may not provide satisfactory classification accuracy. Thatch, known as deadwood in the ecosystem
service field, presents challenges in identification because of the lack of significant spectral characteristics. Because of this, traditional
remote sensing approaches have shown limitations in classifying deadwood using spectral and spatial information, such as the NDVI
and height values [31]. Even with machine learning approaches, deadwood and bare ground misclassifications have been addressed
using RF and SVM models [32,33]. Because of the instability of the reflectance characteristic of the thatch made by tall grasses and tree
branches, NDVI value of thatched housed can cover a wide range of —0.2 to 0.5, which includes many other ground objects such as
low-density trees and dry soil. This means that when separating vegetation using NDVI threshold, if the threshold is set as 0.3, some of
the thatched houses will be extracted with the vegetation. Conversely, if the NDVI threshold is set lower, a portion of the trees and
grasses will be classified as thatched houses, because there are multiple small, unhealthy or low-density parts of trees with an NDVI
value of 0.2 ~ 0.3. This difficulty also remains even when using he second parameter which is the height because the specific parts of
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trees often have close height value to thatched house. To overcome this limitation for identifying thatches or deadwoods, this study
observed the NDVI and height of the objects inside the village closely and listed the common feature and difference of them, which
were:

(1) Tin houses have low NDVI (< 0.2) and high altitude (> 3.0 m).

(2) Thatched houses have moderate NDVI (—0.2 ~ 0.4) and high altitude (> 3.0 m), which are similar with specific parts of trees.
However, when NDVI value are similar, thatched houses have higher altitude than trees. This is because the specific parts of
trees with lower NDVI are at the edge of the canopies, and have lower density, sometimes include exposed ground surface
among them. According to previous studies, during the construction of DSM, which is the original material of the altitude data, a
smooth filter algorithm was adapted into the dense point cloud extracted from the UAV images, in order to remove the noise
points. Because of the smooth filter, the height of the ground objects with low density, small size and sharp shapes would be
underestimated.

(3) The main parts of trees have very high NDVI (0.6 ~ 1.0) and very high altitude (> 4.0 m). On the other hand, the edge of the
canopy has similar NDVI (0.3 ~ 0.5) with thatched houses, but lower altitude (< 3.0 m) than thatched houses.

(4) Grasses have high NDVI (> 0.4) and very low altitude (0.0 ~ 1.0 m).

(5) Water has very low NDVI (< —0.2) and very low altitude (—0.5 ~0.0 m).

(6) Soil has moderate NDVI (—0.2 ~ 0.3) depending on the moisture, and low altitude (= 0.0 m).

The list above showed that although some objects could be easily classified using the ensembled threshold method, the common
features of thatched houses and trees on NDVI and height cannot be separated simply based on the two parameters. However, by
combining the NDVI and height by certain calculation, the difference between them could become outstanding. This named a novel
index called which was the Rural Residence Classification Index (RCI), calculated using Eq. (2).

RCI = (DSM—DTM) x (1 — NDVI)? @)

The index comprises two parts: the spatial part (DSM — DTM), which is the height value, and the spectral part (1 - NDVI)2. The tin
houses had a negative NDVI value and high altitude, resulting the highest RCI among all the ground objects. The main parts of trees
with deep green colour and dense canopies had extremely high NDVI value close to 1.0, making the (1 - NDVI)? part close to 0.0, and
resulted the smallest RCI among the ground objects despite their high altitude. For the low trees with a low density of leaves and low
altitudes, the NDVI value was relatively high (0.3 ~ 0.5), resulting a low value of (1 - NDVI)?; while the height value was relatively low
(1.5 ~ 3.0), which eventually resulted in a second low RCI value among the four types of ground objects. Finally, for the thatched
houses, the height was higher than that of the small trees, whereas the NDVI was lower than that of the small trees, making their RCI
larger than that of the small trees but lower than that of the tin houses. As above using this index, the two types of information, height
and NDVI were combined into one figure, instead of used sequentially and independently. This calculation strengthened the char-
acteristics of each ground object and solved the problem of the conflict when deciding the optimal thresholds sequentially. Therefore,
the RCI was used to separate thatched house and trees in this study.

Additionally, another index, the HNDVI suggested by Wang, N., et al. (2022) [34] combining NDVI and height by a simpler
calculation was used to divide trees, grass, tin houses and water. To this point, a comprehensive classification method was developed
by combining the RCI and HNDVI thresholding. The workflow of the final method is illustrated in Fig. 2.

HNDVI = (DSM — DTM) x NDVI 3)

Computational efficiency is a considerable factor for the comprehensive evaluation of a novel method [35]. The processing speed of
this method was measurer on a hosting devise with an 12th Gen Intel Core i7-12700F processor and an NVIDIA GeeForce RTX 3070
graphics processing unit. After constructing the DSM and multispectral orthomosaic within the SfM software and input the aerial
products into ArcGIS Pro, it took approximately 15 min to create the 300 multipoints for bare ground elevation extraction, 8 s to extract
the ground elevation using the 300 points, and 3 s to create the virtual digital terrain model using the ground elevation. Using the
multispectral orthomosaic, it took 92 s to calculate the NDVI value of the study site. Using the DSM, DTM, and NDVI indices, it took 55
and 48 s to calculate the RCI and HNDVI index of the study site. Finally, it took averagely 18 s to extract thatched houses, trees, grass,
tin house, water area and soil using the threshold value of each index. Another 77 s were needed to reconstruct the LULC map using the
extracted classes. A total processing time of approximately 22 min was needed for this method including the manually adjustment in
order to construct the DTM which was necessary for all methods mentioned in this study. The time consumed decides the DTM
construction was 7 min, which was more efficient than supervised machine learning approaches considering the time used for
manually creating the training samples.

RF classification

As one of the comparative method, the RF classification of this study was conducted using Python 3. The python library ‘nivapy3’
and ‘numpy’ were used to access and appearance the multispectral orthomosaic constructed in 2.3. and rasterising the vector training
data created within ArcGIS Pro. The training samples were created within ArcGIS Pro as polygons, which were then transformed into
coordinate data by python to extract the pixel value from the combined raster. During the RF modelling, among averagely 60 polygon
samples containing approximately 1500,000 pixels per class, 80 % of the samples were used as the training data, while 20 % were used
for testing. When creating the polygon samples, since every pixel inside the polygons would be used as one sample during the machine
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learning procedure later, every polygon contained completely only the pixels from one particular class and no pixel of other classes was
contained in the polygon. The pixels on the edge between two kinds of ground objects were not contained in the polygon samples since
it would lead to individual bias caused by subjective judgement. The ‘sklearn.model (train_test_split)’ library was used to separate the
dataset. There were two reasons for using polygon samples instead of point samples for RF modelling, which were (1) since the very
high ground resolution caused a large size of the input raster (31,180 x 25,680 pixel), sampling enough training data by points became
very time and labour consuming; (2) the classification results by RF would be compared with OBIA afterwards, and training samples
for OBIA method would be based on polygons. After setting the dataframe, this study used the python library ‘utils’ and ‘RandomForest
Classifier (sklearn.ensemble)’ to train a basic model based on the training samples and implement classification prediction. According
to previous studies, in LULC classification, a typical forest should contain 200-500 classification trees [36,37]. Therefore, for the RF
classification in this study, the maximum number of trees was set to 500, whereas the maximum tree depth was 30. Finally, based on
the trained classifier, a classification raster containing six classification classes (which were then named as Tin house, Thatched house,
Tree, Grass, Water area and Soil) were exported as a geotiff data by ‘nivapy (array_to_gtiff)’ for further accuracy assessment. The same
classes were used for all four classifiers verified in this study.

Object based image analysis

The OBIA classification in this study was conducted using eCognition Developer ver. 10.3 (Trimble Inc., Westminster, CO, U.S.),
which is also based on Python 3 language. After creating a new project and inputting the multispectral orthomosaic constructed in 2.3.,
the first step of the OBIA was segmentation which separate the combined raster into small polygons containing several adjacent pixels
depending on their spectral, geometrical, and spatial properties. The algorithm used for the segmentation was the ‘multiresolution
segmentation’ which creates the objects using an iterative algorithm where the pixels are gathered within a certain threshold which
define the upper object variance. This threshold is named as the scale factor in eCognition user interface. The scale factor which
determines the average size of the segments was determined based on trial and error in this study, and finally set to be 100 considering
the average number of pixels for each ground object in the UAV imagery. Consequently, a total of 730,933,869 pixels of the combined
raster at the study site were separated into 43,010 objects. After the segmentation, a class hierarchy containing the six classes (as
described in the RF method) was created, and then 60 segments were selected as the training samples for each class. The sample
number was fairly equal to RF classification descripted at 2.4.1. After the sampling, the 43,010 objects were classified using the hi-
erarchical classification algorithm, which evaluates the membership value of the basic image among the active classes based on the
mean pixel values, mean brightness, standard deviation, and position and shape. The classification result was then exported as a raster
for further accuracy assessment.

Accuracy assessment method

After conducting five types of classification, the accuracy of each method was evaluated by calculating the confusion matrix. More
than two thousand assessment points equally distributed across the study site were created within ArcGIS Pro using the ‘Creating
Accuracy Assessment Points’ geoprocessing tool based on the ‘Stratified Random’ strategy, which means instead of random creating
evenly distributed points like a fishnet inside the interested area, the study area is first split into strata and random samples are
generated within each stratum, making sure that there are same number of assessment points for all the classes despite the area
percentage of them. Originally, 2500 assessment points were generated, and then every assessment point was checked manually to
confirm if they are located in the ambiguous or confusing edge between different classes. Those points of which the class cannot be
objectively judged were deleted to avoid biased accuracy assessment. After this procedure, eventually 2151 assessment points were
used for further analysis. The attribute table of the assessment points included the ground truth and classification result fields. The
ground truth was determined by visual judgement since the very high ground resolution (2.6 cm) allowed a clear judgement of the class
of the assessment points located in the main part of the ground objects. The classification result was extracted from the classification
raster by each classification method. An accuracy assessment was then conducted using the ‘Compute Confusion Matrix’ geo-
processing tool by calculating the user’s accuracy, producer’s accuracy, overall accuracy and kappa coefficient for each method.
The equations of the four indicators are shown in Egs. (4-7).

User's Accuracy = x;/x; 4

Producer's Accuracy = x;/x. 5)
m

Overall Accuracy = Z x; /N (6)

i=1

Kappa = {Nixi - i (% x x,)} / {Nz - i (. x x,)} )

i=1 i=1

where x; is the total point number due to the reference ground truth, x, is the total point number due to the classification result, x; is the
total number of the accurate classification (calculated by the diagnosis of the confusion matrix), N is the total number of the accuracy
assessment points, and m is the number of classes [38].
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Results
Optical and structural characteristics of the study site

Fig. 3 shows the RGB orthomosaic, height map, and NDVI map of the study site, where an enlarged view of each map is shown on
the right side of the figure. As shown in Fig. 3(a), the difference between the reflectance of visible light of the thatched house and that
of the soil was not significant. Although the thatched houses could be identified by visual judgement based on the shadows around
them, the RGB values on pixel level in the two classes were extremely close. Furthermore, in the NIR band of light, which is shown as
the NDVI value in Fig. 3(b), there was no difference between the thatched houses and the soil, making the thatched houses completely
invisible on the NDVI map. The average R, G, B, and NDVI values of all the pixels were 120 + 36, 106 + 33, 92 + 30, and 0.15 + 0.1,
respectively, for the thatched house class; and 114 + 41, 96 + 35, 77 + 31, and 0.15 + 0.12, respectively, for the soil class. The results
of the t-test (p = 0.78) show no significant difference between the optimal pixel values of the two classes, indicating that the classi-
fication based on optimal characteristics could not produce satisfactory performance when identifying thatched houses or soil, which is
the reason for the necessity of utilizing hight information as another parameter.

Fig. 3(c) shows the heights of the ground objects from the ground. As showed by the colour of ground surface, the effect of the
terrain relief was excluded by calculating the differential values between the DSM and DTM. Because of this process of creating the
virtual DTM, the thatched houses, tin houses, and trees were displayed clearly on the height map. However, the enlarged views on the
right side of the graph show that although the main part of the tree class had extremely high values for the NDVI and height, over-
lapping areas existed between the thatched houses and the trees because some parts (most likely the outer edges) of the trees had

300 400 500m
Legend
=7 Zoomin NDVI Value Height Value
L-d Area M 10 M0Om M40m = 80m 12.0m M16.0m

MW1.0m 5.0m 9.0m 13.0m M17.0m
W2.0m 6.0m 10.0m 14.0m IM18.0m
. -1.0 MW3.0m 7.0m 11.0m 15.0m MN19.0m

Fig. 3. Optical and height map of the study site: (a) Orthomosaic; (b) NDVI map; (c) Height map.
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similar height as the thatched house. The outer edge of a tree often has a lower height and lower leaf density, which causes a lower
NDVI value and a more similar RGB colour to brown than green, making them more similar to deadwood than the green canopy of the
tree. These parts of individual trees are often excluded from the tree class when the classification is used to identify trees in fields such

400
1

Tin roofed Thatched ;
i house house Il Tree Grass Il Water I soil

Fig. 4. Comparison between real landscape and the classification results: (a) Real landscape; (b) RCI method; (c) Ensembled method; (d) OBIA
method; (e) RF method.
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as forestry, agroforestry, and ecosystem services. However, when conducting precise LULC classification in rural areas, excluding these
areas could lead to poor classification accuracy by mis excluding objects with similar outlooks, such as the thatched house in this study.
In other words, this overlapping area between the thatched house and lower trees is considered a potential challenge for separating the
thatched house from the lower parts of the trees, even when combining optical and structural information. In order to better explain
the concept of RCI, the facts above were summarized and listed up succinctly earlier at 2.4.4.

Classification results comparison

Fig. 4 shows the results of the four classification methods used in this study.

Based on the overall visual appearance of the classification result raster, the RCI, threshold, and OBIA methods were able to
separate the thatched house class, whereas the RF method mixed a part of thatched houses and tin houses, and also mis classified a part
of soil into tin houses.

Specifically, the detailed views showed that compared with the results of the RCI method, fewer ground objects were classified as
thatched houses by the ensembled threshold method, while somewhere that was not thatched houses was classified as hatched houses
by the OBIA method. The RF method yielded similar result of the location of thatched houses, but contained noises, and also mis-
classified a small part of soil as thatched houses. All the three methods except the RCI method classified the edge of trees as thatched

Table 1
Confusion matrices of the classification results by the five methods.

(a) Confusion Matrix of RCI Method

Class Tin Thatch Tree Grass Water Soil Total U_Accuracy OA
Tin 332 11 0 0 1 1 345 0.962

Thatch 21 327 4 1 0 41 394 0.830

Tree 1 1 369 1 0 3 375 0.984

Grass 3 0 25 298 1 21 348 0.856

Water 0 0 0 1 246 35 282 0.872

Soil 0 8 3 15 10 371 407 0.912

Total 357 347 401 316 258 472 2151 0.000

P_Accuracy 0.930 0.942 0.920 0.943 0.953 0.786 0.000 0.903 0.903
Kappa 0.884

(b) Confusion Matrix of the ensembled Method

Class Tin Thatch Tree Grass Water Soil Total U_Accuracy OA
Tin 332 11 0 0 1 1 345 0.962

Thatch 18 241 4 0 0 39 302 0.798

Tree 1 1 367 1 0 4 374 0.981

Grass 3 1 25 293 1 23 346 0.847

Water 0 0 1 244 34 279 0.875

Soil 3 93 5 21 12 371 505 0.735

Total 357 347 401 316 258 472 2151 0.000

P_Accuracy 0.930 0.695 0.915 0.927 0.946 0.786 0.000 0.859 0.859
Kappa 0.830

(c) Confusion Matrix of OBIA method

Class Tin Thatch Tree Grass Water Soil Total U_Accuracy OA
Tin 311 2 1 0 3 2 319 0.975

Thatch 10 228 5 5 15 99 362 0.630

Tree 4 21 354 105 1 25 510 0.694

Grass 0 3 32 190 2 42 269 0.706

Water 18 7 0 2 227 18 272 0.835

Soil 14 86 9 14 10 286 419 0.683

Total 357 347 401 316 258 472 2151 0.000

P_Accuracy 0.871 0.657 0.883 0.601 0.880 0.606 0.000 0.742 0.742
Kappa 0.688

(d) Confusion Matrix of RF method

Class Tin Thatch Tree Grass Water Soil Total U_Accuracy OA
Tin 300 58 1 0 230 93 682 0.440

Thatch 54 279 8 3 0 79 423 0.660

Tree 2 8 388 85 1 31 515 0.753

Grass 1 0 3 220 0 19 243 0.905

Water 0 0 0 0 0 0 0 0.000

Soil 0 2 1 8 27 250 288 0.868

Total 357 347 401 316 258 472 2151 0.000

P_Accuracy 0.840 0.804 0.968 0.696 0.000 0.530 0.000 0.668 0.668
Kappa 0.598
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houses. For vegetation classes, the RCI, threshold, and OBIA methods successfully separated tree and grass classes. However, all the
three methods except the RF method mis classified a part of trees as grass, showing a strength of pixel-based machine learning methods
on classifying vegetation. All the three methods except the RF method were able to extract the water area. The RF method mis classified
all water area as tin houses, while the OBIA method mis classified some parts of soil as water. The visual LULC mapping results showed
that the four methods had both advantages and disadvantages at certain points or certain object identification. Therefore, a quanti-
tative evaluation was showed at the next section.

Accuracy assessment results

A confusion matrix is a common and comprehensive accuracy assessment tool for LULC classification. The accuracy assessment
results for the four classification methods are presented as confusion matrices based on the accuracy assessment points in Table 1.

In the confusion matrix, a row and a column are both named as “Total”. The numbers in “Total” row shows the ground truth
obtained by visual judgement. As shown in the “Total” row in each confusion matrix, among the randomly created 500 accuracy
assessment points, there were 357, 347, 401, 316, 258, and 462 points for the tin house, thatched house, tree, grass, water area, and
soil class, respectively. In contrast to the “Total” row, the “Total” column shows the classification results. If the value of the “Total”
column is higher than that of the “Total” row for a ground object class, it means that there were more points that were classified as that
class than the actual number; and vice versa when the “Total” column is lower than the “Total” row. This means, for example, as shown
in the “Tin” row in Table 1(d), there were 682 points that were classified as the tin house by the RF method, while only 300 of them
really belonged to the tin house class, and 58 of them actually belonged to thatched house class, 1 point actually belonged to the tree
class, 230 actually belonged to water class, and 93 actually belong to the soil class. The data in the “Tin” row of the RF methods showed
that RF used in this study had a serious problem mis classifying other ground objects as tin houses. Likewise, as shown in the “Tin”
column, there were 357 points that actually belonged to the tin house class, while only 300 of them were classified accurately by the RF
method, and 54 of them were misclassified as the thatched house, 2 as the tree, and 2 as the grass. The “Tin” column showed that the RF
method had a slight problem missing some points that should had been classified as the tin house, and mis classified them as something
else.

Based on the information in the confusion matrix, four indicators were calculated and are listed in Table 1, which are the user’s
accuracy (U_Accuracy), producer’s accuracy (P_Accuracy), overall accuracy (OA), and the kappa index. The user’s accuracy presents a
false positive by showing the percentage of true answers among all classification results. On the other hand, the producer’s accuracy
presents a false negative by showing the percentage of correct classification results among the entire ground truth. For example, the
user’s accuracy of the tin house class by the RF method was 0.440, meaning that among all the points that were classified as tin houses
by this method, only 44 % were classified correctly, whereas the producer’s accuracy was 0.840, meaning that among all the points
that should have been classified as tin houses, 84 % were classified correctly using this method. The overall accuracy is one of the most
basic accuracy measures which is calculated by dividing the correctly classified points (sum of he values in the main diagonal) by the
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Fig. 5. Representative examples of mis classification by the RCI method.
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total number of the accuracy assessment points. The kappa index is a statistical indicator used for overall classification performance
testing and is considered to have higher objectivity than the overall accuracy by considering the non-elements of the confusion matrix
in the calculation [39].

The RCI method had the highest classification accuracy (OA = 0.903, kappa = 0.884), followed by the ensembled threshold
method, which had a slightly lower accuracy (OA = 0.859, kappa = 0.830). The OBIA method yielded moderate accuracy (OA = 0.742,
kappa = 0.688), whereas the RF method had relatively low accuracies (OA = 0.668, kappa = 0.598).

Specifically, although the RCI method yielded the highest overall accuracy, it had both advantages and disadvantages. For all the
classes except soil, both user’s accuracy and producer’s accuracy were above 0.800, which were considered as excellent. For the soil
class, although user’s accuracy (0.912) was high, producer’s accuracy (0.786) was significantly low compared with the other classes.
This fact showed the most important problem of the RCI method, which is mis classifying soil as other ground objects. According to the
“Soil” column, among all the 472 accuracy assessment points that belonged to the soil class, the RCI method only succeeded at
identifying 371 (79 %) of them. Among the 101 points that missed by the RCI method, 41 were classified as thatched houses, 35 were
classified as water, and 21 was classified as grass. To unravel the reason of this problem of the RCI method, this study observed all the
points that were mis classified by the RCI method and summarized the representative examples in Fig. 5(a—c). The examples shoed that
the soil area near to the thatched houses, tall trees and very shallow water area were possible to be mis classified. In contrast to the
performance of soil class, for the classes of thatched house, grass and water area, the user’s accuracy (< 0.900) was lower than the
producer’s accuracy (> 0.900). According to each row of these classes in the confusion matrix, there were 21 tin house points mis
classified as thatched house by the RCI method, 25 grass points mis classified as tree, and 35 water point mis classified as soil. The
examples of these mis classification were also showed in Fig. 5(d, e). This fact showed the second problem of the RCI method, which
was slightly overclassifying thatched houses, grass and water area, when the optical or structural features or the object edges were
confusing or blurred. Finally, for the classes of tin house and tree, both the user’s accuracy and the producer’s accuracy were above
0.900, indicating the RCI had excellent performance identifying tin houses and trees.

The ensembled threshold method yielded the second highest overall accuracy (OA = 0.859, kappa = 0.830) next to the RCI method.
Since the RCI method was based on the ensembled threshold method with modification using original index for thatched houses
identification, the accuracy for the classes other than thatched house by these two methods did not show significant differences.
Without the modification by RCI, the threshold had both lower user’s accuracy (0.798) and lower producer’s accuracy (0.695) for the
thatched house classification. Same accuracy pattern was observed for the soil class too. This fact showed that instead of over clas-
sifying or under classifying a certain class like the RCI method, the ensembled threshold method had a problem of mixing up two
classes.

As the comparison to the RCI method, the OBIA method and the RF method, both basing on the machine learning algorithms
showed some notable differences. Firstly, for the tin house class and water area class, the OBIA method yielded excellent user’s ac-
curacy (0.975 and 0.835) and producer’s accuracy (0.871 and 0.880). On the other hand, the RF method showed poor user’s accuracy
(0.440) for tin house class because it failed to identify water area. This was because the size of water area inside the study area was
small, causing a relatively small training sample size. Although the lack of training samples also existed in the OBIA method, the
segmentation process before excluding machine learning algorithm improve the accuracy of classes with regular and smooth surfaces
such as tin houses and water area. This difference between the pixel-based and object-based machine learning also effected the ac-
curacy for thatched house classification. Although the RF end to over classify the thatched houses, for example classify tin houses and
trees as thatched houses, it succeeded in identifying most of the thatched houses and showed a better performance than the OBIA
method. On the other hand, because of the segmentation process, a part of thatched houses which had similar reflectance with the
surrounding area such as soil was mixed up with the soil even before the machine learning algorithm. This fact showed that the pixel-
based RF method was more suitable for thatched house classification compared with the OBIA method. Finally, both the RF and OBIA
method showed an acceptable accuracy for tree and grass.

Discussion
Comparison with previous studies

The thatch used for roofing in Malawi is mainly made from tall grass or wood branches growing natively in the bush or forest near
communities and is considered a forest resource. The thickness of the roofs varies between 8 and 16 in, with the thatches packed tightly
in a near-vertical position on top of the roof to ensure drainage. The height of the roofs varies between 2 and 3 m, and the area ranges
between 20 and 600 m2. These characteristics have made thatched houses a unique LULC type directly made from natural resources in
Malawi, as well as in other countries in Africa, Asia, and Europe. Previous studies have suggested that the performance of LULC varies
for different ground objects, regardless of whether the classification is conducted using machine learning or threshold approaches,
OBIA, or pixel-based image analysis [40]. The accuracy of a classification result depends not only on the techniques, but also on the
location of the site of interest, the contents inside the site, and the characteristics of the objects, suggesting the necessity of moderating
or originally developing a comprehensive classification method which is optimal for each type of ground object inside the site of
interest. In this study, variations in different ground objects using the same classifier were observed for all four classification methods,
and among all six ground object types, the classification results for the thatched house were the most notable because the RCI method
showed a much higher accuracy on this class than the machine learning algorithms.

During satellite remote sensing, thatched houses were not a major consideration for LULC classification because of the limitations
of the spatial resolution of most satellite imagery. However, the importance of monitoring the number and dynamics of thatched
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houses as a traditional and relatively major house style in the rural areas of Malawi has been gathering attention lately. In recent years,
the rapid development of UAVs has made it possible to obtain high-resolution aerial imagery (ground resolution: 1-10 cm) of a certain
area at a low cost, and to implement clear observations of thatched houses and other small ground objects. There have been several
studies that compared the performance of satellite and UAV imagery on LULC classification and declared a higher classification ac-
curacy by UAVs. However, UAV remote sensing will never replace satellite remote sensing but should be a complementary approach
for a more practical development of remote sensing because it focuses on different points: large-area or precision observations. Higher
precision does not necessarily result in higher accuracy. With the breakthrough implementation of ground resolution, traditional and
unitary classification methods cannot achieve higher classification accuracy and may cause more noticeable misclassification. In other
words, the more detailed the information that is observed, the newer and more comprehensive the classification needed to achieve
proper classification. Although UAV remote sensing has achieved clear vision on thatched houses, the method to automatic identify
them still need to be modified. This was the motivation of this study to developing an original index specially for separating thatched
houses from other confusing objects in rural areas.

Because of the similar reflectance characteristics of soil and low-density tree branches, identifying thatched houses or deadwood
resources has been challenging for many studies in the forestry, agroforestry, and ecosystem service fields. Chen et al. (2021) used
high-resolution RGB satellite imagery (QuickBird, ground resolution: 2.4 m) to monitor the changes in the percentage of thatched
houses in a rural setting in Mozambique between 2004 and 2012 using the OBIA method. However, the accuracy of the thatched house
classification varied greatly in different years, particularly the classification by the satellite imagery taken in 2004, which showed high
accuracy (user’s accuracy: 0.58; producer’s accuracy: 0.88) [22]. Chan et al. (2022) used RGB UAV imagery (ground resolution: 15 cm)
for LULC mapping in refugee camps in Malawi and Kenya using deep learning (U-Net architecture) in 2022. The classification results
showed high accuracy in detecting tin roofs, whereas the thatched houses, which were the main structures at the refugee camps, were
completely undetectable by the deep learning algorithm [21]. These results indicate that classification based simply on spectral
characteristics cannot provide satisfactory results for detecting thatched houses. Moreover, when simply using optical data, the OBIA
method performs better than machine learning and deep learning approaches, which tend to completely ignore thatched houses and
classify them as bare ground. Therefore, Wouters et al. (2021) conducted LULC classification using RGB UAV imagery (ground res-
olution: 11 c¢m) in southern Malawi in 2018 using the OBIA method and obtained similar results. The spectral difference caused by the
materials led to a higher F1-score for tin houses (0.89), but a low F1-score for thatched houses (0.53). The study further moderated the
classification model by considering height information from the DSM. After adding height data as a parameter for the OBIA classi-
fication, the Fl-score of the thatched houses increased, but was still considered moderate (0.72) [20]. This finding showed that
considering height information could improve the classification of thatched houses, but the improvement was not significant when
height data were added as another parameter of the training samples. The results from previous studies showed the difficulty in
accurately detecting thatched houses has become a crucial problem for community planning and disaster risk assessment in rural areas
in developing countries.

Against this background, the novel method suggested by this study specialised in detecting thatched houses and different ground
objects to accomplish a comprehensive classification methodology for LULC mapping in rural areas. As explained in the Results,
thatched houses, bare ground, and low-height and low-density tree canopies have similar characteristics (spectral and structural) to
each other. When using the threshold method to separate these objects, as explained in Methods, using two thresholds would cause
over-exclusion of the thatched house, which can be observed in Fig. 4(c). Fig. 4(a and b) showed that a similar problem occurs when
using machine learning approaches. The training samples with either close spectral features or close height information that have been
defined as three different classes cause more noise information and confusion when constructing the classification model and even-
tually result in classifying all three classes as one, which happened in the RF method of this study and in the deep learning method of
Chan et al. (2022) [21]. This is also the reason why the OBIA method, which also applies the machine learning algorithm only at the
object base, did not achieve significant accuracy improvement even after considering the height information [22]. By the comparison
with the related studies so far, the authors found that all the previous studies and traditional classification methods used the optical
information and the structure information as two different parameters, which is the primary problem causing the misclassification.
Therefore, we developed an index containing the NDVI and (DSM-DTM) values. As introduced in the Methods and Eq. (2), the
calculation using the NDVI and height data enhanced the differences between tin houses, thatched houses, trees, and bare ground, and
eventually achieved the highest classification accuracy in the study site.

Just as no matter how precise the spatial resolution is, UAV cannot replace satellite in the field of remote sensing, the threshold
method, no matter how many parameters are used for modification, cannot replace supervised machine learning in the field of LULC
mapping. However, there is possibility that they can be mutual complementation to each other, to better achieve the diverse purpose
by different users. Without doubt, the classification accuracy by machine learning will be improved with a drastic increase of the
training samples and model tuning. The only problem is it may not be the most efficient approach in certain cases, for example, the
LULC classification at a small settlement with simple ground object category as the study site of this study. In these cases, there is space
to use experience and logical calculation to optically suit the certain and sometimes unique local requirement efficiently. Under this
philosophy, the RCI method suggested an alternative way that uses logical calculation as a shortcut aiming straightforward to the LULC
classification in rural areas with the intermingling of thatched houses, tin roofed houses, tree, grass, and water area.

Limitation and future tasks

Although the RCI achieved the highest average accuracy for all classes, the average accuracy (< 0.900) for thatched houses, grass
and soil still needs to be improved. Although the user’s accuracy, producer’s accuracy, overall accuracy and kappa index are practical
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when comparing different classification methods, more detailed characteristics for each particular classification method can be
unravelled from the confusion matrices by further analysing the mis classified points. Instead of using the number of the misclassi-
fication as one error indicator, calculating the percentage of each kind of mis classification can provide the information of that which
classes were most easily confused by a certain classification method. For example, in Table 1 (a), out of all the 57 mis classified points,
54 points were mis classified as thatched house. This means, by the RF method, tin houses were most easily mis classified as thatched
house with the percentage of approximately 15 % (54/357). This kind of information can evaluate every single classification method
more comprehensively and specifically. Based on this consideration, five most easily confused classes for the RCI method are listed as
below in the order of seriousness. If the degree of mis classification is not acceptable for the demand of accuracy when conducting
LULC classification in rural areas, it is recommended to conduct further adjustment of the threshold for both RCI and HNDVI through
trial and error.

(1) A notable trend (approximately 9 %) of mis classifying soil as thatched house.

(2) A relatively notable trend (approximately 7 %) of mis classifying soil as water.

(3) A relatively notable trend (approximately 6 %) if mis classifying tree as grass.

(4) A slight trend (approximately 5 %) of mis classifying thatched house as tin roofed house.
(5) A slight trend (approximately 5 %) of mis classifying tree as grass.

(6) A very slight trend (approximately 4 %) of mis classifying soil as water.

Moreover, this study used limited training data to maintain fairness on time and labour cost between the compared methods. A
higher classification accuracy can be expected by increasing the number of training samples or tuning models, although this may also
cause regional deviations which should be considered. Furthermore, the practicality of the method suggested in this study should be
verified and further modified at various locations to improve its versatility.

Application values of the developed LULC methodology

This study is one of the few studies which intent to achieve high precision LULC classification specifically in rural areas in
developing areas using remote sensing data. A new point of view of combing the elevational and spectral reflectance characteristics
into one single index, which can maximize the difference among the typical LULC types in rural areas. The attempt of creating one
index by standardizing two totally different types of information to separate the ground objects with similar appearance has not been
reported by other studies in the field of LULC classification so far to the authors’ knowledge, which makes it the most important novelty
of this study. The novel comprehensive classification method proposed by this study not only achieved higher overall accuracy than the
traditional threshold method or commonly used machine learning methods used as comparison inside the same study site, but also
achieved higher classification accuracy on specific land use types such thatched houses than the previous studies conducted in similar
field, which were described detailly at 4.1. A high precision of LULC map data provided by this study will be of immediate interest for
users from the wider research community, such as the fields of hydrological model, hydraulic model, agricultural engineering, land
resources, forests/agroforestry and ecosystem, where LULC data is essential for the monitoring, simulating and predicting accuracy.
For example, a higher accuracy of flood risk hazard map with precision LULC information can provide solutions for both disaster
prevention countermeasures and post disaster recovery in rural areas, especially in Africa where thatched houses are homes for many
but have been continually ignored in the field of remote sensing. This contributes to both climate resilient communities, and a high
standard of living, quality of life and well-being for all citizens, which meet the first and seventh goal of the African’s Union’s Agenda
2063. Furthermore, a higher accuracy of forest resource modelling can be achieved by precision mapping of thatched houses since they
are one of the main consumers of the wood resource. A better management of both forest and national parks using the precise LULC
data contributes to achieve sustainable communities and also climate actions, which meet the third and thirteenth goal of the SDGs.

Conclusion

Ultra high-resolution and multispectral aerial imagery taken by UAVs and SfM technology have made it possible to conduct highly
precise LULC classification in rural areas which contributes to natural hazard assessment, community planning, national surveillance,
and natural resource management. However, with the breakthrough improvement in the ground resolution of aerial imagery, a review
and reappraisal of the classification methodology considering the ability to separate small-scale ground objects with less distinctive
features by considering their complex characteristics has become necessary.

In the case of rural areas in developing countries, identifying thatched houses using aerial imagery has been challenging in many
previous studies and has caused difficulties in LULC mapping. By comparing the slight and complex optical and structural differences
between thatched houses and other ground objects, this study suggests an original index (RCI) by combining the spectral and height
information as a single figure, which can enhance the differences between the ground objects. As a case study in rural areas of Africa,
the UAV and ground surveys of this study were employed at a small human settlement inside Lake Malawi National Park, after which
multispectral and height maps were constructed using the SfM process. Four classification methods, namely the RCI method, the
ensembled threshold method, OBIA method, and RF method, were used to classify the main ground objects inside the village, and the
classification accuracy was then compared using confusion matrices. As the result, the RCI method achieved the highest overall ac-
curacy and kappa index and performed particularly well in detecting thatched houses. The RCI method, providing an efficient and low
cost way particular for the LULC classification in rural areas can potentially contribute to the damage control of natural disasters and
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rural development, and eventually to a higher quality of life for villagers in developing countries.
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Appendix B. Examples of mis-segmentation by OBIA (eCognition Developer ver. 10.3)

[] Proper segmentation by OBIA [] Mis-segmentation by OBIA

Appendix C. Average accuracy for each class by different methods
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