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INTRODUCTION

Over the past 150 years, humans have had a major impact on land cover, particularly
through urban sprawl and industrialization, which has resulted in the release of substan-
tial amounts of carbon into the atmosphere. This process has accelerated in recent decades
and has become a major environmental concern worldwide [Lambin et al., 2003]. Land Use
Land Cover (LULC) plays an important role in the exchange of greenhouse gases between
the surface and the atmosphere. For example, deforestation releases large amounts of car-
bon into the atmosphere and affects cloud cover, evapotranspiration and surface albedo,
which consequently affects climate change. Today, forests represent 30% of the land sur-
face; however, 8,000 years ago, they represented 50% [Ball, 2001]. In contrast, afforestation
and reforestation, although on smaller scales, can be positive for soils and ecosystems as
they absorb carbon from the atmosphere. For example, in Europe, the total surface of artifi-
cial areas doubled between 1950 and 1990 [Gerard et al., 2010]. Changes in LULC can have
both negative and positive impacts on humans but also have unexpected or unintended
consequences [DeFries et Belward, 2000]. The Anthropocene era has seen a significant
transformation of the Earth’s surface, with more than half of it being altered by human
activity, as reported by Hooke et al. [2013]. It is crucial to have accurate and up-to-date
LULC maps to quantify and evaluate the impact of climate change on natural ecosystems.
These maps also play a significant role in urban planning and management. Furthermore,
they provide valuable information for scientists, as LULC has been recognized as an Es-
sential Climate Variable (ECV) [Bontemps et al., 2015]; LULC, plays a critical role in land
carbon models and can be both a cause and a consequence of climate change. It is at the
heart of the work of the Intergovernmental Panel on Climate Change (IPCC), which uses
it as support for many models that address carbon issues. It is therefore a key indicator
that describes the evolution of the Earth’s climate.

The terms “Land Use” and “Land Cover” have specific meanings and some fundamen-
tal differences in how they describe the land. They should not be used interchangeably.

Following the INSPIRE European directive, land cover and land use have two distinct
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definitions (INSPIRE - Infrastructure d’information géographique dans la Communauté

européenne - 2007/2/EC) [Giri, 2012]:

¢ Land Cover: “Physical and biological cover of the earth’s surface including artificial sur-
faces, agricultural areas, forests, (semi) natural areas, wetlands, water bodies”. For Meyer et
Turner [1992], land cover refers to the observed biotic and abiotic assemblage of the

Earth’s surface and immediate subsurface.

e Land Use: "Territory characterized according to its current and future planned functional
dimension or socioeconomic purpose (e.g., residential, industrial, commercial, agricultural,

forestry, recreational)".

Following these definitions, land cover refers to the surface or biophysical cover on
the ground. Land use indicates how people are using the ground, such as for agriculture,
airport zones or residential zones. These uses are difficult components to observe due to
the differences between expected and actual use. We therefore see physical artifacts of use
[Giri, 2012]. For example, forests seen through the prism of the land cover are generally a
compact set of very dense trees. In contrast, forests can have multiple uses. They can be
used for timber production, biodiversity conservation, hunting or fuel-wood production
[Mercier et al., 2019]. Land cover is therefore rarely separated from land use to form a

single definition.

SATELLITE IMAGERY AND LAND USE/ LAND COVER MAPPING

For several decades, numerous Earth observation missions have been carried out with
different objectives, including the visualization and monitoring of changes resulting from
human activities. The first work on LULC mapping from remotely sensed data dates back
to the mid-1940s. Francis ] Marschner set out to map the whole United States by hand
using aerial photography [Marschner, 1950]. The years following his work were dedicated
to the development of space missions. It was not until the late 1960s that the scientific
community began to take an interest in space LULC monitoring. The launch of the US
Landsat-1 satellite in 1972 was a turning point for Earth observation. This sensor was the
first to offer images for civilian uses. The images offered by this sensor were available in
four bands, three in the visible and one in the near infrared at a spatial resolution of 8o
m. Since then, several studies have been carried out using image processing techniques to
produce LULC maps [Welch et al., 1975, Rogers et al., 1975, Todd, 1977]. Limited spatial
resolution meant that typological diversity could not go beyond 5 to 8 classes: "Urban,"

"Agricultural," "Wooded," "Water," "Wetland," and "Bare Land" for Odenyo et Pettry [1977].
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Between 1986 and 2002, in Europe, the CNES (Centre National des Etudes Spatiales)
launched five SPOT (Satellite pour I'Observation de la Terre) Earth observation satellites,
offering high spatial resolution imagery (6 m to 20 m for multispectral and 2.5 m to 10
m for panchromatic). Subsequently, SPOT Image and Atrium Satellites continued the pro-
gramme by launching two new satellites in 2012 and 2014 with finer spatial resolution
(1.5 m for panchromatic and 6 m for multispectral). Many works have taken advantage
of the advent of this high spatial resolution to provide more accurate and detailed LULC
mapping [Muchoney et Haack, 1994, Franklin et al., 2011].

At the end of the 1990s, NASA launched the Moderate-Resolution Imaging Spectro-
radiometer (MODIS) from the Earth Observing System (EOS). The goal was to assess
environmental dynamics (i.e., atmosphere, oceans, biosphere and land) at a large scale
with a moderate spatial resolution. Two satellites were launched through the MODIS pro-
gram, MODIS Terra and MODIS Aqua. These sensors have the advantage of providing a
complete image of the Earth every 1-2 days and allow the detection of large-scale changes
over short time intervals. These changes can be vegetation dynamics mapping [Fang et al.,
2018], deforestation [Rahman et al., 2013] or land cover change in Arctic permafrost land-
scapes [Muster et al., 2015]. One of their major advances has been the world map generated
through MODIS imagery, MODIS Land Cover [Friedl et al., 2002]. This product, produced
annually between 2001 and 2020 by NASA, describes land cover in 17 classes. The ini-
tial objective of this map was to monitor the dynamics of natural areas on a global scale
as well as the expansion of urbanized areas. These land cover data use are five different
classification schemes through supervised classification trees.

The objective of the European project GMES (Global Monitoring for Environment and
Security), also known as Copernicus, is to provide to the European community up-to-date
Earth Observation data for territorial monitoring. The Copernicus program was set up by
the European Union in 2014. It collects and distributes data regarding the condition of the
Earth. The program has also launched earth observation satellites, such as Sentinel-2. In
recent years, this sensor has been a breakthrough for LULC mapping, as it acquires images
from the Earth’s surface through a multispectral sensor (MSI) at high spatial (10 meters)
and temporal resolutions. The innovation of this sensor lies in its constellation of two
satellites, Sentinel-2A (launched in 2015) and Sentinel-2B (launched in 2017), which reduce
the revisit time by half (5 days instead of 10). Through the diversity of its spectral bands,
the objective of these satellites was to continue the acquisition of land surface imagery.
Many works have used these images to map LULC to assess and quantify changes in urban

[Papadomanolaki et al., 2019b] and/or natural areas [Pacheco-Pascagaza et al., 2022].
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The Copernicus program also developed a large-scale LULC product, Corine Land
Cover. Its aim is to provide a LULC map at the European scale for several years, or miles-
ims. The semantic class typology was selected according to the INSPIRE directive, which
defines the relevant classes on which LULC mapping should focus. Corine land cover (Fig-
ure 1.1 (a)) is produced manually from photointerpretation of satellite imagery at 20- and
25-meter spatial resolutions and from images with higher spatial resolution for the dens-
est areas (e.g., urban areas) at a scale of 1:100 ooo. This map is produced for all European
Union countries, including some neighboring countries (e.g., Turkey or Serbia); 39 coun-
tries are covered by Corine Land Cover with 5 millesims to date: 1990-2000-2006-2012-2018.
Corine land cover describes LULC in 3 levels of semantic classes. The minimum mapping
unit (MMU) corresponds to 25 hectares (~ 35 football fields), which makes its use possible
at a scale of 1:100,000. At this spatial scale, urban areas cannot be studied in detail. Indeed,
roads and large-scale networks, whose MMUs are well below 25 Ha, are not represented,
leading to requests for other LULC maps. To overcome this limitation, the Copernicus pro-
gram has set up a product developed only over the largest cities in Europe (urban areas
with more than 50,000 inhabitants), Urban Atlas (Figure 1.1 (b)), which allows the precise
mapping of urban areas in 27 classes for the most detailed level. The minimum MMU is
0.25 ha, which is 100 times smaller than the Corine land cover product. Currently, Urban
Atlas is available for 3 dates: 2006, 2012 and 2018.

In France, the Institut national de I'information géographique et forestiere (IGN) has
produced a national land use land cover map since 2013 that also meets the INSPIRE
guidelines: the Occupation du Sol & Grande Echelle (OCS GE). The OCS GE is also orga-
nized into several levels of semantic classes and has 24 classes within its finest level. To
produce this cartography of the territory, the IGN used different databases (BD TOPO, BD
Foret or Registre Parcellaire Graphique, also known as RPG). The MMU for the OCS GE is
200 m2 for built-up artificial areas (e.g., dense built-up areas, residential areas), 500 m2 for
nonbuilt-up artificial areas (e.g., large scale networks) and 2500 m2 for nonartificial areas
(e.g., forests, water surfaces). Since 2022, within the framework of the land artificialization
observatory, the IGN has relied on artificial intelligence (Al) to automate the initial pro-
duction and update the production of geographical data describing LULC according to
the OCS GE nomenclature (in 13 classes). These prototype data will be progressively dis-
seminated. In parallel, several administrative regions are piloting the production of LULC
maps adapted to their needs. For instance, the Alsace Region has started the production of
a LULC map at a large scale through the Coopération pour I'Information Géographique en

Alsace (CIGAL, started in 2008). Since the creation of the Grand-Est region, a large-scale
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(1:10000) topographic database ‘BD OCS GE2 - Base de Données Occupation des Sols a
Grande Echelle du Grand-Est’ has been produced for 2018/2019 (Figure 1.1 (c)). These re-
gional databases are most often built from visual interpretation of aerial photographs and
are time- and cost-consuming for the administration. In the Grand-Est region, the MMU
is one of the finest LULC products presented to date, with 50 m2 for buildings and urban
areas. The objective of this project, founded partially by the European Union, is to offer a
better knowledge of the territory through a very fine mapping of urban areas. This product
has four main semantic levels with a 5th class for urban areas that describe the degree of

imperviousness of level 4 artificial classes (Imperviousness Built-Up, Imperviousness Not

Built-Up, Pervious). At the finest scale, urban areas are described in 87 thematic classes.

(a) Corine Land Cover 2012 over the south west of

Strasbourg. bourg.

(c) Occupation du Sol & Grande Echelle du Grand-Est (d) Occupation du SOI (OSO) 2021 over the south west

2019 over the south west of Strasbourg. of Strasbourg.

Figure 1.1 — Comparison between three Land Use Land Cover database over Strasbourg (Legends are in

appendix A.1).

Although accurate, visual interpretation is subject to many problems. First, the pro-
duction time can be several months or years for most LULC data. For example, the Corine

Land Cover product was only released to the community in 2015, almost three years later.
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This delay raises issues in monitoring rapid phenomena such as crops or the evolution
of natural areas. Additionally, production operators are limited in their interpretation of
images and often do not take into account the multitemporal dimension of the images.
However, this analysis of radiometric characteristics is important to identify natural land-
scapes, particularly agricultural landscapes, which have strong intratemporal variation. A
bias can also be found in some classifications due to the perception of the territory, which
can cause spatial heterogeneity in the mapped products between regions.

Artificial intelligence methods, particularly machine learning, have seen a renewed in-
terest in recent years, thanks in particular to improvements in computing power. This term
covers two main concepts: supervised and unsupervised learning. The first one requires an
annotated dataset (or training set). Remote sensing and LULC mapping consist of images,
pixels or groups of pixels depending on the application. In the remote sensing domain,
the training data are most often built from existing LULC datasets considered as a refer-
ence. This step is the most important and requires precise knowledge of the study area to
choose the appropriate data in accordance with the initial objective. This requirement can
cause several problems, as these data may (1) not be consistent with the spatial resolution
of the images used and/or (2) have a temporal shift in mismatch with the classes with
high temporal variability. With the high volume of satellite imagery collected each day by
multiple sensors, deep learning techniques based on neural networks have improved the
results of so-called "classic" machine learning approaches.

Since 2015, with the open access Sentinel constellation, several LU and/or LC products
have been created with national or worldwide coverage. In France, through the national
data and services centercenter THEIA for continental surfaces (attached to the National In-
frastructure Data Terra), several research laboratories have developed open-source process-
ing chains based on Sentinel1&2 imagery. Since 2016, they have produced an open-access
LULC map (named OSO) on the metropolitan national territory annually (millesim) at 10-
meter spatial resolution using either machine learning approach [Inglada et al., 2017]. The
typology evolves each year to provide users with a refined product with a greater variety in
semantic classes. Since 2018, the production has been carried out by CNES MUSCATE (Fig-
ure 1.1 (d)), and laboratories continue to improve large-scale land cover mapping methods
and to integrate them into the iota2 processing chain (e.g., superpixel classification).

Since 2020, three global LULC products have been opened to the community: Google’s
Dynamic World [Brown et al., 2022] (Figure 1.2 (c)), ESA’s World Cover 2020 [Zanaga et al.,
2021] (Figure 1.2 (a)) and Esri’s 2020 Land Cover [Karra et al., 2021] (Figure 1.2 (b)). The

objective for these three products is to offer multitemporal cartography, where an update
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is performed every year for ESA’s World Cover and Esri’s 2020 Land Cover and in near
real time for Google’s Dynamic World at each acquisition of new satellite images. These
products are generated automatically thanks to the progress of Al methods. Both Google’s
Dynamic World and Esri’s 2020 Land Cover propose maps with 9 LULC classes whereas
ESA’s World Cover 2020 has added 2 more classes to obtain a typology in 11 classes. The
ESA World Cover 2020 product uses classical machine learning methods (Random Forest)
trained on hand-labeled pixels from a 100 x 100 m grid over 141,000 locations world-
wide. The input satellite data are mainly from the optical Sentinel-2 (L2A) sensor and SAR
Sentinel-1 (GRD) sensors. In addition, many other data (positional features, meteorologi-
cal features or features from the DEMs) have been introduced into their models. The land
cover product, Esri’s 2020 Land Cover, uses deep learning methods trained on over 5 bil-
lion human-labeled Sentinel-2 pixels from 24,000 individual image tiles sized 510 x 510

pixels each.
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BN

(a) ESA World Cover 2020 over the south west of Stras-  (b) ESRI 2020 Land Cover over the south west of Stras-

bourg. bourg.

BN

(c) Google Dynamic World from o1/01/2022 to (d) Sentinel-2 L2A over the south west of Strasbourg.

31/12/2022 over the south west of Strasbourg.

Figure 1.2 — Comparison between ESA World Cover, ESRI 2020 Land Cover and Google Dynamic World
over Strasbourg. Legends are in appendices A.2, A.3 and A.4.

Among this panel of LULC maps, several intrinsic characteristics can help end users
understand and choose a mapping product adapted to their needs. They can be summa-

rized in 4 criteria described in Table 1.1:

* The spatial extent: this describes the spatial cover of the maps. A map can be pro-

duced for different areas (specific, country, pan-European, world, etc.)

¢ Date of production: every map has a date of production and a date of distribution.
Most vector LULC maps are distributed several months or years after the beginning
of production. This information is important because maps with different production

dates enable users to extract temporal dynamics.
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* The number of thematic classes defines the semantic typology of an LULC product,
which can be organized into a nomenclature describing different levels of classes
from a general to a fine description of LULC. To obtain homogeneity in the nomen-
clature of products, the Food and Agriculture Organization (FAO) has set up a hi-
erarchical land cover classification system (LCCS) that provides different levels of
information according to use. In general, products contain 3 to 4 levels of classifica-

tion, from the least detailed (often binary) to the most detailed.

¢ Spatial resolution or cartographic scale: Land use/land cover maps are also de-
scribed by several geographical characteristics, such as the Minimal Mapping (MMU)
for a vector map or the pixel size for a raster map. Any object smaller than this value

will not be displayed on the map.

In conclusion, there are multiple LULC databases at different scales and formats, some-
times produced by digitization of aerial photographs and/or satellite images and other
times by automatic processing, often using Al methods (Tableau 1.1). The accuracy and
diversity of the semantic classes is often the result of a manual approach that is very time-
consuming and involves a product that is out of date at the time of its release. In contrast,
LULC products derived from AI approaches offer lower accuracy and a smaller number
of thematic classes but are available and up to date at much shorter time intervals than
manual products. This state-of-the-art LULC product is not necessarily exhaustive because
each nation works on the development of a nationwide or worldwide product (e.g., Glo-
beland3o" which is a global geo-information public product provided by China to the
United Nations [Fonte et al., 2017]) but it shows the diversity of existing and ongoing

research works.

Thttp://www.globallandcover.com/Page/EN_sysFrame/datalntroduce.html?columnID=

8l&head=product&para=product&type=data


http://www.globallandcover.com/Page/EN_sysFrame/dataIntroduce.html?columnID=81&head=product&para=product&type=data
http://www.globallandcover.com/Page/EN_sysFrame/dataIntroduce.html?columnID=81&head=product&para=product&type=data

Chapter 1. Introduction

seale [eInjeu Ioj

Uo139y YouaI] 020T - 6102 ¥ 19A9] 10§ €4 ¥ pue seaze [enuen 000°T /1 I0J09A 9500
ueqin I0J S
ouer Q10T d0UTS Ieak yoey (XU WA I uonedyIsser) SI9jow O I0JD9A pue Id)sey] 0SO
SeQly
ueadomg-ueJ | Q0T - TIOT - 9OOT Lz s [enuen 000’01 /T I0109A
ueqin
Q10T - TI0T - Q00T I9A0D) pue]
ueadong-ueg € 1oa9] 16 3 [enuen 000’001 /T I03109A
- 0002 - 0661 dULIOD)
I9A0D) PIIOM
PLIOM 0TOT 3DUIS TedA oeqg I I uonedyIsser) SI9jow O I9)sey]
EAAL
I9A0D) pue]
PLIOM 0TOT JDUIS JedA Yoeq 6 I uonedYISSe[D) SI9jow O I9)sey]
020t S,T¥SH
PITOM
PLIOM wir} [eal JeaN 6 I uornedyISSe[D) SI9jow O I9)sey]
dTwIeuA (]
sasse[d aeog
Jualxy [PAdT poylaw awreu
,SWIS3[IW, sajeq Jnjueuros u:—&mthuth I0 jeurioq
renedsg uonedyIsse[) uonpnpoig pnpoig
Jo _dqUINN uonnN[osaY|

Table 1.1 — Summary of LULC products
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URBAN THEMATIC CLASSES IN THE LULC MmAPs

For countries with rapid growth where reference data are often missing, products result-
ing from automated processes (e.g., methods based on artificial intelligence) classify the
urban footprint into one class (mostly known as artificial surfaces). This situation is the
case for the three recent products, Google’s Dynamic World, ESA’s World Cover 2020 and
Esri’s 2020 Land Cover, each of which provides a single "Built-Up Area" class. For several
years, many "urban" products have been developed with the aim of monitoring artificial
or impervious surfaces (Table 1.2). Each product extracts different information often in a
raster format.

The Global Human Settlement Layer (GHSL) is a LULC product that describes the hu-
man settlement footprint on Earth. Developed by the JRC (Joint Research Center), several
‘millesims” have been produced (1975, 1990, 2000, 2014) from Landsat images (30 m spatial
resolution) by applying a supervised classification system to them. A built-up map with
a spatial resolution of 38 meters (using Landsat images) is thus created, containing pixel
information representing the average urban proportion on it. Since 2016, the JRC has of-
fered the same mapping developed from Sentinel-1 images from the Copernicus program
available at 20-meter spatial resolution (Figure 1.3 (b)).

Another product, the Global Urban Footprint (GUF), offers a finer global mapping (12
meters spatial resolution) of land cover in three classes: urbanized areas, nonurbanized
areas and areas with no data coverage (e.g., oceans). TerraSAR-X and TanDEM-X are the
two sensors used to produce this map. They are both synthetic aperture radars with a
resolution of 3 meters. A classification is performed based on the speckle divergence to
highlight the areas subject to backscattering [Esch et al., 2013]. Thus, not only are buildings
taken into account, but all pixels with a high texture value are classified as buildings. In
2019, a global version of this product, named the World Urban Footprint, was released
(https://urban-tep.eu/). This map, which is available at a resolution of 12 meters,
was also produced from the 2015 satellite imagery (Figure 1.3 (a)).

The High Resolution Layer Imperviousness (HRL Imperviousness) is produced by
Copernicus and offers two distinct maps: the first one translates the percentage of soil
imperviousness, and the second one shows the evolution (the difference) between two
millesims. The percentage of soil impermeability is calculated by a processing chain of
multiseason images and uses the NDVI (Normalized Difference Vegetation Index) for a
better distinction of impermeable surfaces. Beforehand, a stratification of the territory into

two classes (built-up and nonbuilt-up) is performed. The classification is produced accord-

11
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ing to a pixel approach, and the validation samples are extracted from the Corine Land

Cover layer (Figure 1.3 (c)).

8N
8N

(a) GUF over the south west of Strasbourg (Urbanized (b) GHSL over the south west of Strasbourg (Human

Areas in red). Settlement Footprint in red).

8N

(c) HRL Imperviousness over the south west of Stras-  (d) Sentinel-2 L2A over the south west of Strasbourg.
bourg (Imperviousness degree in red graduated color,

from o to 100%).

Figure 1.3 — Comparison between GUF, GHSL and HRL Imperviousness over Strasbourg.

When users are interested in an urban domain application or focused on cities, existing
LULC maps often poorly describe urban forms (morphology), also called urban fabrics
(UF), defined as the specific spatial organization of basic components of the city. These
components comprise the inner characteristics of the built-up environment.

To our knowledge, only OSO (which is based on Sentinel-2 imagery) proposes four
semantic classes to describe UF (Figure 1.4). These classes are dense urban, sparse urban,
industrial and commercial areas and roads. Based on so-called "pixel" approaches, the

results contain many isolated pixels, causing a strong salt-and-pepper effect. They are

12
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often confused with many other classes at high spatial resolution [Inglada et al., 2017]. In
recent works, this mapping has been improved with the introduction of superpixel-based

approaches [Derksen et al., 2019].

(a) OSO 2018 over Strasbourg. (b) Sentinel-2 L2A over Strasbourg.

Figure 1.4 — Urban Fabric classes for OSO over Strasbourg.

In this context, very high spatial resolution (VHSR) imagery (defined here with a metric
or submetric spatial resolution) is preferred to produce LULC maps. Indeed, these images
allow a fine mapping of urban elements and objects. For example, Puissant et al. [2014]
and Rougier et al. [2016] detected trees in urban areas from VHSR images (Pleiade and
Quickbird) using machine learning methods (Random Forest). Other works tend to detect
building footprints while omitting the urban fabric (UF) aspect [Zhang et al., 2018]. These
machine learning methods are often based on an object-based approach. It is more complex
to effectively detect UF [Merlin et al., 1988], which have a particular spatial organization,
with methods that are difficult to reproduce and generalize [Huang et al., 2018, Postadjian
et al.,, 2017]. Thus, building a fine scale urban map can be performed according to two
strategies: (1) extracting one class from VHRS images (e.g., vegetation) with per-pixel or
object-based approaches [Rougier et al., 2016, Li et al., 2016] and its combination with
existing topographic datasets or (2) directly classifying urban objects or elements into
several semantic classes of land cover (e.g., building, water, vegetation, bare soil) with
per-pixel or object-based approaches [Ban et al., 2010, Postadjian et al., 2017].

These LC maps at VHRS are relevant inputs to build Local Climate Zone (LCZ) maps
that are classically useful for urban climate models [Leconte et al., 2015]. The advantage
of these maps is that they provide rich information on the spatial organization of the city
where vegetation has an important role in the overall typology. Moreover, in the existing

vector topographic databases such as 'BD OCS GE2’, vegetation is categorized by use (e.g.,
13
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urban park labeled as specialized vegetation class) and is explicitly separated from the
dense, sparse and other specialized urban classes (for industrial or commercial activities).
This class addresses an important need of end-users, as it answers many ecological and
climatic issues (urban cool islands and many other ecosystem services) [Mexia et al., 2018].
However, VHSR images remain costly and are often unavailable as time series, and the
models trained on these images are difficult to generalize due to the complexity of urban
areas at this resolution [Momeni et al., 2016]. This process is also very time-consuming, as
retraining of the models is necessary for most cities.

In this context, research on UF mapping based on HSR imagery is challenging. The
temporal diversity of sensors and the diversity of acquisition modes (e.g., optical and SAR
imagery) as well as the advent of new computational methods (deep learning and graphics
card computing) have opened new opportunities for the classification of UF into several
classes to improve LULC maps.

Currently, the only work that attempts to improve the mapping of UF (or patterns) is
one developed by [Schiavina et al., 2022]. The authors propose a multiclass urban product
named global building morphology (GHS-BUILT-C), which will be an extension of the
GHSL product. However, this product is not yet available and and their pixel approach

may suggest a salt and pepper effect in the result.
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Table 1.2 — Summary of UF products
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Chapter 1. Introduction

OUTLINE OF THE THESIS

Research questions and hypotheses

As described in the previous sections, accurate and timely LULC maps are important for
a variety of applications, such as urban and regional planning and management, envi-
ronmental monitoring, disasters and risk analysis. They may help tackle many significant
large-scale challenges, such as increasing urbanization, global warming or the accelerating
loss of biodiversity. Therefore, it is important to produce accurate LULC maps, especially
by improving the mapping of urban areas through their characterization into several UF.

Therefore, the general problem of the thesis concerns the mapping of LULC and specif-
ically their urban components in the era of big data, which provides a substantial amount
of freely available geospatial data. The volume of collected or archived satellite imagery
has been increasing from terabytes to petabytes and even to exabytes in recent years
[Zhang et Li, 2022]. While new opportunities are provided by Al technologies and mas-
sive data for LULC mapping, challenges also emerge for LULC and UF mapping, which
has strong climatic issues, from using these high spatial, temporal and multimodal satel-
lite imagery (e.g., Sentinel1&2). Moreover, it is still challenging to integrate multisource
remotely sensed data.

Their high temporal resolution combined with their high spatial resolution make these
sensors major assets in inventories and in the detection of temporal dynamics, whether at
short times (e.g., landslides, earthquakes) or long times (e.g., urban sprawl, sea level in-
creases). Moreover, these sensors have opened new perspectives for LULC by adding high
temporal dimensions uncommon to most existing sensors. SAR imagery, through Sentinel-
1, and optical imagery, through Sentinel-2 and its spectral diversity, provide important new
properties for LULC mapping.

The evolution of computing power and massive data management has allowed the
development of new methods based on machine learning and deep learning. One of ma-
chine learning’s advantages is its ability to handle high-dimensional input and map LULC
classes with complex properties. With the increasing amounts and types of remote sens-
ing imagery and geospatial big data available, as well as the availability of cost-effective
and powerful computing tools and storage solutions, machine learning has become more
widely used for analyzing larger and more complicated datasets, resulting in more accu-
rate LULC mapping at larger scales.

In this context, the main objective of this thesis is to show the potential of massive

high spatial resolution imagery (S1&Sz2) for mapping land use land cover at large-scale
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and analyzing its dynamics. The general hypothesis is that multimodal and multitemporal
high spatial resolution imagery can improve the classification of LULC, especially for UF.

Several methodological subobjectives can be derived:

* (1) evaluate the performance of classification methods based on deep learning ap-

proaches for UF mapping,

* (2) evaluate the synergy of multitemporal and multimodal satellite imagery provided

by the Sentinel- 1&2 satellite constellation for UF and LULC mapping and

* (3) evaluate the spatial and temporal inference capacity of the proposed classification
models to generalize the proposed approach for mapping large-scale territories and

analyzing their dynamics.

1.3.2 Thesis organization

This document is organized into six chapters including the introduction section and the
state-of-the art chapter (Chapter 2) and according to the papers that have been written
during the corresponding PhD work: 1 in a double-blind peer-reviewed congress interna-
tional journal (Chapter 3), and 2 published papers in peer-reviewed international journals,
related to the first (Chapter 4) and to the second objectives of this thesis (Chapter 5).
Another paper concerning the third objective (Chapter 6) corresponds to a short paper

accepted in an international conference focused on urban areas (JURSE 2023).

¢ The second chapter focuses on the evolution of artificial intelligence methods and
their use for LULC. As deep learning is the main subject of this thesis, machine
learning methods will only be an introduction to the chapter with the presentation
of existing works and the limits of these methods compared to deep learning ap-

proaches.

¢ The third chapter describes the study area and the creation of a multimodal and
multitemporal land use land cover dataset: the MultiSenGE dataset. The objective
is to prepare an LULC reference dataset over the study area [Wenger et al., 2022a].
In fact, this objective represents a major challenge in the remote sensing field, as no

such dataset was available to the community.

¢ The fourth chapter aims to evaluate the potential of monotemporal Sentinel-2 im-
agery and semantic segmentation approaches to improve the UF classes into LULC

maps through feature fusion methods [Wenger et al., 2022c].
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¢ The fifth chapter addresses the combination of multitemporal and multimodal im-
agery using the MultiSenGE dataset [Wenger et al., 2023b]. The objective is to use
feature fusion methods that take into account multitemporal and multimodal im-
agery and combine them to perform LULC mapping and to evaluate the contribution

of these features compared to monotemporal optical imagery.

¢ The last chapter (6) aims to investigate spatial and temporal inference to explore
the reproducibility of the methods developed in the previous chapter through two
global aspects: spatial inference from the perspective of large-scale LULC production
and temporal inference to detect changes (e.g., urban sprawl with construction sites)

and to analyze LULC dynamics.

During this thesis, all the methods have been developed using open source softwares
and libraries. In addition, optical (Sentinel-2) and SAR (Sentinel-1) imagery were also
freely downloaded via different hubs (i.e. Theia®> hub and Scihub Copernicus?). All the
Deep and Machine Learning applications were performed using free packages available
through Python* programming language, whether Keras> for Deep Learning applications
or Scikit-Learn® for Classical Machine Learning applications. To process Sentinel-2 satel-
lite images and also reference data, GDAL” and RasterIO® were mainly used. The down-
loading and pre-processing of Sentinel-1 images was done with sitiling® developed by
the CNES (Centre National d’Etudes Spatiales). Finally, the visualization and mapping
productions were made with QGIS™ software.

This thesis has been founded by Agence Nationale de la Recherche (ANR) through ANR Ex-
ploitation de masses de données hétérogenes a haute fréquence temporelle pour I'analyse des change-
ments environnementaux [TIMES, ANR-17-CE23-0015]. The objectives of the TIMES project is to
produce new knowledge on the dynamics landscape objects from the massive exploitation
of this big geospatial data with the objective to develop and validate novel data process-
ing and analysis methods for environmental monitoring of landscape objects. The proposed
methods will be able to tackle highly heterogeneous datasets (point cloud data, aerial and satellite

images) analyzed at very high temporal frequency. Also, this thesis was supported by the French

2https://www.theia—-land.fr/

3https://scihub.copernicus.eu/

4https://www.python.org/

Shttps://keras.io/

6https://scikitflearn.org/

“https://gdal.org/

8https://rasterio.readthedocs.io/

9https://gitlab.orfeo-toolbox.org/sl-tiling/sltiling
Ohttps://www.qgis.org/
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TOSCA project AIMCEE [CNES, 2019-2022]. We also would like to thank the Grand-Est region
for the database OCSGE2 which was in production during the first two years of this thesis and the

Meésocentre-Unistra'* for the computational resources.

1.3.3 Scientific contributions
Research papers in peer-reviewed journals:

* Wenger, R., Puissant, A., Weber, J., Idoumghar, L., & Forestier, G. (2022a). Multi-
SenGE: a multimodal and multitemporal benchmark dataset for land use/land cover
remote sensing applications. ISPRS Annals of the Photogrammetry, Remote Sensing
and Spatial Information Sciences, V-3—2022, 635-640. https://doi.org/10.5194/

isprs—annals-V-3-2022-635-2022

* Wenger, R., Puissant, A., Weber, ]J., Idoumghar, L., & Forestier, G. (2022c). U-Net
feature fusion for multi-class semantic segmentation of urban fabrics from Sentinel-
2 imagery: an application on Grand Est Region, France. International Journal of Re-
mote Sensing, 43(6), 1983—2011. https://doi.org/10.1080/01431161.2022.
2054295

* Wenger, R., Puissant, A., Weber, J., Idoumghar, L., & Forestier, G. (2023b). Multi-
modal and multitemporal land use/land cover semantic segmentation on Sentinel-
1 and Sentinel-2 imagery : an application on MultiSenGE dataset. Remote Sensing;

15(1):151. https://doi.org/10.3390/rs15010151
Communications in international conferences:

* Wenger R., Puissant A., Weber J., Idoumghar 1., & Forestier G., 2022, Multimodal
and multitemporal semantic segmentation and scene classification dataset for re-
mote sensing applications, Living Planet Symposium, 23-27 May 2022, Bonn, Germany.

(poster presentation)

* Wenger R., Puissant A., Weber J., Idoumghar I., & Forestier G., 2022, MultiSenGE: a
multimodal and multitemporal benchmark dataset for land use/land cover remote
sensing applications., XXIV ISPRS Congress, 6-10 June 2022, Nice, France. (oral pre-

sentation)

* Wenger R., Puissant A., Weber J., Idoumghar I., & Forestier G., 2023, Exploring infer-
ence of a land use and land cover model trained on MultiSenGE dataset, Joint Urban

Remote Sensing Event, 17-19 May 2023, Heraklion Crete, Greece. (oral presentation)

Mhttps://hpc.pages.unistra.fr/
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Also, an innovative multitemporal and multimodal Land Use Land Cover dataset™ has

been produced covering the entire Grand-Est region:

* Wenger, R., Puissant, A., Weber, ]J., Idoumghar, L., & Forestier, G. (2022b). A new
remote sensing benchmark dataset for machine learning applications: MultiSenGE.

Zenodo. https://doi.org/10.5281/zenodo.6375466

This thesis work follows on from the master’s work on urban areas. Thus, a scientific
communication as well as a paper have been presented and are being reviewed in an

international peer-reviewed journal:

* Wenger R., Michea D., & Puissant A., 2021, Automated Urban Footprint Mapping
Over Large Areas, EARSeL, 30 March - 1 April 2021, Liege, Belgium (Joint Virtual

Workshop). (oral presentation)

* Wenger R., Puissant A. & Michea D., 2023a, Towards an annual Urban Settlement
map in France at 1om spatial resolution using a method for massive streams of

Sentinel-2. Submit, unpublished.

2https://multisenge.github.io/
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With the increasing need for up-to-date LULC maps, scientific community has started

to use machine learning methods for several years. This chapter presents the evolution

of machine learning methods for knowledge extraction and classification of LULC. This

chapter focuses on deep learning and details the methods used to combine multitemporal

and multimodal remote sensing imagery.
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2.1

MACHINE LEARNING VERSUS DEEP LEARNING

Artificial Intelligence is the global ensemble containing Machine Learning and Deep Learn-
ing (Figure 2.1). Machine learning is a subfield of artificial intelligence that involves the
development of algorithms and statistical models that enable computers to learn from and
make predictions or decisions without being explicitly programmed to perform a specific
task. Machine learning is based on the idea that systems can learn from data, identify

patterns and make decisions with minimal human intervention.

Artificial Intelligence

Technic that enables
computers to mimic human
intelligence

Machine Learning

Technic that enables
computers to improve a task
with experience

Deep Learning

Technic that enables
computers to train to perform
a task. It is based on neural
networks.

Figure 2.1 — Artificial Intelligence versus Machine Learning versus Deep Learning

Machine learning and deep learning have gained a lot of popularity in recent years.
Both techniques involve the use of algorithms to analyze data and make predictions or
decisions.

Machine learning algorithms use a set of labeled training data to learn a mathematical
model that can be used to make predictions or decisions on new, unseen data. The goal
of machine learning is to find the best possible model that can generalize to new data,
and it relies on a number of different techniques, such as decision trees, Support Vector
Machines, and random forests.

On the other hand, deep learning algorithms use a large number of layers of inter-
connected neurons to learn complex representations of data. These algorithms are able to
learn highly non-linear relationships in data, and they are particularly well-suited for tasks
such as image and speech recognition. Deep learning algorithms are typically trained us-
ing large amounts of data and powerful computing resources, such as graphics processing
units (GPUs).

Overall, machine learning and deep learning are both powerful tools for solving com-
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plex problems in artificial intelligence, and they have been applied to a wide range of
applications in areas such as natural language processing, computer vision, and robotics.
In general, machine and deep learning approaches are twofold: unsupervised learning and
supervised learning. The main difference between the two is that supervised learning uses
labeled training data, while unsupervised learning uses unlabeled data.

According to Singh et al. [2016], "supervised machine learning is the construction of
algorithms that are able to produce general patterns and hypotheses by using externally
supplied instances to predict the fate of future instances.". In supervised learning, the
training data is labeled to indicate the correct input for each example; in a classification
problem, the training data may be images of animals labeled as "dog", "cat", "bird", etc.
The supervised learning model learns to predict the correct class for new inputs using the
labeled examples in the training data.

In unsupervised learning, the training data is not labeled. The unsupervised learning
model must therefore find structures and relationships in the data for itself. This can be
used for tasks such as image segmentation, group detection and dimensionality reduction.

In the field of remote sensing, machine learning have been firstly used in several appli-
cations, such as change detection, LULC classification (or mapping), image preprocessing
(e.g. fusion, segmentation etc.) or accuracy assessment. Support vector machine (SVM)
and ensemble classifiers (e.g. Random forest) are mainly used due to the ability of the first
method to handle high dimensionality data and ease of use for the second. Also, Random
Forest achieved good results with a very low computational time [Belgiu et Dragut, 2016].
They are overtaking others methods used earlier in the field such as Linear Regression,
Maximum Likelihood, K Nearest Neighbor and Regression Tree.

Random Forest is an algorithm of the ensemble classifier family, made of a set of tree-
structured predictors. It uses a combination of multiple decision trees to make predictions.
Each individual decision tree [Breiman, 1996] in a Random Forest is trained on a different
subset of the data, and they all make their own predictions independently [Breiman, 2001].
The final prediction of the random forest is then determined by combining the predictions
of all the individual decision trees. Random Forest is a powerful and effective machine
learning method that can be used for both classification and regression tasks. It has been
widely used for multiple remote sensing applications, such as LULC mapping [Pal, 2005,
Colditz, 2015, Stefanski et al., 2013], and a lot of other tasks [Belgiu et Dragut, 2016].

Support Vector Machine is the second popular classifier for remote sensing applica-
tions. They are effective in dealing with high dimensional data and complex data sets.

This makes them particularly useful for remote sensing applications, where large amounts
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of data are collected by satellites and other sensors. It creates a hyperplane that maximally
separates different classes of data. This allows for accurate classification and prediction by
minimizing the misclassification rates [Mountrakis et al., 2011]. This method is very ro-
bust to overfitting problems, such as Random Forest, as a lot of regularisation parameters
should be tuned by an expert [Cawley et Talbot, 2010]. This method has been very popular
for LULC mapping [Kavzoglu et Colkesen, 2009].

LAND Use LAND COVER MAPPING: TOWARDS THE USE OF DEEP LEARN-

ING

As classification problems become more and more complex (e.g. extraction of information
that needs to be more and more accurate, taking into account large volumes of data etc.),
deep learning methods have experienced a tremendous acceleration in the last few years
due to their ability to process impressive amounts of data quickly and their capacity to
learn complex features that have surpassed classical methods. As specified in section 2.1,
deep learning models are composed of several layers capable of extracting several complex
representations. Also, they can compute multiple representations from the representation

in the previous layer which results in a hierarchy of data abstractions [LeCun et al., 2015].

Scene classification and semantic segmentation

In the field of LULC mapping, there are two mains types of deep learning applications,
scene classification and semantic segmentation. Scene classification and semantic seg-
mentation are two important tasks in the field of remote sensing image analysis. Scene
classification involves assigning a label to an entire image, indicating what type of scene is

non

depicted, such as "urban," "agricultural," or "forest." Semantic segmentation, on the other
hand, involves assigning a label to each pixel in an image, indicating what object or fea-
ture is present at that location. Both scene classification and semantic segmentation can be
important for a variety of applications, including land use and land cover mapping, en-
vironmental monitoring, and disaster management. For example, scene classification can
be used to identify areas that are potentially suitable for renewable energy development
or to track changes in land use over time. Semantic segmentation can be used to iden-
tify individual objects or features within an image, such as buildings, roads, or bodies
of water, which can be useful for a variety of applications including urban planning and

infrastructure management. Both of these applications are cover in the rest of the chapter.

In remote sensing, the word classification is often used to define automatic LULC map-
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ping. On the other hand, in the deep learning community, classification (or scene classifi-
cation in computer vision) consists in identifying the classes present in an image. A class
assigned to a pixel is defined by the term semantic segmentation (Figure 2.2). For a better

understanding, the concept of semantic segmentation will be used in the entire manuscript.

Sparse Built-Up (2), Specialized Built-
Up Areas (3), Specialized But
Vegetative Areas (4), Arable Land (6),
Forests (11)

Figure 2.2 — Difference between scene classification (a) and semantic segmentation (b). Reference data has

been taken from Wenger et al. [2022a]. Legend is also in the paper.

The emergence of Convolutional Neural Networks

Convolutionnal Neural Networks (CNNs) have received particular attention in recent years
by the scientific community. They are well-suited for image recognition and processing
as they perform mathematical operations called convolution to process the input data.
CNNs are composed of multiple layers, including an input layer (e.g. images with 2 or
more dimensions), one or more convolutional layers, a pooling layer, and an output layer.
The input layer receives the raw input data, which in the case of image recognition is
typically a matrix of pixel values. The convolutional layers apply filters to the input data to
detect specific features, such as edges or shapes. The pooling layer then downsamples the
output of the convolutional layers, reducing the dimensionality of the data and making
the network more efficient. Finally, the output layer uses the processed data to make a
prediction, such as the identity of an object in an image. During each convolution, feature
maps are computed with a filter of a fixed-size kernel and the result is then passed through
an activation function (e.g. ReLu, Sigmoid, Leaky ReLu etc.). With this kind of approach,
CNNs can detect local correlations.

The size of the kernel and the dimensions of the convolution filters are called hyper-
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parameters. These are mostly not determined empirically and can be derived depending
on the type of features to be extracted (e.g. spatial, spectral, spatial-spectral etc.) as well
as the type of input data (e.g. time series, multispectral image, panchromatic image etc.).
The main convolutional neural networks have either dimension 1 filters (1D-CNN), dimen-
sion 2 filters (2D-CNN) or dimension 3 filters (3D-CNN) (Figure 2.3). The only difference
between these three networks is the size of the filter which varies from one to three di-

mensions.

(©)

@ G

Figure 2.3 — (a) One-dimensionnal CNN, (b) Two-dimensionnal CNN and (c) Three-dimensionnal CNN.
Red lines represent the filter applied to the data.

One dimensional CNNs have been mostly use for time series analysis but some works
in the remote sensing community applied it to spectral [Pelletier et al., 2019, Song et al.,
2019] and mostly hyperspectral imagery [Zhang et al., 2017, Mou et al., 2017]. The objec-
tive is to extract, from the multispectral series, a set of features allowing, from the spectral
bands, the extraction of local patterns. Another work applied 1D-CNN to temporal hyper-
spectral imagery to distinguish season changes through spectral-temporal domain [Guidici
et Clark, 2017].

Two-dimensional CNNs are the most commonly used types of CNNs for land cover
classification from satellite images. 2D-CNNs allow the extraction of spatial features re-
lating morphological attributes of the images to the desired reference classes. Since sev-
eral years and the popularity of image understanding methods, many models (AlexNet
[Krizhevsky et al., 2017], GoogleNet [Szegedy et al., 2015] or CaffeNet [Jia et al., 2014])
have been developed and tested by the remote sensing community for several applica-
tions, including LULC classification [Nogueira et al., 2017, Zhu et al., 2017a]. In order

to consider the spatio-temporal aspect of the images, 2D-CNN are often paralleled with
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1D-CNN, where the spatial and spectral features are extracted independently and then
connected using a fully connected layer [Interdonato et al., 2019].

In order to take into account the multidimensional aspect of the images (both spec-
trally and temporally), the three-dimensional CNN has been developed by the scientific
community. It can be used for the extraction of spatio-spectral [Li et al., 2017] but also
spatio-temporal []i et al., 2018] features in order to offer LULC maps.

CNNs were an important breakthrough in the field of image segmentation [Igbal et al.,
2022] and achieved very promising results. However, a model brings even better results
and has become, according to several works, a state of the art network in the field of seg-
mented maps. U-Net is a convolutional neural network architecture that is commonly used
for image segmentation tasks [Ronneberger et al., 2015]. The U-Net architecture (Figure
2.4) is based on encoder-decoder architecture, where an input image is first downsampled
through a series of convolutional and pooling layers to extract features and create a com-
pact representation of the image. This representation is then upsampled through a series
of transposed convolutional layers, also known as deconvolutional layers, to produce a
segmentation map that highlights the objects of interest in the input image. One key fea-
ture of the U-Net architecture is its use of skip connections, which concatenate the feature
maps from the downsampling path with the upsampled feature maps from the upsam-
pling path. This allows the network to retain spatial information from the downsampled
representation, which can be useful for fine-grained segmentation tasks. U-Net has proven
to be a powerful tool for medical image segmentation, particularly for tasks such as cell
segmentation and tissue segmentation. In remote sensing, U-Net has been widely used for
LULC mapping and has got very promising results [Li et al., 2018, Papadomanolaki et al.,
2019a, Rakhlin et al., 2018].
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Figure 2.4 — U-Net network architecture (Inken in Ronneberger et al. [2015]).

MULTITEMPORAL AND MULTIMODAL DATA FOR SURFACE LAND USE

LAND COVER MAPPING AND MONITORING

Remote sensing data come from multiple acquisition modes, SAR, multi-spectral sensors,
aerial images, LIDAR and many more sensors. Also, satellites such as Sentinel have a short
revisit which implies a large number of images. In this context, several techniques has been
developped to deal with these various sources of data. This section covers the general
scheme of multimodal or multisource data fusion, how they have been implemented in
deep learning, and also which methods are employed to deal with multitemporal data

(which are often four dimensionnal data in the case of remote sensing imagery).

Multimodal data integration

Remote sensing data fusion is not new and started to grow with the use of artificial intel-
ligence methods where the need to combine multiple data sources was felt as they could
improve LULC classification. In the past, many researchers investigates the fusion of het-
erougenous remote sensing data [Benediktsson et al., 2018, Chavez et al., 1991, Pohl et
Van Genderen, 1998, Schmitt et Zhu, 2016]. The goal is to obtain a high-quality represen-

tation of the data [Zhang, 2010]. In order to perform data fusion in deep learning, images
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should be paired with the same spatial footprint. The traditionnal methodology for data
fusion is explained in figure 2.5 and contains three main stages : (a) Early stage or pixel

level, (b) feature level or (c) decision level.

Dataset 1 Dataset 2 Dataset 3 e Dataset N

NV Y

Dataset 1 Dataset 2 Dataset 3 “ae Dataset N

N Y Y

Feature extraction Feature extraction

o o ©

Early stage data fusion

Dataset 1 Dataset 2 Dataset 3 “ee Dataset N

N Y Y

Feature extraction Feature level data fusion - . . .

Figure 2.5 — (a) Early stage or pixel level data fusion, (b) Feature level data fusion and (c) Decision level

data fusion (Adapted from Ghassemian [2016])

Early stage (or pixel level) fusion (Figure 2.5 (a)) aims to combine two or more im-
ages to obtain better quality information. The historical technique used is called pan-
sharpening and consists in increasing the spatial resolution of the multi-spectral bands
from the panchromatic image. In deep learning, this approach is called super-resolution
and has outperformed the traditional technique for a few years [Huang et al., 2015, Yuan
et al., 2018]. In deep learning, super-resolution also consists in improving the resolution
of sensors that do not have a panchromatic band but between high-resolution sensors (e.g.
Sentinel-2) and very high-resolution sensors (e.g. Spot-7) [Panagiotopoulou et al., 2021].
These methods are still popular and allow the artificial increase of the resolution of im-
ages from high temporal resolution sensors (e.g. Sentinel-2) by using very high spatial
resolution imagery [Lanaras et al., 2018]. One of the major drawbacks of these methods is
the loss of spectral information. Some works have used other networks (e.g. 3D-CNN) to
increase the spectral quality of the data [Mei et al., 2017].

Feature level fusion (Figure 2.5 (b)) is one of the most used techniques for multi-modal
remote sensing data fusion. The idea is to keep the data in its original state and then derive
a set of features that are computed in parallel and put together in the classifier. From the
classical machine learning methods, the feature level fusion methods were mainly executed
by computing a segmentation image and then computing each feature derived from each
data source [Dechesne et al., 2017, Fauvel et al., 2008]. In deep learning, this way of fusion
data has been breakthrough in the recent years as multi-modal features can be extracted

through several branches of a network [Xu et al., 2017, Chen et al., 2017]. In the field of
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remote sensing and LULC mapping, feature fusion was perform using encoder-decoder
like networks [Audebert et al., 2018], by merging branches of two streams CNNs with
hyperspectral and multispectral imagery [Hu et al., 2017] but also with panchromatic and
multispectral imagery [Gaetano et al., 2018].

Decision level fusion (Figure 2.5 (c)) consists of making predictions (or classifications)
for each data source and making the final decision on the set of classifications or probabili-
ties output from the models. In the case of deep learning, the duration of this type of fusion
is significantly higher than the other two methods mentioned above because of the num-
ber of neurons in the output of the network. Audebert et al. [2018] and Piramanayagam
et al. [2018] showed with their work that decision fusion is not the best approach to fuse

multimodal data.

Dealing with Satellite Image Time Series

Recurrent neural networks (RNNSs) are a type of artificial neural network that are par-
ticularly well-suited for processing sequential data, such as natural language, time series
data, and audio. They are called "recurrent" because they use feedback connections that
allow the network to process inputs that are dependent on previous inputs. RNNs have
a "memory" element, called a hidden state, that allows them to retain information about
past inputs. This allows the network to make predictions or decisions based on the entire
sequence of inputs it has seen so far, rather than just the current input. There are sev-
eral variations of RNNs, including long short-term memory (LSTM) and gated recurrent
unit (GRU) networks. These variations use specialized layers to better capture long-term
dependencies in the data, which is important for tasks such as language translation and
language modeling.

In the field of remote sensing, this type of network has been widely used to deal
with multitemporal satellite data (or sequential data). Some work uses 1D-CNNs and per-
form convolution over the temporal dimension. This is the case of TempCNN network
[Pelletier et al., 2019] where authors made LULC classification in the South of France us-
ing Formosat-2 time series. This method does not cover the spatial aspect of the images
and only extract spectro-temporal features. Pixel approches are suitable for natural areas
classification and achieved promising results. In other works, LSTM and GRU have been
combined with CNN to deal with the spatial and temporal aspect of the images : Con-
vLSTM and ConvGRU. Rufiwurm et Korner [2018] used the ConvLSTM [Shi et al., 2015]
and adapt it for remote sensing images. They demonstrated the high performance of this

network for multitemporal satellite imagery. Ienco et al. [2019] used a network combining
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convGRU (Convolutionnal Gated Recurrent Unit) and CNN to perform LULC classifica-
tion of Reunion Island and Koumbia and compared this method with ConvLSTM and
Random Forest classifier. Even if ConvGRU achieved higher results than other methods,
ConvLSTM remains a very good method to obtain a classification from multi-temporal
imagery. As mentioned in section 2.2.2, 3D-CNN can also handle multitemporal data as
convolutions are made over spatial and temporal dimensions. However, ConvLSTM out-

perform 3D CNN for remote sensing applications [Chang et al., 2022].

CONCLUSION

In this chapter, we presented most of the existing methods for LULC mapping based
on multitemporal and multimodal deep learning approaches. Semantic segmentation and
pixel-based approaches are the most common ones used in this domain. ESA World Cover
and OSO use a classical machine learning pixel approach (Random Forest). This one,
adapted for natural areas, leads to strong salt and pepper effects when applied to ur-
ban areas. For this, deep learning pixel approaches (e.g. TempCNN) discriminate the UF
into a single class. Thus, for all the works of this thesis, it was chosen to use semantic seg-
mentation approaches, more adapted to urban areas and demonstrated by some existing
works [El Mendili et al., 2020]. The strength of deep learning also resides in its ability to
merge features within a single network, as opposed to traditional machine learning ap-
proaches, particularly due to the more complex scaling. In order to assess if deep learning

approaches are relevant, it is necessary to have adapted training datasets.
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Today, multitemporal and multimodal Land Use Land Cover datasets are still not eas-
ily available, especially for semantic segmentation applications. The contribution of mul-
timodal data in the classification of LULC has already been demonstrated. One of the

challenge in the remote sensing community is to find a way to combine optical and radar



imagery to perform LULC classification. These sensors bring on the one hand knowl-
edge on materials through optical imagery and on the other hand structural characteristics
through radar imagery.

In order to propose a valuable dataset in term of coverage and in term of accuracy in
semantic classes, an existing topographic LULC database covering the Grand-Est region
has been used to build a benchmark dataset (MultiSenGE). This one takes as input optical
and SAR time series (Sentinel-1&2). To address the issue of spatial resolution of the sensors
used, a set of methods has been developed to obtain thematic consistency between satellite
and LULC data. The first tests were performed on optical mono-temporal data to validate

the dataset.

This chapter has been published in ISPRS Annals [Wenger et al., 2022a] and

presented at ISPRS 2022 in Nice (France) as well as the publication of the

dataset on Zenodo [Wenger et al., 2022b].




3.1

INTRODUCTION

The constant evolution of earth observation missions has allowed the acquisition of a large
amount of satellite data. They have considerably changed the way humanity manages its
territory. One of the major examples is the Copernicus program developed by the Euro-
pean Space Agency (ESA) which consists in the deployment of several constellations of
satellites to monitor the Earth Surface. This is the case with the Sentinel missions, which
currently consists of six missions designed as a two-satellite constellation. Sentinel-1 and
Sentinel-2 provide open-access and freely Synthetic Aperture Radar (SAR) and multispec-
tral imagery with a very short revisit time, respectively 5 days for Sentinel-2A /2B and
between 6 and 12 days depending on the location on Earth for Sentinel-1A /1B.

The high revisit period of these two sensors allows the use of time series to study the
dynamics and evolution of processes and objects of interest. Satellite Image Time Series
(SITS) have already been used for the analysis of agricultural areas [Bégué et al., 2018,
Bellon et al., 2017, Kussul et al., 2017, RufSwurm et al., 2020], forest areas [Wulder et al.,
2012, Pickell et al., 2016] or classification of Land Use/Land Cover (LULC) [Inglada et al.,
2017]. In addition, the joint use of SAR and optical data continues to increase the interest of
researchers, especially in the case of LULC mapping [lenco et al., 2019, Steinhausen et al.,
2018]. This combination has already shown its performance in many other works such as
the detection of natural areas [Dusseux et al., 2014, Mngadi et al., 2021], the detection of
changes [Gao et al., 2017] or the mapping of urban areas [lannelli et Gamba, 2018].

To deal with this increasing amount of data, new techniques based on neural networks
have been developed and offer promising results in the classification of LULC from mul-
tiple data sources [Ma et al., 2019]. Multimodal and multitemporal datasets are currently
quite rare and remain for the most part specific to applications (Object detection, Scene
classification, Semantic segmentation or Instance segmentation) and it is important to have
a variety of data sets for the application of deep learning models. To our knowledge, only
two datasets use Sentinel-1/Sentinel-2 pairs for scene classification or semantic segmenta-
tion, BigEarthNet [Sumbul et al., 2021] and SEN12MS [Schmitt et al., 2019b]. BigEarthNet
proposes 590,326 pairs of single-time annotated images with the Corine Land Cover ref-
erence data over 10 countries of Europe. SEN12MS offers 180,662 Sentinel-1 and 2 triplets
and MODIS Land Cover over several regions in the world and for spring, summer and
winter seasons to perform semantic segmentation.

In order to support the lack of multimodal and multitemporal datasets, we decided to
produce MultiSenGE, a benchmark dataset covering the Grand-Est region in France (57,433

km?* which represents 10.6% of the French territory). The objective is to focus the bench-

34



3.2

3.2.1

mark dataset on semantic segmentation and classification. This dataset offers Sentinel-1,
Sentinel-2 and LULC triplets, a land cover data recently available with an open-source
licence over this territory. Compared to other existing datasets, MultiSenGE allows to clas-
sify urban surfaces into 5 LULC classes, against only 1 for SEN12MS using MODIS Land
Cover as reference data and 11 for BigEarthNet using CORINE Land Cover as reference
data. We use OCSGE2-GEOGRANDEST which have the advantage to own a Minimum
Mapping Unit (MMU) less than 50m?, which gives it a higher geometric acuracy than ex-
isting LULC products and is close and consistent with the spatial resolution of Sentinel
imagery (10m).

First is presented the satellite and LULC data on the study area used to build the
dataset. Then the methodology to process the reference data and to create triplets of
patches is presented. Finally, baseline results performed on the beta version of MultiSenGE

only based on urban thematic classes are described before conclusion and perspectives.

REFERENCE DATA AND SATELLITE IMAGERY

Study sites and reference data

The dataset covers a large territory (57,433 km?) in eastern France and corresponds to
an administrative French district (Figure 3.1) extended from Alsace in the East to the
Ardennes and Marne in the West. This area have been chosen due to the availibility of
a new, accurate and up-to-date vector LULC database named OCSGE2-GEOGRANDEST
(www.geograndest.fr). This open-access vector database® was built by visual interpretation
of aerial photographs for 2019/2020. It is organized into four levels of nomenclature where
the first level categorizes land cover into four classes (1) artificial surfaces, (2) agricultural
areas, (3) forest areas, and (4) water surfaces. At the most accurate level (1:10,000), 53
LULC classes map the region and the size of the smallest elements is 50m>. In order to
obtain a generic reference data with 14 classes and have class consistency at 1om spatial
resolution, several preprocessing steps are performed on the original topographic vector
database (see 3.1). In the OCSGE2 layer, all the roads have the same degree of importance.
Some of them are too small to be distinguished at 10 m spatial resolution. Then, in order
to produce an adapted road network label, a second database (BDTOPO-IGN), produced

by IGN describing lines in vector format, with the degree of importance, is pre-processed.

I(Etalab v2 Licence)
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Figure 3.1 — Study area with Sentinel-2 tiling grid.

Sentinel-2

Sentinel-2 offers 13 spectral bands at 1om and 2om spatial resolution. The Satellite Image
Time Series (SITS) for 2020 (14 tiles - Figure 3.1) are downloaded from the Theia land
services and datacenter (https://www.theia-land.fr/), in L2A format, corrected from at-
mospheric effects with a cloud mask (surface reflectance product). Only free cloud cover
images (with cloud cover strictly less than 10%) are automatically downloaded by query-
ing their database using the script theia_download [Hagolle, 2021]. For the MultiSenGE
dataset the 10 spectral bands at 10 meters (B2, B3, B4, B8) and 20 meters (Bs, B6, By, BSA,

B11 and B12) spatial resolution are used.

Sentinel-1

Sentinel-1 is equipped with C-band SAR sensors wich allows the acquisition of imagery
day and night without weather disturbances compared to optical imagery. It provides
data in dual polarization with two product types : Grand Range Detected (GRD) and
Single Look Complex (SLC) Filipponi [2019]. GRD products, used to construct this dataset,
consist on SAR data that have been multi-looked and projected to ground range using

Earth ellipsoid model.
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The SAR images available in ascending and descending orbits for 2020 were down-
loaded and pre-processed using the S1-Tiling [Koleck et Centre National des Etudes Spa-
tiales (CNES), 2021] processing chain developed by CNES (Centre National d’Etudes Spa-
tiales). This processing chain can be divided into four points : (1) automatic downloading
of Sentinel-1 data thanks to the EODAG library which offers the possibility to request
different servers to always have data available on the studied area, (2) slicing of the SAR
data according to the Sentinel-2 tiling, (3) orthorectification of the newly sliced SAR scenes
and (4) application of a multi-temporal filter to reduce the speckle and preserve the spatial

information.

MULTISENGE PRODUCTION

Reference data processing

In order to obtain LULC data at 10 meters spatial resolution, five pre-processing steps
are applied on the reference data (Figure 3.2). The five steps consists in (1) resampling
reference labeled data, (2) removing the smallest polygons thanks to the connected com-
ponent labeling method applied on each selected class, (3) filling the holes resulting from
this method by nearest neighbor, (4) applying a mathematical morphology of closure to

smooth the outlines of each class on the final data and (5) adding roads from the second

database.
BDOCGE2&GeoGrandEst Legend
J’ Reference Data
Classes resampling :] processing

Input data

Remove small elements with
connected components

| | Dataset processing

Final product

v

Closure

v

BDTopo©IGN ———>[ Computing roads

v

| 256 x 256 px patch extraction |(—--

v

| Deleting overlaping patches |

v

Sentinel-GE dataset

Filing missing values with KNN ]

Sentinel-2 L2A and Sentinel-1
download

Figure 3.2 — Methodology for MultiSenGE production.
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First, to obtain a number of labeled classes adapted to the spatial resolution, we kept
the classes at level 3 of the nomenclature with some semantic reclassification to reduce the
complexity of the typology, especially for semantic segmentation applications. Finally, the
final LULC typology includes 14 classes with 5 classes for urban areas and 9 classes for

natural surfaces (Table 3.1).

Original level 1 New level 3

typology typology
Dense Built-Up (1)

Sparse Built-Up (2)

Urban Areas (1) Specialized Built-Up Areas (3)
Specialized but Vegetative Areas (4)
Large Scale Networks (5)
Arable Lands (6)

Vineyards (7)

Agricultural areas (2) Orchards (8)
Grasslands (9)

Groces, Hedges (10)

Forests and Forests (11)
semi-natural areas (3) Open Spaces, Mineral (12)
Wetlands (4) Wetlands (13)
Water Surfaces (5) Water Surfaces (14)

Table 3.1 — Class name and pixel value in the final reference data in a raster format.

The second step is applied to reduce the spatial complexity of the reference data which
can contain small polygons (50m?) that will add noise to the database and are not visible
at 10 m. This important step is based on a connected components method to extract the
smallest polygons and then sort them according to their area. All polygons smaller than
2.5 ha (total surface of 250 pixels) for each class are left blank, which is more accurate than
the MMU of some existing LULC products such as Corine Land Cover?. This value is an
empirical choice after several tests. In the third step, a nearest neighbor method is applied
to fill the holes. It consists in finding, using Euclidean distance and the nearest neighbors,
the value of the missing data by calculating the mean of their value [Troyanskaya et al.,
2001]. A higher weight is assigned to the nearest neighbors of the missing data. A closure

with a rectangle morphological object is then applied in the fourth step to smooth the

https:/ /land.copernicus.eu/pan-european/ corine-land-cover
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new level 3 reference data (Figure 3.3). Finally, large Scale Networks are added in post-
processing and come from OCSGE2-GEOGRANDEST for the railway and BDTOPO-IGN
for the most important road networks. A buffer of 30 meters is applied for highways and
10 meters for the second most important roads or railways, which is consistent with the 10
m spatial resolution. After merging all the vector data in a unique vetor layer, all polygons

are rasterized at 10 m spatial resolution.

Figure 3.3 — Comparison between (a) Sentinel-2 image in RGB, (b) reference database before the application

of the connected components method and the (c) final reference data (Color legend like in Figure 3.4)

Triplet data preparation

The Sentinel-1 SAR SITS, Sentinel-2 optical SITS and the reference data are cut into 256
x 256 pixel patches. The VV and VH bands from the pre-processed Sentinel-1 images are
stacked for each patch. For Sentinel-2, the bands at 10 meters are kept and the bands at
20 meters are resampled to 10 meters spatial resolution using cubic interpolation to have
homogeneity in the final data. The 10 bands are then stacked for each patch. Finally, the
simplified LULC reference data is also cut following the same footprint to build triplets

with dual-pol Sentinel-1 image patches and multispectral Sentinel-2 image patches. This
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results in triplets containing the reference data, the Sentinel-2 time series (n number of
dates for each patch) and the Sentinel-1 time series (m number of dates for each patch). In
a post-processing step, overlapping patches are removed to obtain a spatial independence
of all patches contained in the dataset. This overlap region mainly concerns the 1okm

supperposition area between adjacent tiles.

Structure of the benchmark dataset

Each triplet is described by labels to perform both scene classification and semantic seg-
mentation (Figure 3.5). In addition to the classes, the GeoJSON file also contains the names
of all associated Sentinel-2 and Sentinel-1 patches as well as the specific projection for
each patch. The projection of each patch is in UTM/WGS84 format inherited from its orig-
inal tile. For the current version, the dataset contains 8,157 non-overlapping triplets along
with the GeoJSON file containing all the classes present in the patch. The mosaic level 3

reference data product and its typology (Figure 3.4) will also be available for download.

[ Dense Built-Up

[] Sparse Built-Up

[ specialized Built-Up Areas
[ Specialized but Vegetative Areas
[] Large Scale Networks
[] Arable Land

[] vineyards

I Orchards

[] Grasslands

I Groves, Hedges

B Forests

[ Open Spaces, Mineral
] Wetlands

I Water Surfaces

Figure 3.4 — Typology and colors proposed for MultiSenGE.

MultiSenGE contains four folders with (1) the simplified reference data patches, (2) the
Sentinel-2 patches, (3) the Sentinel-1 patches and (4) the GeoJSON files. The files contained

in the folders are identified according to the following nomenclatures:

 ground_reference : {tile}_GR_{x-pixel-coordinate}_{y-pixel-coordinate}.tif
¢ s2: {tile]_{date}_Sz_{x-pixel-coordinate}_{y-pixel-coordinate}.tif
e s1: {tile]_{date}_S1_{x-pixel-coordinate}_{y-pixel-coordinate}.tif

e labels : {tile}_{x-pixel-coordinate}_{y-pixel-coordinate}.json

where tile is the Sentinel-2 tile number, x-pixel-coordinate and y-pixel-coordinate are the

coordinates of the patch in the tile and date is the date of acquisition of the patch image as
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the time series is extracted from each sensor. GR means Ground Reference and correspond
to the ground reference patches, S2 Sentinel-2 and correspond to the Sentinel-2 patches
and S1 Sentinel-1 for the Sentinel-1 patches. Users will find 72,033 multi-temporal patches
for Sentinel-2 and 1,012,227 multi-temporal patches for Sentinel-1. To facilitate the reading
and extraction of dates from the dataset, tools have been developed and are available on a

code hosting service.

Figure 3.5 — Triplets patches example with mono-temporal (a) Sentinel-2 in RGB, (b) SAR Sentinel-1 (Red
: VV, Green : VH) and (c) the ground reference associated.

BASELINE RESULTS

First baseline results are performed on urban areas using only single-time patches and the
five urban classes of the dataset (Table 3.1, classes 1 to 5). First experiments focused on
the Moselle department (T31UGQ). We then selected a subset on the tile for training and
validation steps and a different spatially split subset for testing zone [Saraiva et al., 2020].
Two multiclass U-Net networks with VGG-16 as backbone are tested (Table 3.2). U-Net-
IRRG uses the 3 IRRG bands (InfraRed, Red and Green) as well as weights pre-trained on
ImageNet [Deng et al., 2009] and U-Net-Index uses the 3 IRRG bands as well as 3 spec-
tral and textural indices, the NDVI (Normalized Difference Vegetation Index), the NDBI

(Normalized Difference Building Index) and the entropy [Haralick et al., 1973] computed
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on the NDVI (eNDVI). The weights of U-Net-Index have been randomly initialized. As
an imbalanced dataset, a weighted categorical cross-entropy loss was used by assigning
higher weights to the less represented classes [Audebert et al., 2018]. This represents the
inverse of the class frequency. The city of Metz (Grand Est, France) has been selected as
a test area for the urban areas semantic segmentation application. Class 6 represents the

aggregation of the other non-urban classes (Classes 6 to 14 in Table 3.1).

Parameters Networks
U-Net-IRRG | U-Net-Index
Backbone VGG-16 VGG-16
Pretrained ImageNet Random
Batch size 8 8
Loss wCCE wCCE
Optimizer Adam Adam
Initial LR 0.0001 0.0001
Bands IRRG IRRG + Index

Table 3.2 — Networks selected for single-time application on urban areas.

We selected 80% of patches for training and 20% for validation, outside the training
area. Each network was trained for 100 epochs with Adam as the optimizer for gradient
descent. Adam was prefered to SGD (Stochastic Gradient Descent) because it is more
stable than the latest for semantic segmentation. Two metrics, classically used for multi-
class classifications, were selected, a Fls., weighted according to the frequency of each
class within the test area in order to have an overall metric for each selected network (Table

3.3) and an unweighted F1s... to have a statistical evaluation of each class (Table 3.4).
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Figure 3.6 — Visual results for two subsets over Metz. (a) is the Sentinel-2 RGB, (b) is the ground reference

in a raster format, (c) U-Net-IRRG prediction and (d) U-Net-index prediction.

Weighted Flgco
U-Net-IRRG | U-Net-Index

0.7364 0.7214

Table 3.3 — Weighted Flg.,, for baseline results over Metz.

The statistical results show better scores for the U-Net-IRRG method compared to the
U-Net-Index method with weighted Flgs.y. of 0.7364 and 0.7214 respectively (Table 3.3).
Moreover, four of the six classes studied have a better Flg,,, for U-Net-IRRG than U-Net-
Index (Table 3.4). These statistical results are confirmed by the visual results presented in
Figure 3.6. We notice a better homogeneity in the classification of all the classes on the
test area for the first method while the second method offers a much more fragmented
classification with an underestimation of several classes.

These baseline models are the first ones applied only on a single tile (T31UGQ).
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Classes Flscore
U-Net-IRRG | U-Net-Index

Class 1 0.5199 0.4822
Class 2 0.6565 0.5864
Class 3 0.5090 0.5372
Class 4 0.3141 0.2048
Class 5 0.5862 0.4295
Class 6 0.8549 0.8579

Table 3.4 — Classes Flg.,,, for baseline results over Metz.
CONCLUSION

This paper presents MultiSenGE, a new large scale multimodal and multitemporal bench-
mark dataset covering a large area in the eastern of France. It contains 8,157 triplets of 256
x 256 pixels of Sentinel-1 dual-polarimetric SAR data, Sentinel-2 multispectral level 2A im-
ages and a LULC reference database built to obtain a typopoly adapted to the 1om spatial
resolution for year 2020. Moreover, the proposed 14 classes are consistent to map French or
European national-scale landscape. Triplets data offer users the possibility to perform se-
mantic segmentation and scene classification on multitemporal and multimodal data with
large input patches. The baseline results have shown its ability to offer encouraging first re-
sults on urban areas classification with patches only with the single-time optical imagery.
Others tests are ongoing and should improve these first results by using multitemporal
and multimodal imagery offered by this dataset as well as different deep learning tech-
niques. This benchmark dataset for LULC remote sensing applications will soon be shared
with the scientific community through the Theia Data and Services center3. It also could

be enriched by additionnal data as complete Sentinel-2 SITS with cloud and snow masks.

3https://www.theia-land.fr/pole-theia-2/
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Deep learning approaches have been used for several years for the classification of
several LULCs and more specifically UF. In the previous chapter, the interest of propos-
ing a multimodal and multitemporal dataset from Sentinel-2 optical and Sentinel-1 radar
imagery has been demonstrated. The first mono-temporal experiments on the UF in 5
classes have shown first interesting results. In order to continue in this direction, fusion
methods between Sentinel-2 single-date optical imagery and spectral and textural indices
have been explored with the objective of improving UF mapping. In this chapter, a beta
version of MultiSenGE was used which only covers five districts in the Grand-Est region
over two Sentinel-2 tiles (Bas-Rhin, Moselle, Vosges, Meurthe-et-Moselle and Haut-Rhin). At
the moment of this research, only five departements of the OCCGE2 database was already
produced. The entire region was only available at the begining of 2022. In this context, this
paper answers the first objective which was to evaluate the performance of deep learning

approaches for Urban Fabric mapping.

This chapter has been published in International Journal of Remote Sensing

[Wenger et al., 2022c].




4.1

INTRODUCTION

By 2050, more than three out of four people will live in cities. For comparison, in 1950,
it was only 33% of the population that lived in cities [United Nations Department of
Economic and Social Affairs Population Division, 2018a], slightly more than one in four
inhabitants. As a consequence, urban areas are increasing as a result of development of
built-up areas, network infrastructure, industrial areas or other built-up areas. This urban
sprawl triggers changes in landcover with the consumption of agricultural and natural
areas, and has impacts on the ecosystems with important ecological, climate and social
transformations [Irwin et Bockstael, 2007, Zhu et al., 2019]. Most studies quantify the dy-
namic of urban footprint [Puissant et al., 2011] which includes the road network, buildings,
vegetation, and impervious surfaces [El Mendili et al., 2020]. Few of them analyses the in-
ner dynamics of urban areas through the changes of urban fabrics (UF) corresponding to
a specific spatial organization of basic components of the city. Several works based on ge-
ographic object-based image analysis (GEOBIA) have been explored to obtain land cover
land use (LULC) classifications [Souza-Filho et al., 2018, De Luca et al., 2019, Uddin et al.,
2018] with a higher accuracy than "per-pixels" methods, which are considered insufficient
and do not take into account the neighbors of each pixel.

With the multiplication of Earth Observation satellites, the amount of acquired satel-
lite images continue to grow exponentially. The evolution of computing power in com-
puter science has motivated researchers to develop classification methods based on neural
networks [Kamga et al., 2021] and running on GPUs instead of CPUs. Ma et al. [2019]
demonstrate the renewed interest in these techniques by conducting a review using these
neural network-based deep learning methods in remote sensing. Deep learning covers sev-
eral fields in remote sensing, whether for image fusion (example of pan-sharpening) [Xing
et al., 2018], scene classification and object detection [Zhong et al., 2018, Ding et al., 2018,
Sumbul et al., 2019], LULC classification [Marcos et al., 2018, Zhu et al., 2018] or semantic
segmentation [Chen et al., 2018, Kemker et al., 2018]. These fields can be grouped into four
main tasks : image preprocessing, change detection, accuracy assessment and classification
[Ma et al., 2019].

Semantic segmentation methods are used in several domain applications from medi-
cal image segmentation to object detection on photographs [Han et al., 2019, Shin et al.,
2016]. In computer vision, CNN (Convolutional Neural Networks) are excellent networks
to analyze images containing high level spatial features. CNNs, along with VGG networks,
are used in remote sensing for slums detection [Wurm et al., 2019], object detection such

as aircraft [Ding et al., 2018] or change detection [Amin Larabi et al., 2019]. Moreover,
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encoder/decoder networks provide a higher accuracy than classical CNNs in detecting
boundaries between objects [Chhor et Aramburu, 2017]. U-Net [Ronneberger et al., 2015]
and SegNet [Badrinarayanan et al., 2017], two encoder/decoder networks have been de-
veloped for image classification. U-Net has shown excellent results in biomedical image
segmentation and SegNet in scene classification. These networks have also been used in
remote sensing for land cover classification of very high resolution images [Zhang et al.,
2018] but also in the classification of UF using high resolution Sentinel-2 RGB imagery
and pretrained ImageNet [Russakovsky et al., 2015] weights [El Mendili et al., 2020]. Se-
frin et al. [2021] used an encoder/decoder like network combined with a LSTM (Long
Short-Term Memory) to classify land cover into 8 classes from Sentinel-2 images and ob-
tained high classification score in several land use classes.

Transfer learning [Lu et al., 2015] is also used in many semantic segmentation works.
This technique consists in assigning the weights of a pre-trained network on a data source
to the target network that we intend to train [Oquab et al., 2014]. This result is a time
saving in the training of the target network and also allows to counterbalance a dataset
containing very few entries [Xie et al., 2016, Momeni et al., 2016]. Kemker et al. [2018]
showed the efficiency of this method by transferring weights from a source network trained
on panchromatic images to a network treating multispectral data. Shendryk et al. [2019]
trained a network for scene classification using planetescope imagery and then transferred
the weights for Sentinel-2 image classification. Iglovikov et Shvets [2018] modified the
decoder part of a U-Net in VGG11 to be able to use pre-trained weights on ImageNet
[Russakovsky et al., 2015]. Thanks to this fine-tuning technique, they obtained high-quality
results that can be further improved by using deeper networks such as VGG16 or any other
ResNet-like networks.

Many studies have shown the interest of fusion techniques between two networks. For
instance, Audebert et al. [2018] trained a modified SegNet using feature fusion method
to detect UF classes from aerial images. They fuse the encoder phase from two SegNet
networks, one using exogenous indexes and the other IRRG (Infra-Red, Red and Green)
bands using pretrained ImageNet weights. They obtained better results using this new
method. Network fusion is also applied when using CNN and ConvGRU (Convolutional
Gated Recurrent Unit). Ienco et al. [2019] combined these two networks and two data
sources for land cover mapping of Reunion Island and Koumbia and shows the efficiency
of networks fusion from different sources. Hu et al. [2017] developed a two stream CNN
for LULC classification using radar and hyperspectral images. In addition, many datasets

have been developed to perform research on multi-modal fusion, whether between opti-
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4.2

cal and radar imagery [Schmitt et al., 2019a, Sumbul et al., 2021], aerial imagery and a
Digital Surface Model (Vaihingen and Potsdam datasets developed for ISPRS 2D Semantic
Labeling Challenge') or hyperspectral and LiDAR imagery (Houston2013 dataset 2).

The use of spectral and textural indexes when applying neural networks are increas-
ingly used as an external addition of exogenous indexes calculated with the spectral bands
of the sensor chosen for the study. These hand-crafted features allow for differentiation of
different types of spatially structuring objects to accelerate network learning and improve
classification results [Liu et al., 2017]. Campos-Taberner et al. [2020] developed a method
to determine the importance of Sentinel-2 bands and spectral and textural indices in a
neural network. They noted that NDVI (Normalized Difference Vegetation Index), NIR
(Near Infra-Red) and red bands, and entropy calculated on NDVI (eNDVI) are the features
providing the most relevant information to the network. NDVI index is frequently used
in the detection of UF because it allows to accentuate the distinction between these spaces
and the vegetative areas due to the important difference in the spectrum of the materi-
als constituting them. In fact, it is widely used in land cover/land use detection research
[lenco et al., 2019, Inglada et al., 2017]. NDBI (Normalized Difference Building Index) [Zha
et al., 2003], is an index developped to rapidly extract urban fabric [Yi et Jianhui, 2016]. It
works like the NDVI by making a combination of different spectral bands, in this case for
this index the MIR (Mid Infra-Red) and the NIR (Near Infra-Red).

In this context, our research focused on the contribution of feature fusion from Sentinel-
2 high spatial resolution imagery to map UF based on a generic typology for France. In
addition, this study aims to show that the use of exogenous indices (NDVI, NDBI and
eNDVI) can improve the classification results of these UF. The paper is structured in five
sections. Section 2 will describe the materials and methods. Section 3 will present the
results for each method and study area. In section 4, we will discuss the results presented

previously before concluding and developing our research perspectives in section 5.

MATERIALS AND METHODS

In this section, the study sites is firstly described (section 2.1) followed by the presentation
of both satellite and databases processed to obtain a reference dataset allowing to im-
prove the UF map into five thematic classes (section 2.2). The proposed workflow is then

explained to produce urban semantic segmentation based on Sentinel-2 mono-date image.

Thttp://www2.isprs.org/commissions/comm3/wg4/semantic—labeling.html
2https://hyperspectral.ee.uh.edu/?page_id=459
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4.2.1

4.2.2

Study Sites and Test areas

The ‘Grand Est’ region is an administrative French zone extended from Alsace in the East
to the Ardennes and Marne in the West, covers 57,441 km? as well as many large urban
areas such as Strasbourg, Metz, Nancy and Reims. Among the sixteen tiles covered by
Sentinel-2, two of them are chosen for study sites for training and testing our classification
models from imbalanced reference data (Figure 4.1). The land cover classes distribution of
both tiles is representative of the whole region covered urban, peri-urban and rural areas
with a diversity of UF. Three subsets of test with a gradient of urbanisation are selected
in order to assess the robustness and precision of the methods tested for a diversity of
case studies. The first test area is located on tile 32ULU North, one the most important
city of the East French Region (Strasbourg with more than 500 ooo inhabitants), the second
one includes part of the city of Metz (one of the four cities with around 200,000 inhabi-
tants) and the last one is located near the smaller city of Saint-Avold (tile 31UGQ) and is

representative of cities with less than 50,000 inhabitants (Figure 4.1).

2.000°E 3.000°E 4.000°E 5.000°E 6.000°E 7.000°E 8.000°E 9.000°E 10.000°E

50.000°N

131UG0%
49.000°N

T32ULU]
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[ sentinel-2 tiles over Grand-Est
[ Tiles selected

@ Test zone over Metz
0 25 50 75 100 km @ Test zone over Saint-Avold
N N Test zone over Strasbourg

47.000°N

Figure 4.1 — Grand Est region, France, including Sentinel-2 tiles and test areas where the experiments were
made. (Coordinate system used is World Geodetic System 1984/EP5G4326)

Datasets

Sentinel-2 Data

Sentinel-2 mission [Drusch et al., 2012] is composed of two satellites, Sentinel-2A and 2B

respectively launched in June 2015 and in March 2017. They have a high revisit frequency
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Table 4.1 — Sentinel-2 bands available with 2A product from Theia/Muscate.

Band name Central Wavelength (nm) | Spatial Resolution (m)
Band 2 - Blue 492.4 10
Band 3 - Green 559.8 10
Band 4 - Red 664.6 10
Band 5 - Vegetation Red Edge 704.1 20
Band 6 - Vegetation Red Edge 740.5 20
Band 7 - Vegetation Red Edge 782.8 20
Band 8 - Near Infra-Red 832.8 10
Band 8A - Vegetation Red Edge 864.7 20
Band 11 - SWIR 1613.7 20
Band 12 - SWIR 2202.4 20

of 5 days over the equator, and 2/3 days near mid-latitudes which is important to map
land cover dynamics. Each sensor owns 13 spectral bands with different wavelengths, from
the visible to the shortwave infrared at different spatial resolutions. For this research paper,
satellite data used come from the Theia/Muscate database (https://www.theia-land.
fr/) and 10 spectral bands are available for each sensor (Table 4.2.2). This product is
available on their dissemination platform or by automatic download by requesting their
server. For this work, cloudless single-date Sentinel-2 images, from 24! July 2019 and 21

July 2020, are respectively chosen for tiles 32ULU and 31UGQ.

UF Typology and Reference Dataset

From High Spatial Resolution Imagery (10m), many research papers map UF in western
cities in 4 classes (Table 4.2.2): dense (class 1) and sparse built-up (class 2) areas where
the main difference consists in their relative density and the importance of vegetated areas
and bare surfaces, specialized areas (class 3) characterizing industrial activities or waste
land or open areas with a majority of artificial or bare surfaces and large scale road or rail
network (class 5). This is the case for the well-known product, OSO (Occupation des Sols
Opérationnelle - http://osr-cesbio.ups-tlse.fr/oso/) available at the national
scale and produced from times series of Sentinel-2 or other research works [El Mendili
et al., 2020]. In order to improve this classification of UF, a fifth class has been added and
describes specialized areas where green surfaces are dominant (more than 80%) (class 4)

such as urban parks, cemeteries or vegetated sports or leisure complexes (outdoor sports
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fields). In this paper, we assume that a spatial resolution of 1om make it possible to map
these five UF classes. A sixth class for non-urban areas (class 6) corresponds to any other
non built-up areas as agricultural lands, forests or water surfaces.

To produce this reference datastet adapted to any type of city in France to map UF
at 1om spatial resolution, two existing topographic databases are used : (1) the regional
landuse/ cover vector database (BDOCSGE20GeoGrandEst3, 2019) and (2) the national to-
pographic database with networks (BDTOPO®IGN#, 2014). The Minimum Mapping Unit
(MMU) is less than 50m? for buildings and urban areas. The first database is produced by
visual interpretation of aerial images (2018-2019) and maps each department of the region
into 53 classes at level 4. The thematic classes are closer to landuse than landcover classes.
This database is a freely available at large scale (1:10,000) from the GeoGrandEst Data
Infrastructure (www.geograndest.org) and the production is ongoing for the whole re-
gion. At the time of this research, only five departments were available (Bas-Rhin, Moselle,
Haut-Rhin, Vosges and Meurthe-et-Moselle) in relation with our tests sites. Since the satel-
lite images and reference data are less than two years distant, we make the hypothesis
that changes are minor due to the low population dynamics in the region. The legend of
BDOCSGE?2 is organized into four levels of nomenclature where the first level categorizes
land cover into four classes (1) artificial surfaces, (2) agricultural areas, (3) forest areas, and
(4) water surfaces. Artificial surfaces (Level 1) are further sub-divided into 16 classes at
Level 3 and in 29 classes in level 4. In the BDOCSGE?2 layer, all the roads have the same
degree of importance which makes it impossible to remove the smallest polygons in the
inner city that cannot be distinguished at 10 m spatial resolution (Table 4.2.2). In order to
produce an adapted road network thematic class, the second database (BDTopo), produced
by IGN describing lines in vector format with the degree of importance, is pre-processed.
A buffer of 30 meters for the highways and 10 meters for the major roads is calculated to
correspond to the real size of these networks which the only ones to be visible at 10 m.
These data are then added to other classes of the vector reference datasets layer. We then
summarize the fifth classes into a unique vector layer and rasterize alls polygons at a 10
m spatial resolution. The UF classes are not evenly distributed on the reference data and
represent 8.4% of the total area. Indeed, Dense Built-Up represents about 8.4% of the total
UF area of the dataset, Sparse Built-Up 59.5%, Specialized Built-Up Areas 19%, Specialized
but Vegetative Areas 8.3% and Large Scale Networks 4.8%. For the last test with four urban
fabric classes, the class (4) describing specialized but vegetative areas has been removed

and all these areas have been included in the last class (6).

3https://www.datagrandest.fr/portail/fr/projets/occupation—-du-sol
4https://geoservices.ign.fr/documentation/donnees/vecteur/bdtopo
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Table 4.2 — List of the five UF classes (after pre-processing) used for this research (1/6000 scale).

Class

Subset on Sentinel-2

Reference data

Description

(1) Dense Built-Up

Surfaces mainly occupied
by buildings and
impervious surfaces. Vegetation

and bare soil are scarce.

(2) Sparse Built-Up

Buildings and other artificial
surfaces share the land with green

surfaces and bare soil

(3) Specialized Built-Up Areas

Surfaces allocated to production,
commercial, service and tertiary

activities

(4) Specialized but

Vegetative Areas

Surfaces containing at least
80% of vegetated areas
and 20% of bare soil
or impervious surfaces as urban park,
sport leisure activities,

cemetery or campgrounds

(5) Large Scale Networks

Primary road network and
others associated areas,

railways and train stations

(6) Others non-urban areas

Every non-urban areas such as
agricultural land, forests,

wetlands and water surfaces

4.2.3 Methods

The proposed workflow is proposed in three different steps (Figure 4.2.: (1) the pre-

processing step for a training, validation and test patches data preparation, (2) the model

training step where four different approaches built the same base network are compared

and (3) the post-processing and evaluation step to predict and test every approach. All

models have been trained and tested on a computer with an RTX Quadro 4000 with 8 Gb

of VRAM, an Intel(R) Xeon(R) E-2246G processor clocked at 3.6 GHz for 6 physical cores
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and 32 Gb of rams. For implementation, we used Keras API [Chollet et al., 2015] built on

top of TensorFlow 2.0.
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Figure 4.2 — Workflow for automated UF mapping in Sentinel-2 L2A imagery over one tile. This work-
flow contains (1) preprocessing and data preparation where reference data, roads and satellite data are pre-
processed, (2) model training where some networks are applied and (3) post-processing and evaluation where

predictions are made.

Step 1: Pre-processing and data preparation

On the Sentinel-2 images, first combination of spectral bands, as input for all the Networks,
are the 3 IRRG bands (Infrared, red and green). We kept these three spectral bands to
merge the two networks with a similar depth and compare the 4 methods developed with
equivalent input data. In addition, band 8 (Near Infra-Red) was preferred to band 2 (Blue)
because it provides more information on vegetation and allows better distinction between
urban and natural areas. The normalized difference vegetation index (NDVI) [Rouse, 1973]
(Equation 4.1), the normalized difference built-up index (NDBI) [Zha et al., 2003] (Equation
4.2) and the entropy [Haralick et al., 1973] based on NDVI index are also calculated and
will be inputs in Networks due to their relevance in urban studies [Huang et al., 2019,

Mhangara et Odindi, 2012, Su et al., 2008].
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The reference data is pre-process in order to produce training and validation dataset

for the different Networks used.

Red — NIR

NDVI= g 7 F NIR (4-1)
SWIR1 — NIR
NDBI'= S TRT + NIR (42)

where Red is the red band of the Sentinel-2 image (band number 4), NIR is the near in-
frared band (band number 8) and SWIR1 is the Short-Wave Infrared 1 band (band number
11). SWIR1 is resampled at 1om spatial resolution to match spatial resolution with other
spectral bands.

Haralick et al. [1973] introduced the concept of Grey Level Co-occurence Matrix
(GLCM) in 1973. This technique of feature extraction is widely used in the field of im-
age analysis. GLCM represents a histogram of co-occurring greyscale values at a given
offset. Then in urban areas where the heterogeneity is high, the Entropy index represent-
ing the randomness of disorder present in the image is calculated. The entropy value is
high when the elements of the co-occurrence matrix are the same and lower are the values
of entropy and more unequal are the elements. Entropy (eNDVI) is calculated using NVDI.
We defined a direction of 3 pixels and an offset of 1 to compute the GLCM.

eNDVI =~ YY" pali, ) In puli, ) (43)
i

where p,(i, j) is the (i, j)th element of the normalized GLCM.

Data sources are split in training, validation and test zones following Saraiva et al.
[2020] methodology which consists in selecting an area covered by the reference data,
splitting it with a part for the training set and another for the validation set. The patches
of each set are then cut in the selected areas by applying an overlap of 50% between
each patch. Each area being independent, there can be no overlap between the partitions.
Random patches are selected in training and validation areas which result of 5,517 training
patches (80%) and 1,379 validation patches (20%) for 31UGQ tile and 8,942 training patches
(80%) and 2,685 validation patches (20%) for 32ULU tile (Table 4.2.3). Test zone is splited
in patches with 75% overlap and reconstructed to predict and evaluate all the test zone.

This method is applied for every network tested.
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Table 4.3 — Number of patch containing a class and number of pixels per class for each training set.

Class 32ULU 31UGQ
Patches Pixels Patches Pixels
(1) Dense Built-Up 3,825 1,295,473 2,330 849,901
(2) Sparse Built-Up 7,154 10,724,491 4,374 4,698,560
(3) Specialized Built-Up Areas 5,050 3,141,083 4,168 1,985,748
(4) Specialized but Vegetative Areas | 6,147 1,802,533 3,612 1,228,366
(5) Large Scale Networks 1,420 502,951 1,148 477,968
(6) Others non-urban areas 8,942 | 211,448,669 | 5,517 | 131,994,657

Table 4.4 — List of executions including networks used and spectral bands/index.

Method Network Spectral bands/Index
U-Net-IRRG (Figure 4.4) | U-Net pretrained on ImageNet 3, 4,8
U-Net-Index (Figure 4.4) U-Net not pretrained 3, 4, 8, NDVI, NDBI, eNDVI

U-Net-Encoder (Figure 4.5) Fusion of two U-Net 3, 4, 8 and NDVI, NDBI, eNDVI
U-Net-Decoder (Figure 4.6) Fusion of two U-Net 3, 4, 8 and NDVI, NDBI, eNDVI

Models training

This section gives a detailed description of models training and selected networks. Fusion
methods were successfully tested in our domain application for encoder/decoder like
networks [Hazirbas et al., 2016, Audebert et al., 2018, Jie et al., 2020] to combine different
input data sources for land cover classification.

In this paper, one main U-Net network with VGG-16 is used as the encoder to be able
to apply pretrained ImageNet [Russakovsky et al., 2015] weights. We chose this backbone
because it is one of the smallest networks and helps to limit overfitting. Pretrained weights
and backbone VGG-16 network were obtained from keras built-in models. The encoding
phase for this network allows to extract a set of features to detect the classes present
within the patches. Conversely, the decoding phase allows to restore the spatial context
of the patch. Skip connections between the two phases of the U-Net network allows to
find more quickly characteristics discovered during the first blocks of the network without

having to go through the deeper meshes.

We have developed two fusion methods inspired by Hazirbas et al. [2016] works as it
has proven to be effective in Audebert et al. [2018] by combining exogenous indexes with

reflectance data. First, a fusion of the encoders of two U-Net is performed (Figure 4.5)




and then a fusion of the decoders (Figure 4.6). These fusion methods are compared to the
classical U-Net network (Figure 4.4) with different input parameters described below and

summarized in Table 4.2.3:

®* U-Net-IRRG (Figure 4.4): U-Net with VGG-16 as a backbone, taking IRRG

patches as inputs. This network is pretrained on ImageNet ;

®* U-Net-Index (Figure 4.4): U-Net with VGG-16 as a backbone, taking six
channels patches as inputs : green, red, infrared bands and NDVI, NDBI and eNDVL
This network could not be pretrained on ImageNet because it takes more than 3

channels as input ;

¢ U-Net-Encoder (Figure 4.5): Two U-Net with VGG-16 as as backbone. The
main network takes 3 indexes patches (NDVI, NDBI and eNDVI) as inputs and it
is not pretrained on ImageNet. The second network takes IRRG as inputs and is
pretrained on ImageNet. The contributions of each encoder are summed after each

convolution block ;

® U-Net-Decoder (Figure 4.6) : The same methodology as encoder fusion is ap-
plied but the fusion is executed during the decoder phase, including bottleneck in

order to alter the final result as much as possible ;

These approaches consist in classifying satellite image patches of dimension h x w x
Nehannels O Obtain a classification of dimensions /1 X w X 714555 All the operations described

in Figures 4.4, 4.5 and 4.6 are explained below.

* Convolution: Each convolution block consists in applying a convolution with
a kernel size of 3x3 and a stride of 1 pixel. ReLu (Rectified Linear Unit, f(x) =

max(0,x)) is the activation function used at the end of each convolution ;

* Dropout: This regularization technique is commonly used when developping a
neural network [Srivastava et al., 2014]. 50% dropout [Pelletier et al., 2019] is applied
between the two convolution blocks during the decoding phase to limit overfitting. It
consists of a random and temporary deactivation of some neurons to avoid complex
co-adaptation. During the prediction phase, neurons are reactivated to test the new
model. We decided to use dropout layers because our training data are small and
imbalanced. Also, dropout has been used in different work as it provides restrictive

regularization and enhance generalization [Rajaraman et al., 2020] ;



* MaxPooling: The MaxPooling block allows you to reduce the size of the data dur-
ing the encoding phase to detect different characteristics. For our network, we reduce

the height and width of the features by 2 after all the convolution steps ;

® Concatenation: For this layer, the features of the same dimension i x w X n of

the decoding and encoding step are concatenated before the transpose step ;

* Transpose: For the decoding phase, a transpose layer was preferred to an Up-
Sampling layer as it is commonly used in encoder/decoder architecture to perform
semantic segmentation [Iglovikov et Shvets, 2018, Ouyang et Li, 2021]. Indeed, it is a
more complex operation that combines a convolution operation and an upsampling

operation within the same layer ;

Figure 4.3 — Size comparison of the patches: (a) 160x160 pixels, (b) 128x128 pixels, (c) 64x64 pixels and (d)

32x32 pixels.

The size of the input patches are 160 x 160x 3 for each of the two networks used, with
5 land use classes at the output. This size allows the network to get a wider spatial context
of the land use classes represented in the image (Figure 4.3). This size allows for a large
footprint and diversity of classes on each patch. At the end of the network, a X vector of
size 160 x 160 containing the semantic segmentation into 5 classes is produced. It is then

normalized using a Softmax function defined below :

f(X)i= o (4-4)

where i and j represent respectively the i and j** class and x; the probability of be-

longing to the i class.

58



pool conv-relu
pool conv-relu trans conv-relu drop

76 26 26

pool conv-relu trans conv-rel lu droj

b trans conv-
conv-relu relu drop

wiolo K
trans
brans - softmax

relu
drop

conv-
relu

Figure 4.4 — U-Net-IRRG and U-Net-Index architecture used for preliminary tests. This network uses, on
the one hand, only IRRG images and, on the other hand, a combination of IRRG images and spectral and
textural indexes (NDVI, NDBI and eNDVI).

Several data augmentation methods were applied to the training patches to enrich the
dataset. Each patch is thus kept in its initial state and then augmented randomly either by
rotations (9o, 180, and 270 degrees) or flipping (from left to right or from top to bottom)
using numpy library>. These data augmentation methods doubled the size of the initial
training sets of each tile. We also add Dropout and L2 regularization during decoder
process [Srivastava et al., 2014] to reduce the chance of overfitting due to the use of an
imbalanced dataset and a low number of patches. L2 was prefered to L1 as it more stable

by putting half of the weights on each input [Li et al., 2021].

5https://numpy.org/
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Figure 4.5 — U-Net-Encoder architecture modified in order to apply encoder fusion. Features (1) to (5) are

extracted from the second U-Net, pretrained on ImageNet with IRRG patches as inputs, and merged in the
first U-Net during the encoding phase.
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Figure 4.6 — U-Net-Decoder architecture modified in order to apply decoder fusion. Features (5) to (9) are
extracted from the second U-Net, pretrained on ImageNet with IRRG patches as inputs, and merged in the
first U-Net during the decoding phase.

Every image is normalized by dividing the standard deviation of the reflectance of

the spectral band by the difference of this one with the average of the reflectances. This
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4.2.4

normalization method allows the data to be centered on the same range of values so that

our gradient remains stable. The normalization formula is developed below:

(b—b)
Ob

n =

(4-5)

where n represents the normalized spectral band, b the reflectance values of the spectral
band, b the mean of the reflectance values, and ¢}, the standard deviation of the reflectance
values.

The models were trained for 100 epochs with a Learning Rate (LR) of 1 x 10~% and a
batch size of 8. We reduced LR by 50% each time a plateau was reached for 5 epochs [Chhor
et Aramburu, 2017] using Keras callback ReduceLROnPlateau. Softmax was used as an
activation function for the last layer of each model to predict multinomial probabilities
(Figures 4.4, 4.5 and 4.6).

Training takes around 15 hours for each network.

Post-processing and evaluation

After training the model, predictions are made on selected test areas. The test image must
first be reconstructed from 160 x 160-pixel patches. To do this, an overlap of 75% is applied
to smooth the predictions and improve the classification results. The overlapped pixels
within the overlap regions are averaged and then the index of the band with the highest
probability is retained as a prediction. This method is applied to all the test images. Finally,
a confusion matrix is computed over the entire image accompanied by a file with detailed
statistics by land-use class. This prediction technique can also be applied to the whole

image to provide an accurate mapping of land use in urban structures.

Loss function

To take into account the low representativeness of certain classes in the dataset (imbalanced
dataset), a weighted categorical cross-entropy loss is used by assigning higher weights to
the classes with the least surface area. These are the inverse of the class frequency [Au-
debert et al., 2018]. This loss is commonly used in remote sensing multi-class supervised
classification tasks [lenco et al., 2017, Zhu et al., 2017b]. The loss has been taken from
segmentation_models framework [Yakubovskiy, 2019]. On the other hand, the "Large Scale
Networks" and "Specialized But Vegetative Areas" classes (rare objects composing the ur-
ban structures) occupy such small areas that we have decided to assign the lowest weights

to another poorly represented "Dense Built-Up" class. Indeed, using too high weights can

61



4.2.5

43

bias the loss and distort the learning process which would lead to prediction errors [Sefrin

et al., 2021, Audebert et al., 2018].

Evaluation metrics

We adopted different evaluation metrics [Maxwell et al., 2021a] to measure the quality as-
sessments and the effectiveness of every network tested in our processing chain : Precision,
Recall and Flg.ye.

Precision (also know as User’s Accuracy - UA) informs about the fraction of well-
classified pixels in the classified image. It can be calculated by dividing True Positives (TP)
values with the sum of True Positives (TP) and False Positives (FP).

TP

Precision — — L ‘
recision TP+ FP (4.6)

Recall (also know as Producer’s Accuracy - PA) indicates the fraction of well-ranked
pixels relative to the reference data. It can be calculated by dividing True Positives (TP)

values with the sum of True Positives (TP) and False Negatives (FN).

TP

Recﬂll — m

(4-7)

Flscore (also known as Dice) represents the harmonic mean between Precision and
Recall. It is calculated by dividing twice the product of Precision and Recall by the sum
of these same metrics. In order to have a global analysis metric of the results, the Flgqoe

weighted is calculated for all the classes for each test.

2 X Precision x Recall

F1 =
Score Precision + Recall

(4-8)

REsuULTS

In order to assess the results of the four networks the section 3.1 is dedicated to a global
analysis comparing the test sites without distinction of UF. The section 3.2 presents the
results for each study areas (for remind, three test sites with a gradient of urbanisation,
respectively Strasbourg, Metz and St-Avold city - Figure 4.1). Then, section 3.3 focuses
on the best fusion methods considering qualitative and quantitative results and the last

section (3.4) compared this latest with a test mapping UF in four classes.
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4.3.1 Global results analysis

The weighted Fls.y, and Overall Accuracy has been calculated for each test area (Ta-
bles 4.5 and 4.6). We notice a slight advantage for the U-Net-Decoder method for the
two least dense cities, Metz and Saint Avold (respectively 0.7488 and 0.7883 for weighted
Flscor and 0.7343 and 0.7580 for Overall Accuracy). The U-Net-Encoder method obtains
the high value for the city of Strasbourg with a weighted Fls..,, of 0.5990 and an Overall
Accuracy of 0.5794. We can notice that the difference is however really close between U-

Net-Encoder/Decoder. A detailed analysis for each UF is then necessary to conclude on

their performance to map UF whatever the thematic classes.

U-Net-IRRG U-Net-Index
Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold
0.5133 0.7364 | 0.7716 0.5005 0.7214 | 0.7248
U-Net-Encoder U-Net-Decoder
Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold
0.5990 0.7479 | 0.7834 0.5894 0.7488 | 0.7883
Table 4.5 — Results of weighted F1lg.y, for each method in every study area.
U-Net-IRRG U-Net-Index
Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold
0.5004 0.7067 | 0.7244 0.4737 0.6963 | 0.6701
U-Net-Encoder U-Net-Decoder
Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold
0.5794 0.7299 | 0.7513 0.5706 0.7343 | 0.7580

Table 4.6 — Results of Overall Accuracy for each method in every study area.

Training and validation loss has been plotted in order to monitor any possible overfit-

ting (Figure 4.7).
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Figure 4.7 — Training and validation learning curve for U-Net-IRRG method perform on 32ULU tile.

Results analysis for each UF

A more detailed analysis of the evaluation metrics is presented from the most important
city (Strasbourg) to the most rural test site (St-Avold). For each test area, quantitative
analysis based on Precision, Recall and F1g., measures is completed by a qualitative

analysis of results with some zooms on the three test areas.

Semantic segmentation results for Strasbourg, Grand Est, 32ULU Tile

Table 4.7 summarizes the three evaluation metrics for the four different methods and for
each UF (Table 4.2.2) based on Strasbourg test area. We notice an advantage for both
fusion methods (U-Net-Encoder and U-Net-Decoder) where the best statistical results are
found for both methods. More precisely, these fusion methods improve the results of the
specialized but vegetated area (Class 4) and the large scale networks (Class 5), where the
Flscore is respectively 0.4716 and 0.5038 for U-Net-Encoder and 0.4716 and 0.5781 for U-
Net-Decoder.



U-Net-IRRG U-Net-Index

Precision | Recall F1 Precision | Recall F1

Class 1 0.3928 0.6820 | 0.4985 0.5541 0.3929 | 0.4598
Class 2 0.6116 0.3752 | 0.4651 0.7412 0.2832 | 0.4098
Class 3 0.5045 0.5789 | 0.5391 0.3749 0.7388 | 0.4974
Class 4 0.3279 0.3313 | 0.3296 0.3988 0.3236 | 0.3573
Class 5 0.2887 0.7543 | 0.4176 0.2298 0.8325 | 0.3602
Class 6 0.9876 0.5199 | 0.6812 0.9798 0.5853 | 0.7328

U-Net-Encoder U-Net-Decoder

Precision | Recall F1 Precision | Recall F1

Class 1 0.4511 0.6836 | 0.5435 0.4797 0.6297 | 0.5446

Class 2 0.7415 0.4651 | 0.5717 | 0.7531 0.4179 | 0.5375
Class 3 0.5169 0.5878 | 0.5501 0.4773 0.7006 | 0.5678

Class 4 0.4057 0.5632 | 0.4716 0.3801 0.6210 | 0.4716
Class 5 0.3962 0.6917 | 0.5038 0.5099 0.6673 | 0.5781
Class 6 0.9882 0.6427 | 0.7789 0.9880 0.5987 | 0.7456

Table 4.7 — Results of all methods for the test zone located in Strasbourg, Grand-Est, France.

To complete these quantitive results, Figure 4.8 presents some subsets in the Strasbourg
test area. Compared to the reference dataset, qualitative analysis shows that the methods
U-Net-Encoder (subfigure e) and U-Net-Decoder (subfigure f) provide a better detection
of large scale networks (class 5) than the reference data (Figure 4.8 b). Indeed, some roads
and railway are classified while they do not appear on the image (Figure 4.8 b). The
specialized built-up areas (Class 3) is also well extracted by all methods by detecting areas
with ongoing construction that are also not present on the reference data. On the other
hand, we notice an overestimation of the Specialized but vegetative areas (class 4) which
includes some cropping or forests areas in peri-urban area. U-Net-IRRG and U-Net-Index
also produce some confusion between different classes, such as Specialized Built-up Areas
(Class 3) and Specialized but vegetative Areas (Class 4), where the two fusion methods

have much more unified results.
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Figure 4.8 — Semantic segmentation results for test zone over Strasbourg. (a) and (b) represent subset image
and reference data respectively, (c) and (d) are respectively U-Net-IRRG and U-Net-Index and (e) and (f) are
U-Net-Encoder and U-Net-Decoder.

Semantic segmentation Results for Metz, Grand Est, 31UGQ Tile

Table 4.8 summarized all the statistics calculated by class for each method for the second

test area located in Metz and its surroundings.
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U-Net-IRRG U-Net-Index

Precision | Recall F1 Precision | Recall F1
Class 1 0.5128 0.7021 | 0.5199 | 0.4577 | 0.5095 | 0.4822
Class 2 0.6228 0.6941 | 0.6565 0.5286 0.6586 | 0.5864
Class 3 0.6177 | 0.4329 | 0.5090 | 0.5385 0.5359 | 0.5372
Class 4 0.2092 0.6298 | 0.3141 0.1662 0.2666 | 0.2048
Class 5 0.4457 0.8559 | 0.5862 0.2812 0.9090 | 0.4295
Class 6 0.9643 0.7678 | 0.8549 0.9595 0.7758 | 0.8579
U-Net-Encoder U-Net-Decoder

Precision | Recall F1 Precision | Recall F1

Class 1 0.4510 0.5847 | 0.5092 0.3858 0.6592 | 0.4867
Class 2 0.6136 0.6948 | 0.6516 0.6195 0.5962 | 0.6076
Class 3 0.5228 0.5789 | 0.5494 0.5026 0.6186 | 0.5546
Class 4 0.2193 0.4168 | 0.2874 0.2674 0.3735 | 0.3117
Class 5 0.4638 0.8471 | 0.5994 | 0.4240 0.8791 | 0.5721
Class 6 0.9601 0.7933 | 0.8687 0.9587 0.8126 | 0.8796

Table 4.8 — Results of all methods for the test zone located over Metz, Grand-Est, France.

The statistical results (Table 4.8) shows that the Flg..,, scores values follow the same
trends the results of test area 1 (Strasbourg - section 3.2.1), with class 6 (Others non-urban
areas) always higher than the other classes (above 0.85) and classes 1, 2, 3 and 5 always
equal or above o.5. Large Scale network (Class 4) still has low F1 values, even slightly lower
than test area 1. This can be explained by the urban morphology of the city characterized
with a lot of sparse urban settlements. These trends are confirmed in the precision and
recall values. They are not significantly different than in subset 1 but the maximum values
are reached here by the U-Net-IRRG model in terms of precision and the U-Net-Encoder
model for recall. More precisely, the U-Net-IRRG model underestimates classes 1 to 3 while
the U-Net-Encoder model overestimates classes 2 and 3 (Sparse and Specialized Built-Up
areas).

Qualitative results (Figure 4.9) confirm that U-Net-Encoder and Decoder show better
extraction of all the classes. Large Scale Networks (Class 5) is also better detected and
new roads not visible in reference data are extracted. The U-Net-IRRG method clearly
overestimated class (3). Specialized but Vegetative Areas (class (4) are much better detected

visually for both fusion methods than for U-Net-IRRG.
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Figure 4.9 — Semantic segmentation results for test zone over Metz. (a) and (b) represent subset image and
reference data respectively, (c) and (d) are respectively U-Net-IRRG and U-Net-Index and (e) and (f) are
U-Net-Encoder and U-Net-Decoder.

Semantic segmentation results for Saint-Avold, Grand Est, 31UGQ Tile

For this last test site (Table 4.10), Saint-Avold, Grand Est, the trends of the statistical
results are identical or even with lower Fls.,, values particularly for the specialized but
Vegetated Areas which is the most complex class. This means that results are lower when
the urbanisation gradient decrease, more sparse are urban settlements and more difficult

is the extraction.
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U-Net-IRRG U-Net-Index

Precision | Recall F1 Precision | Recall F1
Class 1 0.2597 0.8114 | 0.3934 0.3209 0.5785 | 0.4128
Class 2 0.6233 0.7010 | 0.6599 0.5202 0.6525 | 0.5788

Class 3 0.3902 0.4534 | 0-4194 | 0.3379 0.5544 | 0.4199
Class 4 0.0838 0.3414 | 0.1346 0.0348 0.1378 | 0.0556

Class 5 0.4571 0.9194 | 0.6106 0.3364 0.9558 | 0.4977
Class 6 0.9944 0.7493 | 0.8546 0.9896 0.6925 | 0.8148

U-Net-Encoder U-Net-Decoder

Precision | Recall F1 Precision | Recall F1

Class 1 0.2996 0.5668 | 0.3920 0.2593 0.6958 | 0.3778
Class 2 0.6367 0.7153 | 0.6737 | 0.6359 0.6114 | 0.6234
Class 3 0.2306 0.6118 | 0.3350 0.2350 0.6462 | 0.3446
Class 4 0.1186 0.2455 | 0.1600 0.1566 0.2320 | 0.1870
Class 5 0.4633 0.8944 | 0.6104 0.4363 0.9091 | 0.5896
Class 6 0.9933 0.7765 | 0.8716 0.9930 0.8034 | 0.8882

Table 4.9 — Results of all methods for the test area located near Saint-Avold, Grand-Est, France.

The qualitative analysis (Figure 4.9) confirm the quantitative results by showing that
extraction of all classes are overestimated for the first two methods (U-Net-IRRG and U-
Net-Index). As in the other both test areas, class 5 stays better than the reference data
by considering the major part of the large scale networks. Moreover, the fusion methods
(U-Net-Encoder and U-Net-Decoder) propose a much more unified and smoothed classifi-

cation results than the two others methods which is also explained with the recall results.
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Figure 4.10 — Semantic segmentation results for test zone over Saint-Avold. (a) and (b) represent subset
image and reference data respectively, (c) and (d) are respectively U-Net-IRRG and U-Net-Index and (e) and
(f) are U-Net-Encoder and U-Net-Decoder.

In order to identify which of the both fusion methods is better to extract these 5 classes
related to the test areas chosen for their urbanisation gradient, a more detailed analysis is

proposed in the next section.

Encoder and Decoder fusion analysis

This section presents a detailed analysis based on 2D scatter plots for each metrics where
the six classes are located in the 2D-space where the X-axis is the U-Net-Encoder and where
the Y-axis is the U-Net-Decoder. Based on this Figure 4.11, we notice that, for all the metrics
studied, UF classes are close to the diagonal line, which means that the both methods give
close statistical results. Values of each metrics are concentrated around 0.5 with a Recall
always slightly higher than F1s,,, with the U-Net-Decoder. Only the precision values are
similar for the classes 1,2,3,5 and confirm that the class 4 is very difficult to extract but the

U-Net-Decoder is the model for which all metrics are higher (Figure 4.13).
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Figure 4.11 — Flg.ye, Recall and Precision for the analysis of the two fusion methods at the three study sites.

Figure 4.12 allows for a more in-depth analysis of the two fusion methods (U-Net-
Encoder and U-Net-Decoder). The subset (i) focuses on a road not mapped in the reference
data because it is not considered as primary road. However, both models detect it due to
his width. The subset (ii) highlights a better precision in the delimitation of the Specialized
but Vegetative Areas (class 4) for the U-Net-Decoder method. This same observation also

applies to the subsets (iii) and (iv) where the Dense Built-up (class 1) and Specialized
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Built-Up Areas (class 3) are better extracted for the U-Net-Decoder method.
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Figure 4.12 — Four subsets are presented, from (1) to (4) with (a) Sentinel-2 zoom, (b) reference data, (c)
U-Net-Encoder and (d) U-Net-Decoder.
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Figure 4.13 — Confusion matrix (with Recall metric inside each cell) for U-Net-Encoder and U-Net-Decoder

over the test area of Metz.

Four-classes results for the Strasbourg study area

In order to analyse the impact of the number and choice of UF classes on the classification

results, we haved tested the both models (U-Net-Encoder and U-Net-Decoder) with only
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five classes by removing the most complex one at 10m spatial resolution (Specialized but
Vegetative Areas - class 4) and grouping areas in the class 6 (Other). We notice that the
results (Table 4.10) of Flg.,, are always higher than o.5 for all classes only with U-Net-
Encoder and U-Net-Decoder. Precision metrics shows that Large Scale Network (class 5) is
always well detected and Specialized Built-Up Areas (class 3) is slighlty better extracted.
Recall metrics confirm that Dense Built-Up (class 1) and Specialized Built-Up Areas (class
3) are more overestimated with U-Net-Encoder than U-Net-Decoder. These statistical re-
sults are also visible in (Figure 4.14). Finally, quantitative and qualitative interpretation
results show the trends in results with very similar analysis with four or five UF classes

that confirmed the slighted superiority of the U-Net-Decoder.

U-Net-IRRG U-Net-Index

Precision | Recall F1 Precision | Recall F1

Class 1 0.4674 0.6066 | 0.5281 0.4032 0.5232 | 0.4554
Class 2 0.6164 0.3534 | 0.4492 0.5035 0.3080 | 0.3822
Class 3 0.3696 0.6941 | 0.4824 0.3992 0.7110 | 0.5113
Class 5 0.2867 0.8279 | 0.4259 0.2667 0.8354 | 0.4043
Class 6 0.9844 0.5170 | 0.6779 0.9930 0.4908 | 0.6569

U-Net-Encoder U-Net-Decoder

Precision | Recall F1 Precision | Recall F1

Class 1 0.4426 0.6752 | 0.5347 | 0.4897 | 0.5544 | 0.5201
Class 2 0.5393 0.5841 | 0.5608 0.5629 0.5838 | 0.5732
Class 3 0.4268 0.6892 | 0.5271 0.3958 0.7362 | 0.5148
Class 5 0.4998 0.6276 | 0.5565 0.4585 0.6835 | 0.5488

Class 6 0.9907 0.4901 | 0.6558 0.9914 0.5060 | 0.6700

Table 4.10 — Four UF classes results of all methods for the test area in Strasbourg, Grand-Est, France.
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Figure 4.14 — Semantic segmentation results for test area over Strasbourg in 4 UF classes with (a) Sz,
(b) reference data, (c) U-Net-IRRG, (d) U-Net-Index and respectively (e) and (f) with U-Net-Encoder and
U-Net-Decoder.

DiscussionN

The experiments performed in this study have tested two semantic segmentation networks
(U-Net) that we combined using feature fusion between a from scratch network and a
pre-trained network on ImageNet, to propose a generic UF mapping adapted to Grand-
Est/France cities. First, the results showed the advantage of both fusion methods for the
detection of these classes with quantitative and qualitative assessment showing better re-
sults for U-Net-Decoder method. Moreover, the contribution of exogenous indexes coupled
with a pre-trained network allowed to refine the classification of the five UF classes.
Statistical and qualitative results confirm the good results of the U-Net-Decoder
method over the U-Net-Encoder one to extract several UF classes with a mono-temporal
image. It is possible to notice a better detection of some classes compared to the reference
data. This is the case for Large Scale Networks (class 5) where roads and railroads, not
yet or barely built at the time of the creation of the reference data, are well detected. In-
deed, the selection of the Large Scale Networks was made according to a level of road in

a French national database. Thus, there may be some roads of a lower level that are still
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visible at 10m spatial resolution. But for most of the roads available at this level, they are
not visible at this resolution. On the other hand, Specialized But Vegetative Areas (class 4)
offer rather low scores rarely exceeding 0.40 of Flg.y. This is due to the complexity of this
class at 10m where vegetated areas are dominant. The reflectance of these surfaces is quite
similar to other vegetated areas such as crops, grasslands or small forests summarized in
the Other non-urban areas (class 6). However, Recall values reach a value of more than 0.6
with the U-Net-Decoder model close to the other Recall values. This class (4) is also best
detected when the areas is highly urbanized such as in the center of Strasbourg (test area
1) or Metz (test area 2). Indeed, green areas inside cities are very often belong to class (4)
as they are mostly urban parks, leisure activities areas, campgrounds or cemetery. These
surfaces are rather composed of green areas than mineral surfaces. They are most often
detected as Specialised but Vegetative areas (class 4).

We also notice that the first methods (U-Net-IRRG) have many geometric errors in the
delimitation of classes. In fact, the delimitation of class (4) has a significant number of
overestimation. Each fusion method proposes a better estimation of these surfaces and can
be seen with the Flg.,, metric. This is notably the case of U-Net-Decoder which takes
them better into consideration by limiting the overestimation, as seen during the qualita-
tive analysis. This is explained by the combination of intermediate features coming from
the pre-trained network and bringing information in the delimitation of these surfaces.
However, these surfaces remain complex to detect using mono-temporal imagery, even if
the contribution of features from another network improves the qualitative and quanti-
tative results. Moreover, the ImageNet weights have been initialized on RGB images. It
could be interesting to test the impact of RGB bands compared to IRRG bands when using
a pre-trained network.

Indeed at 10m, confusions apprears between Dense Built-up (1) and Sparse Built-Up
(2) classes due to the low distance between buildings not visible at this resolution. Others
confusions exist between Specialized but Vegetative Areas (4) and Others non-urban ar-
eas (6) due to the presence of vegetation on the urban frange. Despite the low number of
Large Scale Networks patches (5) (Table 4.2.3), this class obtains encouraging scores and
the networks are also able to classify roads that do not initially appear in the reference
data (Figure 4.9). Overall, results remain encouraging despite the use of mono-temporal
imagery. Nevertheless, the addition of multi-temporal and multi-source data should im-
prove the current results even if urban environments have a low intra-temporal variability
compared to natural areas.

The results from the both methods U-Net-IRRG and U-Net-Index give more hetero-
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4.5

geneous classification results. The contribution of the feature fusion allows to obtain
smoother UF classes with a better delimitation between the classes. This can be explained
by the contribution of feature of a network taking in input only spectral and textural in-
dices which allow to have a more precise information on the delimitation of urban classes.
On the other hand, the network using spectral bands allows to extract more features al-
lowing the distinction between the different UF classes. The U-Net has been designed to
learn its own spatial filters. Thus, the contribution of eNDVI in conducted methods could
be explored since the entropy is nothing else than a set of convolutions on a grayscale
image with a sliding window.

Even with four classical classes rather than five UF classes, the results remain similar
to the previous ones. This shows the interest of studying UFs as 5 classes rather than
4 because the Specialized but Vegetative Areas class is needed by end-users and is an

integral part of urban areas.

CONCLUSIONS AND PERSPECTIVES

The objective of this research was to show the interest of semantic segmentation methods
to help end-users to produce a relevant and up-to-date map of UF in five thematic classes
only with an optical mono-temporal and high spatial resolution image (Sentinel-2). Indeed,
classically with a high spatial resolution (1om), UF are only mapped with four classes
distinguishing network from dense, sparse built-up areas and activities. In this paper, two
methods using features fusion techniques (U-Net-Encoder and U-Net-Decoder) between
two networks have been developed using (i) three spectral bands (green, red, NIR) for the
pre-trained network and (ii) three spectral and textural indexes (NDBI, NDVI and eNDVI)
for the non-pre-trained network. These methods were compared with a U-Net taking into
account either IRRG or IRRG bands and three spectral and textural indexes. The idea was
to combine two types of data, each providing various information to improve the detection
of urban surfaces proposed in five different UF classes adapted to Grand-Est/France cities:
(1) Dense Built-Up, (2) Sparse Built-Up, (3) Specialized Built-Up Areas, (4) Specialized but
Vegetative Areas, (5) Large Scale Networks. Methods have been tested on a gradient of
urban areas in the East of France to ensure a generalisation of results.

Those highlight that both fusion methods, especially the U-Net-Decoder one for most
of UF, offer the best results in refining the detection of the most UF classes. The U-Net-
Decoder method showed an advantage in the delimitation of Specialized but Vegetative

Areas and a better classification of these areas for highly urbanized areas (Strasbourg
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center and Metz). The qualitative analysis confirm these first analysis by showing an ad-
vantage for the U-Net-Decoder method with a better segmentation of the different UFs.
On the other hand, the statistical results showed a better but close classification of the
Dense Buit-Up and Sparse Built-Up for the U-Net-Encoder method. Most of UF classes
are always extracted with relevant evaluation metrics (greater than o.5) and a qualitative
interpretation of the results shows homogeneous extraction patches of classes. The weak-
ness of the results for the Class 4 which is confused with other land cover classes due its
relative complexity, could be improved by using multi-temporal imagery in order to take
into account the vegetation dynamics of this class. These first relevant results could be also
applied to other study sites in France to confirm our conclusions.

This opens several perspectives for the use of optical times series imagery in order to
take into account the spatio-temporal dynamic of UE. An other issue would be to integrate
the multivariate properties of UF from Sentinel-1 imagery which has already demonstrated
its interest for mapping urban footprint. Indeed, many works show the interest of using
the radar amplitude for the detection of several UF classes. Our next research will focus
on the addition of these multi-temporal optical and radar data for the mapping of these

UF classes.
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LULC and UF are mainly mapped using mono-temporal imagery and classical pixel
approaches. This chapter answers the second sub-objective which assess of the synergy
of multitemporal and multimodal satellite imagery provided by the Sentinel-1&2 satellite
constellations for UF and LULC mapping. As a reminder, our hypothesis is that even at
10-meter spatial resolution, the intra-annual dynamics of vegetation should enable us to
better discriminate LULC and in particular UF defined by a certain spatial organization but
also portion of vegetation. Semantic segmentation preserves the spatial aspect of patches
and state-of-the-art methods allow the use of multi-temporal data. With these approaches,
the spatial organization of UF is then preserved. A spatio-temporal and spatio-spectral
feature fusion method has been developed and applied on the MultiSenGE for UF and
LULC classes dataset. The work was carried out on the whole Grand-Est region after the

complete release of the OCSGE2 reference data at the beginning of 2022.

This chapter has been published in Remote Sensing - MDPI, in a Special Issue

«Advances in Deep Learning Techniques for the Analysis of Remote Sensing Time

Series» [Wenger et al., 2023b].

To complete this research work, an aditionnal test on the interest to add more dates for

the S1 time series is presented in the last section of this chapter.



5.1

INTRODUCTION

Continental mapping of land cover is important in the context of global climate change.
Complex workflows, often based on mono-temporal aerial or satellite imagery, can take
many years to produce global land cover map. High resolution and frequently updated
land cover maps became relevant to produce indicators to monitor and understand natural
and anthropic processes. Moreover, at present, almost all LULC products (OSO [Inglada
etal., 2017], ESA’s World Cover 2020 [Zanaga et al., 2021], Google’s Dynamic World [Brown
et al., 2022] or Esri’s 2020 Land Cover [Karra et al., 2021]) derived from automatic classi-
fications based on classical machine learning method are describing urban areas only in
one to four classes, with results that include salt and pepper effects [Guo et al., 2020].
However, urban areas also include vegetative areas, which are rich in biodiversity and
provide urban cool islands [Yang et al., 2017]. Having an accurate and up-to-date land
cover map where urban thematic classes are not reduced to two classes (urban/not urban)
or four urban classes (road networks, dense and sparse built-up areas, and specialized ar-
eas) [El Mendili et al., 2020] is a major challenge, especially in the context of global change.
Current works mapping urban areas in more than five classes often use very high resolu-
tion spatial imagery (e.g., Worldview-3), which is expensive with low temporal resolution
(few images over time). This frequent update is relevant for urban planning and change
detection analysis.

Many spatial programs offer images with a high temporal resolution, which allows
obtaining relevant information on the temporal variability of anthropic and natural objects
on the territory. This is particularly the case for the Copernicus program, developed by
ESA (European Space Agency), with the Sentinel sensors, which allow the acquisition of
the same site every six days, depending on the sensor. The data published per day for this
spatial program corresponds to more than 15 TB of images from multiple sensors (Sentinel-
1, Sentinel-2, Sentinel-3, and Sentinel-5). Several methods were developed to use satellite
image time series (SITS) for land cover mapping [Inglada et al., 2017], change detection
[Li et Narayanan, 2003], tree species detection [Karasiak et al., 2017], or crop classification
[Li et al., 2015]. Thanks to the high revisiting period, Sentinel imagery (whether SAR for
Sentinel-1 or optical for Sentinel-2), many works showed the importance of these images
for Land Use/Land Cover (LULC) mapping both for optical [Pratico et al., 2021], and
SAR imagery [Zhou et al., 2018]. Classical machine learning methods have reached their
limit in terms of performance, and require a lot of exogenous indexes to achieve great
results. The evolution of cloud computing has allowed the remote sensing community

to develop new techniques to produce LULC maps based on classification methods and
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more particularly on deep learning [Ma et al., 2019]. Many works used deep learning
techniques and especially convolutional neural networks (CNN) for LULC mapping, either
with pixel classification [Pelletier et al., 2019] or semantic segmentation [Zhang et al., 2018,
Hafner et al., 2022]. Furthermore, there exist encoder/decoder networks such as U-Net
[Ronneberger et al., 2015] or SegNet [Badrinarayanan et al., 2017] (also known as "U-
Shape like" networks), which show excellent results for semantic segmentation or scene
classification problems [El Mendili et al., 2020, Wenger et al., 2022¢, RuSwurm et al., 2019].

Optical (Sentinel-2) and SAR (Sentinel-1) imagery come with complementary informa-
tion on landscape elements. The first one describes the properties of surface materials and
the second one provides the structural characteristics of landscape objects [Ienco et al.,
2019]. The combination of optical and SAR imagery has led the community to develop
methods to effectively perform their fusion. Three types of fusion classically exist: fusion
at the pixel level (a), fusion at the feature level (b), and decisional fusion (c), which applies
to the output of classification models [Ghassemian, 2016]. For classical machine learning
approaches (i.e., Random Forest, SVM), data fusion consists of either concatenating the
model input data (a) [Hedayati et Bargiel, 2018] or merging the probabilities (c) using de-
cisional fusion algorithms [Inglada et al., 2015] such as majority voting of Dempster-Shafer
[Smets et al., 1994]. These methods also allow the fusion of multimodal data, especially
optical and SAR imagery [Clerici et al., 2017], and show a significant performance gain
compared to the use of a single sensor. On the other hand, these methods treat these two
modes of acquisition separately, and do not investigate the complementarity of the two
acquisition modes and the multitemporal information.

Semantic segmentation and “U-Shape like” networks can be modified to perform fea-
ture fusion, which consists of combining features from several branches or layers of a
network [Wenger et al., 2022¢c, Audebert et al., 2018]. The combination of optical and SAR
imagery for feature fusion has been experimented with in several works, both for change
detection [Liu et al., 2018] and for LULC classification [Kussul et al., 2017] by stacking two
data sources (in this previous case, Sentinel-1 and Landsat-8 imagery). With the arrival of
recurrent neural networks (RNN), it becomes possible, in addition to multimodal fusion, to
take into account the multitemporal information of satellite images. These methods, called
ConvLSTM, allow the use of both spatial and temporal dimensions for the extraction of
spatio-temporal features. They have been widely used in multiple application fields, such
as analyzing various video frame sequences [Pfeuffer et al., 2019], precipitation forecast-
ing [Shi et al., 2015] or travel demand prediction [Wang et al., 2018]. In the field of remote

sensing, ConvLSTM architectures have been proven to work well for Land Cover map-
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ping [lenco et al., 2019], change detection [Jamaluddin et al., 2021], deforestation mapping
[Masolele et al., 2021], or rice field classification [Chang et al., 2022].

In a previous work [Wenger et al., 2022c], we experimented with feature fusion meth-
ods between Sentinel-2 single date optical imagery and spectral and textural indices for
mapping urban areas in five thematic classes and obtained very promising results. To our
knowledge, very few works attempt to classify urban areas with so many classes. Thus, the
objective of this work is to explore the combination of multitemporal and multimodal im-
agery for urban fabric (UF) mapping using semantic segmentation networks. We make the
hypothesis that (1) multitemporal optical and SAR imagery and (2) balancing the dataset
can improve UF classification.

The rest of the paper consists of four parts: the choice of study sites and preprocessing
methods in Section 5.2, the deep learning architecture used in Section 5.3, the analysis of
the results in Section 5.4. The results are discussed in Section 5.5 and a conclusion and

perspectives are detailed in Section 5.6.

MATERIALS AND PREPROCESSING METHODS

MultiSenGE dataset

MultiSenGE [Wenger et al., 2022a] is a multitemporal and multimodal dataset developed
over the Grand-Est region (Figure 5.1) in France. It covers 14 Sentinel-2 tiles over one of
the biggest regions in France (57,433 km?).

The dataset contains 8157 multitemporal patches of 256 x 256 pixels for the Sentinel-1
and Sentinel-2 sensors for 2020. A reference data, preprocessed from a Land Use Land
Cover database (BDOCGE2), is included with each Sentinel-1 and Sentinel-2 patch to form
data triplet. The global process of MultiSenGE construction can be found in Wenger et al.
[2022a]. This dataset is one of the first providing multitemporal and multimodal imagery
using Sentinel sensors for LULC applications. Furthermore, the reference data typology

offers a diversity, especially for UF in 5 classes (see semantic classes typology in Figure

5.1).
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Figure 5.1 — Grand-Est region with ground reference subset.

Sentinel-1 carries a C-band SAR sensor and offers dual polarization data in Ground
Range Detection (GRD) and Single Look Complex (SLC). Only GRD products are used in
the construction of MultiSenGE and each Sentinel-1 patch consists of a stack of VV and
VH bands.

Sentinel-2 images are acquired through the Theia land services and datacenter down-
load portal (https://www.theia-land.fr/, accessed on 27 May 2022) and are L2A
level, corrected for atmospheric effects, and accompanied by a cloud mask. Unlike
Sentinel-1 products, where all available images of the series were downloaded, only im-
ages with less than 10% cloud cover are selected. Each MultiSenGE Sentinel-2 patch is
composed of a stack of 10-m spectral bands (B2, B3, B4, B8) and 20-meter spectral bands

(Bs, B6, By, B8A, B11, and B12) resampled to 10 m spatial resolution.

Optical and SAR Multitemporal Patches Selection

MultiSenGE [Wenger et al., 2022a] provides a set of functions to extract multiple Sentinel-1
and Sentinel-2 time series information for each patch. For example, it is possible to extract
all patches that have at least one Sentinel-2 image associated for several months. Thus, we
chose to explore the dataset to find the best compromise between temporal and spatial
diversity. From Figure 5.2, we note that the dataset contains few images for winter and

early spring.
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Figure 5.2 — Number of patches with at least one Sentinel-2 image associated per month.

Therefore, we decided to select patches for July (oy), August (08), September (09), and
November (11) to have the highest number of patches (Figure 5.2). To obtain images with a
regular time-lapse, a constraint on the number of days between two consecutive months is
applied to select the patches. To help in the choice of the best configuration of number and
spatial diversity on a large region, we propose a web-page (http://romainwenger.fr/
visu-multisenge/index.html, accessed on 5 September 2022) allowing displaying it
by mapping the center of the patch (Figure 5.3).

We decided to select 17 days between two consecutive months to maximize the number
of patches available (Table 5.1) as recommended in Jamaluddin et al. [2021]. In a previous
work, some tests were made on the contribution of a larger number of Sentinel-2 dates.
The first results showed that four dates without clouds are relevant to reduce uncertainties
in a classification result compared to a larger number of dates which can increase them
[Wenger et al., 2023a]. Moreover, the choice of this gap between two consecutive months
is the best compromise between the number of patches and the spatial distribution of

patches.
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Day gap for two consecutive months | Number of patches
15 6,560
16 5,890
17 5,890
18 4,960
19 3,178
20 3,178

Table 5.1 — Number of patches depending on the day gap for two consecutive months.

A sampling of the training, validation, and test sets is done according to a geographical
stratification [Maxwell et al., 2021b] following Sentinel-2 tiling (Figure 5.4). Patches from
tiles T31UFP and T31UGP are chosen for the validation set, T31UEQ for the test set, and
all other available tiles for the training set (T32UMYV, T32ULU, T32TLT, T31UGQ, T31TFN,
T31UFQ, T31UFR). In total, there are 3369 patches for training (before data augmentation),
1911 patches for validation, and 610 patches for the test set.

Particular attention is accorded to keep the proportion of classes in the training and
validation datasets. The patches from the test set are centered on Reims, another large city
in the west of the region, allowing us to assess the performance of the model for urban

thematic classes.
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Figure 5.4 — Train, validation and test sets for the selected multitemporal and multimodal patches.

Reference Data Typology

The reference land cover dataset of MultiSenGE is described in 14 semantic classes. Fol-
lowing the choice of the different sets by geographical stratification, some classes are not
homogeneously distributed in all the sets; for instance Orchards (8), Groves and Hedges
(10), Open Spaces, Mineral (12), and Wetlands (13) represent mostly under 1% for the total

dataset surface (Table 5.2).
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MultiSenGE semantic classes MultiSenGE distribution
Dense Built-Up (1) 0.37%
Sparse Built-Up (2) 3.64%

Specialized Built-Up Areas (3) 2.17%

Specialized but Vegetative Areas (4) 0.44%
Large Scale Networks (5) 0.91%
Arable Lands (6) 38.73%
Vineyards (7) 0.98%
Orchards (8) 0.15%
Grasslands (9) 18.87%
Groves, Hedges (10) 0.01%
Forests (11) 32.52%

Open Spaces, Mineral (12) 0.01%
Wetlands (13) 0.31%
Water Surfaces (14) 0.89%

Table 5.2 — Semantic classes distribution for MultiSenGE dataset

To reduce the unbalanced distribution of classes, we decided to merge some of them:
(7) and (8) into a Vineyards and Orchards class, (10), (11) and (12) to create a class with
Forests and semi-natural areas, and (13) and (14) for all the Water Surfaces (Table 5.2). Two
different groupings are proposed on the baseline data, the first with 10 classes and the
second with 6 classes to increase the number of thematic classes into several UFs (Table
5.2.3). The assumption is that with 10 land cover classes, the urban surfaces will be much
better classified than with 6 land cover classes because the confusion between the natural
classes will be reduced.

Even with these typologies in 6 or 10 classes, there are still some unbalanced classes
(with less than 1% of the total land cover), especially for UFs classes (Dense Built-Up(1),
Specialized but Vegetative Areas (4) and Large Scale Networks (5)). We have chosen
not to merge these urban classes as they have already been used in several existing
works [Inglada et al., 2017, El Mendili et al., 2020, Wenger et al., 2022c;a]. Indeed, these
UFs semantic classes are often useful for urban planning, and decision-makers and are

generic enough to map western cities.



Table 5.3 — Semantic classes for MultiSenGE dataset and our reclassification in 6 and 10 classes.

MultiSenGE semantic classes 10 classes 6 classes

Sparse Built-Up (2) Sparse Built-Up (2) Sparse Built-Up (2)

Large Scale Networks (5) Large Scale Networks (5) Large Scale Networks (5)
Arable Lands (6) Arable Lands (6)

Vineyards (7)

Grasslands (9) Grasslands (8)

Non urban areas (6)

5.3 MODELS

In this section, we explain the two architectures (Figure 5.5) used for the different ex-
periments. The first method uses a ConvLSTM module allowing the extraction of spatio-
temporal features and takes as input the Sentinel-1 and Sentinel-2 multitemporal series
(Section 5.3.1). The second method is an extension of the first one with the addition of a
naive inception module for the extraction of spatial features based on filters of three dif-
ferent sizes in Section 5.3.2. Features computed for the two models are then concatenated
and added as an input to a U-Net to obtain a LULC classification. These two methods
were compared by taking as input different parameters described below (Section 5.3.3).
Furthermore, evaluation metrics used in this study are presented at the end of the section

(Section 5.3.5).
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Figure 5.5 — Sentinel-1 and Sentinel-2 ConvLSTM-+Inception method (|| sign means concatenate). Inception
module has been added and the U-Net network take as input the concatenation of the 2 ConvLSTM and the
Inception module. This network is used for ConvLSTM and ConvLSTM-+Inception methods.

Spatio-Temporal Feature Extractor: ConvLSTM-S1/S2

The first method, ConvLSTM (Figure 5.5), is implemented by taking as the primary layer
a ConvLSTM to extract spatio-temporal features that will be taken as input to a U-Net
network [Ronneberger et al., 2015, Yakubovskiy, 2019]. The ConvLSTM layer is an exten-
sion of the LSTM which only computed temporal features without taking into account the
spatial information of the 2D data. It is then that the ConvLSTM layer was set up which

takes in input 5D data of the following form:

Xy x TxRxCxC (5.1)

where X,, represents the nth image, T the temporal dimension, R the number of rows, C
the number of columns and C’ the number of channels.
We used 256 x 256 patches with a temporal depth of 4 and 10 spectral bands. Our input

data will therefore be of the following form:

Xy X 4 x 256 x 256 x 10 (5.2)




The general structure of ConvLSTM (Figure 5.6) consists of taking as input X3,..., X;
and returning as output spatio-temporal features which are 4D tensors. In Equation (5.3),
which describes the ConvLSTM layer, * denotes the convolutional operator and © the

Hadamard product [Shi et al., 2015].

iy = 0 (Wyir Xy + WiHy g + Wy © Cy—q + b;)
fi = 0 (WypsXe + WypsH,_ 4+ Wy © C_q + by)
Ci = f © Ciq +ir © tanh (Wyex Xy + Wik H,q + be) (5.3)
0t = 0 (WXt + WioxHy—1 + Weo © Ct + by)
Hi = 0y © tanh (Cy)
In our case, we used a kernel of 3 x 3 and a filter size of 32. This layer is used for
the Sentinel-1 time series, the Sentinel-2 time series, and finally for the two SAR and

optical series together with a concatenation of the spatio-temporal features from each of

the branches before input to the U-Net [Ronneberger et al., 2015] model.
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Figure 5.6 — ConvLSTM structure.

We chose to use a U-Net which is widely used for semantic segmentation with or with-
out changes in the basic architecture [Zhang et al., 2021, Wei et al., 2021, Neves et al., 2020].
This network has the particularity to reduce the spatial information for the contracting part
while increasing the features and combining the spatial and geographical information for
the expensive part. The first part consists of a succession of convolutions followed by a

ReLu (Rectified Linear Unit, f(x) = max(0,x)) and a MaxPooling operation. The second
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part of the network is also composed of a series of convolutions, but this time it is fol-
lowed by an UpSampling layer. At each pass through the network, the spatial resolution
is initially reduced thanks to the downsampling layers, while the "spectral” information is
increased. A second time, the "spectral” information is reduced to gain spatial information
thanks to the UpSamplaing layer. VGG-16 has been chosen as a backbone because it is a
good compromise between the complexity and the size of the network to limit overfitting.
At the end of the network, a softmax function calculates the probability of each pixel. This

network has been implemented thanks to Yakubovskiy [2019].

Spatio-Spectral-Temporal Feature Extractor: ConvLSTM+Inception-S1S2

The second method, ConvLSTM+Inception (Figure 5.5), consists of adding, in addition to
the ConvLSTM modules, a Naive Inception module (Figure 5.7) which allows performing
three 2D convolutions with filters of 1 x 1,3 x 3 and 5 x 5 followed by a MaxPooling which
allow limiting the overfitting and to save inputs in the model. Each 2D convolution of the
model is followed by a ReLu (Rectified Linear Unit, f(x) = max(0, x)) at the end of the 2D
convolution operations, the features extracted from the module are concatenated as well
as the spatio-temporal features extracted from the ConvLSTM Sentinel-1 and Sentinel-2
modules. This second method applies only to the Sentinel-1 and Sentinel-2 time series for
each ConvLSTM module as well as the first date of the series, in this case, the first date
of July for the optical and SAR modules, which are concatenated before being passed into

the Naive Inception module to extract spatio-spectral features.

Filters Concatenation

3x3 Max Pooling

Previous Layer

1x1 Convolutions 3x3 Convolutions 5x5 Convolutions

Figure 5.7 — Naive Inception module.

The U-Net used in the first part was also used in this one by taking as input the
stack of features computed by the Inception module and the two ConvLSTM layers. This
architecture was used for two experiments with, respectively, 6 and 10 classes as described

in Section 5.2.3.



Table 5.4 — List of experiments based on the methods presented.

Name Sensors Method Number of classes
ConvLSTM-51 Sentinel-1 ConvLSTM 6 classes
ConvLSTM-S2 Sentinel-2 ConvLSTM 6 classes

ConvLSTM-5152 Sentinel-1 and Sentinel-2 ConvLSTM 6 classes
ConvLSTM-S1 Sentinel-1 ConvLSTM 10 classes
ConvLSTM-S2 Sentinel-2 ConvLSTM 10 classes

ConvLSTM-5152 Sentinel-1 and Sentinel-2 ConvLSTM 10 classes

ConvLSTM+Inception-51S2 | Sentinel-1 and Sentinel-2 | ConvLSTM and Inception 6 classes
ConvLSTM+Inception-51S2 | Sentinel-1 and Sentinel-2 | ConvLSTM and Inception 10 classes

5-3-3

5-3-4

Experimentation Details

Four main experiments (Table 5.3.3) are developed to test the contribution of each sensor
for spatio-temporal feature extraction and an additional one that adds the spatio-spectral
feature extractor combined with the spatio-temporal extractor. These tests are run for both
6 classes and 10 classes to explore the influence of a more diverse dataset which would

offer less confusion and a better classification of both UFs and natural classes.

Implementation Details

Due to the imbalance of the dataset (Table 5.2), we chose to implement a Weighted Cate-
gorical Cross Entropy allowing us to assign a higher weight to the less balanced classes.
The weight of each class is defined as the inverse of the frequency of the class [Wenger
et al., 2022¢, Audebert et al.,, 2018] and is commonly used in multiclass remote sensing
classification [Ienco et al., 2017, Zhu et al., 2017b]. As demonstrated by Bai et al. [2022],
Categorical Cross Entropy loss performs better than some other loss functions for seman-
tic segmentation tasks. This method allows forcing the network to pay more attention to
the less represented classes in the reference data (e.g., Built-Up (Class 1), Specialized But
Vegetative Areas (Class 4), or Large Scale Networks (5)). Furthermore, Adam is selected
as an optimizer [Kingma et Ba, 2014] as it performs better in remote sensing data than all
others [Bera et Shrivastava, 2020, Pires de Lima et Marfurt, 2019, Abdollahi et al., 2021, Li
et al., 2022].

The Sentinel-1 and Sentinel-2 data are normalized to the multi-temporal information
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of each band using the following formula:

S§
|
<

n—

o (5-4)

where n represents the normalized spectral band, b the reflectance values of each multi-
temporal spectral bands, b the mean of the multitemporal reflectance values, and ¢, the
standard deviation of the multitemporal reflectance values.

We chose to implement three different methods of data augmentation based on either
90, 180, or 270-degree rotation up/down flips and left/right flips. The training dataset is
augmented to 75%. EarlyStopping, present in the Keras (https://www.tensorflow.
org/api_docs/python/tf/keras accessed on 27 May 2022) library, is used with a
patience of 20 epochs to avoid any overfitting. Adam optimizer is used with a LR of 10~3
and we reduce it by a factor of 0.1 after 5 epochs each time a plateau is reached thanks to
the ReduceLROnPlateau method. Every Python code were run on a GPU cluster using 3
RTX6000 with 24 GB of VRAM each (72 GB in total). This allowed us to use a batch size of

16 for each run proposed in the paper.

Evaluation Metrics

Three evaluation metrics are used to assess the overall performance of the models and
each class studied: Flg.y, Recall, Precision [Maxwell et al., 2021a] and Cohen’s Kappa.
Precision score, also known as User’s Accuracy, allows extracting the number of cor-
rectly classified pixels in the classified image and is calculated as follows:
TP

Precision = TP+ EDP (5-5)

Recall score, also known as Producer’s Accuracy, allows extracting the percentage of
well-predicted positives compared to all positives and is calculated as follows:
TP

Recall = m (56)

Flscre, also known as Dice, is the harmonic mean between the two previously ex-

plained metrics, Precision and Recall. It is calculated as follows :

2 X Precision x Recall
Precision + Recall

FlScore = (57)

We also chose to compute each weighted metric for all classes to globally evaluate each
model. They are calculated taking the mean of all class while considering each class’s sup-

port.

93


https://www.tensorflow.org/api_docs/python/tf/keras
https://www.tensorflow.org/api_docs/python/tf/keras

5.4

5.4.1

Cohen’s Kappa measure the level of agreement between two annotations.

Py — P,

K= 1B (5.8)

where P, defined the empirical probability of agreement (also known as the observed

agreement ratio) and P, the expected agreement.

REsuLTs

This section presents the results obtained for the two methods developed over the test
dataset. The test data set is independent of the training set and the validation set and
includes all available patches for the T31UEQ tile, as seen in Section 5.2.2. First, we present
the results for six LULC classes in Section 5.4.1 then the results for 10 LULC classes in
Section 5.4.2 and finally we compare UFs classification results between 6 and 10 LULC

classification methods for UFs in Section 5.4.3.

6 Classes Results

All the results for the six semantic classes are compiled in Table 5.5. For these first experi-
ments, we study the influence of the addition of different sensors (Sentinel-1 and Sentinel-
2), for one date per month for July, August, September, and November. We notice that with
6sixLULC classes, it is difficult for the tested methods to have a convergence of the scores
for all the classes. We notice that the ConvLSTM-S1 method offers the best Flg,, with

0.1344 for the classification of the Specialized but Vegetative Areas (4).
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ConvLSTM-S1 ConvLSTM-S2

Precision | Recall F1 Precision | Recall F1

Class 1 0.1335 0.9397 | 0.2337 | 0.2579 0.8704 | 0.3980
Class 2 0.4476 0.3809 | 0.4116 0.5575 0.7268 | 0.6310

Class 3 0.3560 0.5813 | 0.4416 0.3100 0.7763 | 0.4431
Class 4 0.0775 0.5072 | 0.1344 0.0528 0.4858 | 0.0953
Class 5 0.1313 0.5516 | 0.2122 | 0.2137 0.7995 | 0.3372

Class 6 0.9937 0.8937 | 0.9410 0.9979 0.8663 | 0.9274
W-Avg 0.9469 0.8661 | 0.9001 0.9544 0.8574 | 0.8958

ConvLSTM-S1S2 ConvLSTM+Incep-S1S52

Precision | Recall F1 Precision | Recall F1

Class 1 0.3122 0.7624 | 0.4430 0.2308 0.8599 | 0.3639
Class 2 0.5671 0.7706 | 0.6533 0.6260 0.6472 | 0.6364
Class 3 0.4654 0.6859 | 0.5545 0.4794 0.7647 | 0.5894
Class 4 | 0.0314 0.5739 | 0.0595 0.0312 0.4461 | 0.0584
Class 5 0.2745 0.8085 | 0.4099 0.2736 0.7898 | 0.4064
Class 6 0.9971 0.8446 | 0.9145 0.9965 0.8719 | 0.9301

W-Avg 0.9578 0.8369 | 0.8875 0.9591 0.8596 | 0.9018

Table 5.5 — Results of all methods for the test zone located in the west of the Grand-Est region.

The addition of multitemporal and multimodal data for the extraction of spatio-
temporal features (ConvLSTM-5152 method) allows obtaining a large part of the best Re-
call score and Flsy., especially for Dense Built-Up (1), Sparse Built-Up (2) and Large Scale
Networks (5). The addition of the Inception module for the extraction of spatio-spectral
features (ConvLSTM+Inception-5152) does not allow a significant improvement of the
classes, even if in terms of Weighted-F1s.,, it is very close to the ConvLSTM-5152 method
with 0.8875 against 0.9018 for the latter (Table 5.5 and Figure A.5). On the other hand,
ConvLSTM+Inception-S1S2 obtains the best Weighted-Precision and Weighted-F1s.,, with
0.9591 and 0.9018. The confusion matrix (Figure A.6) informs us about a strong confusion
between Specialized But Vegetative Areas (4) and Non-urban areas (6), probably due to the
imbalanced dataset because Non-urban areas (6) covers 92.46% of the dataset. Furthermore,
it is complex to differentiate it from other natural classes as Non-urban areas (6) is the ag-
gregation of all other natural areas. Moreover, we notice a strong confusion between Dense
Built-Up (1) and Sparse Built-Up (2) which are complex classes to differentiate because their

texture and spectral signature are very close at 1om. The only difference between these two
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Table 5.6 — Cohen’s Kappa for each method for 6 semantic classes. (In bold the best method.

Method Cohen’s Kappa
ConvLSTM-51 0.3929
ConvLSTM-S2 0.4223

ConvLSTM-5152 0.3852
ConvLSTM-+Inception-5152 0.4186

UF classes is the portion of vegetation between buildings Wenger et al. [2022c], El Mendili
et al. [2020], which are close to none for Dense Built-Up (1) and are restricted to the per-
sonal garden for Sparse Built-Up (2). We can see that Recall values are systematically higher
than the Precision Values whatever the method. However, the Precision value is also al-
ways higher (classes Sparse Built-Up (2) and Specialized Built-Up Areas (3)) or very similar
(classes Dense Built-Up (1), Specialized But Vegetative Areas (4) and Large Scale Networks (5))
with ConvLSTM+Inception-51S2 than other methods. As seen in Table 5.4.1 with the Co-
hen’s Kappa metric, we can see that there is a very low agreement as seen with the scores

between 0.3929 and 0.4223.

The visual analysis (Figure 5.8) is performed on three patches with different urban
densities: 31UEQ_GR_7453_4112, 31UEQ_GR_6939_6682, 31UEQ_GR_3855_8481 (these
patches can be viewed by downloading MultiSenGE Wenger et al. [2022a]) . These results
confirm the statistical results where the best classifications are found for the ConvLSTM-
5152 and ConvLSTM+Inception-S1S2 methods. We notice a better delimitation of the

boundaries between UFs (class (1) to (5)) and Non-urban areas (6).
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5.4.2

(S2 RGB) (Ground reference) (ConvLSTM-S1) (ConvLSTM-S2) (ConvLSTM-5152) (ConvLSTM+Inception-5152)
— — o

Figure 5.8 — Results for each method for 6 semantic classes (Legend is available in Table 5.2.3)

10 Classes Results

This section summarizes all quantitative and qualitative results for the 10 LULC classifi-
cations. Table 5.7 contains all the statistical results for the 10 classes of experiments. We
notice that all the global evaluation metrics such as the accuracy, the Weighted-F1s.o.
and the Mean-F1g.,,. have the highest scores for the ConvLSTM+Inception-S152 method
with 0.8831, 0.6373 and 0.8851, respectively. Moreover, the vast majority of the classes
have a higher Fls.,, for the latter. Only three classes have higher scores for another
method (ConvLSTM-S2): Dense Built-Up (1), Sparse Built-Up (2) and Vineyards and Orchards
(7). Moreover, this method allows better extraction of natural classes probably thanks to
the spatio-spectral feature extractor (Figure A.7). The analysis of the confusion matrixes
(Figure A.8) allows us to identify weaker confusions for the ConvLSTM+Inception-S152
method than for all the other methods tested. We can also notice that Recall values are
always higher than Precision for almost every UF classes and method. This trend does not

apply to natural classes.
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ConvLSTM-S1 ConvLSTM-S2

Precision | Recall F1 Precision | Recall F1

Class 1 0.1872 0.9247 | 0.3114 0.5629 0.4968 | 0.5278
Class 2 0.5718 0.5224 | 0.5460 0.6814 0.7625 | 0.7197
Class 3 0.4208 0.6480 | 0.5103 0.4909 0.7329 | 0.5880
Class 4 0.0892 0.4973 | 0.1512 | 0.1597 | 0.3499 | 0.2193
Class 5 0.2142 0.6183 | 0.3182 0.2914 0.8076 | 0.4283
Class 6 0.9649 0.8540 | 0.9060 0.9838 0.9263 | 0.9542
Class 7 0.8361 0.5625 | 0.6726 0.9003 0.8737 | 0.8868
Class 8 0.3890 0.4111 | 0.3997 | 0.5720 0.4336 | 0.4933
Class 9 0.7515 0.8280 | 0.7879 0.9002 0.7697 | 0.8299
Class 10 0.3143 0.4748 | 0.3782 0.1611 0.9106 | 0.2737

W-Avg 0.8422 0.7836 | 0.8055 0.9000 0.8517 | 0.8696

ConvLSTM-S1S2 ConvLSTM+Incep-S1S2

Precision | Recall F1 Precision | Recall F1

Class 1 0.2736 0.8199 | 0.4103 0.3870 0.7190 | 0.5031
Class 2 0.6498 0.7287 | 0.6870 0.6672 0.8066 | 0.7303
Class 3 0.5840 0.3955 | 0.4716 | 0.4612 0.7632 | 0.5749
Class 4 0.1885 0.2692 | 0.2217 | 0.1863 0.3643 | 0.2465
Class 5 0.2739 0.8666 | 0.4163 0.4290 0.7560 | 0.5474
Class 6 0.9862 0.9033 | 0.9430 0.9718 0.9558 | 0.9637
Class 7 0.7822 0.9203 | 0.8457 0.8869 0.8512 | 0.8687
Class 8 0.4914 0.4555 | 0.4728 | 0.7422 0.3949 | 0.5155
Class 9 0.8516 0.8533 | 0.8524 | 0.8585 0.8643 | 0.8614
Class 10 | 0.2759 0.8660 | 0.4185 0.4654 0.7074 | 0.5614

W-Avg 0.8825 0.8482 | 0.8600 0.8977 0.8831 | 0.8851

Table 5.7 — Results of all methods for 10 LULC classes the test zone located in the west of the Grand-Est

region.

As seen in Table 5.4.2, the best agreement between reference data and classification are
for the ConvLSTM+Inception-S152 with 0.7945 for Cohen’s Kappa evaluation metric. This

confirmed the best results for this method compared to others.

To perform the qualitative assessment for this section, we used the same
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Table 5.8 — Cohen’s Kappa for each method for 10 semantic classes. (In bold the best method.

Method Cohen’s Kappa
ConvLSTM-51 0.6422
ConvLSTM-S52 0.7445

ConvLSTM-5152 0.7482
ConvLSTM+Inception-S1S2 0.7945

patches as in Section 5.4.1 to compare the two approaches (31UEQ_GR_7453_4112,
31UEQ_GR_6939_6682, 31UEQ_GR_3855_8481).

The qualitative analysis allows us to observe that the Vineyard and Orchards (7) class
initially strongly confused with the Specialized but vegetative Areas class (4) in the 6-class
methods is correctly classified. The urban boundaries are correctly defined. We also no-
tice that for the natural areas and more particularly the class Forest and semi-natural areas
(9), the boundaries between the classes are more precise for the ConvLSTM-+Inception-
S152 method than for all the other methods. For the second best performing method
(ConvLSTM-S2), a strong confusion is found between this class and the Water Surfaces
(10) class. It is also interesting to note that the small roads, initially not present in the ref-

erence data, are detected for the ConvLSTM-S2 and ConvLSTM+Inception-S152 methods

(Figure 5.9).

(S2 RGB) (Ground reference) (ConvLSTM-S2)

&

Figure 5.9 — Results for each method for 6 semantic classes (Legend is available in Table 5.2.3).
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5.4.3 UFs Analysis

The evaluation metrics Flgs.y. for each class UFs are displayed on several graphs (Fig-
ure 5.10) for the best 10-class method and all 6-class methods. We notice that the
ConvLSTM+Inception-S1S2 method for 10 class LULC classes provides better results for
all five class UFs chosen for this study. Only the Specialized Built-Up Areas class (3) performs
better for ConvLSTM-+Inception-S152 at 6 classes than at 10 classes. On the other hand,
all other classes are better classified for 10 classes because the confusion between them
is strongly reduced. As seen in Figures 5.8 and 5.9, the better performance with 10 LULC
classes is particularly noticeable at the level of the urban periphery. ConvLSTM+Inception-
S152 allows better separating the Dense Built-Up (1) and the Sparse Built-Up (2). Large Scale
Networks (5) were better extracted using ConvLSTM-+Inception-51S2 and less confusion

can be seen with Specialized Built-Up Areas (3) compared to other methods tested.
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Figure 5.10 — Scatter plot to compare UFs (classes 1 to 5 in Table 5.2.3) classifications of

ConvLSTM+Inception-S152 for 10 classes between every methods implemented for 6 classes

DiscussioN

In this paper, we developed a semantic segmentation method taking as input multitem-
poral and multimodal imagery from the MultiSenGE dataset. We propose a network con-
sisting of two extractors, one for spatio-spectral features and the other for spatio-temporal
features. The latter provides the best results compared to the other tested approaches.
Moreover, discriminating an over-represented class improves the classification results for

the studied object, in our case the UFs, reducing both intra and inter-classes confusion.
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5.5.1

5.5.2

Application on UF Mapping

For UF mapping, results showed higher quantitative metrics at 10 classes using SAR and
optical time series and an Inception module allowing the extraction of spatio-spectral fea-
tures in addition to spatio-temporal features. This latter approach allows reducing the
strong confusion between classes coming from imbalanced datasets during the 6 LULC
classification. This was particularly true for Figures 5.8 and 5.9 where Vineyards and Or-
chards (7) were strongly confused with Specialized but Vegetative Areas (4), a class that also
includes scattered trees in urban parks or squares. Moreover, the results presented allowed
us to see the contribution of Sentinel-1 SAR imagery thanks to the better detection of nat-
ural surfaces in the periphery of the UF. Without this acquisition mode, the confusion
between the natural classes and Specialized but Vegetative Areas (4) would probably have
been more important and would not have allowed a better detection of these areas.
Sentinel-2 satellite imagery provides a high spatial and high temporal coverage thanks
to its temporal resolution (3 to 6 days). However, UF mapping remains challenging as
these classes contains very small objects with various spectral diversity. Indeed, the dis-
tinction between UFs classes is mainly based on the amount of vegetation in each class
(e.g., Dense Built-Up (1) and Sparse Built-Up (2)). On the other hand, temporal diversity
provides essential information to refine the classifications as it offers the possibility to as-
sess the evolution of the landscape and especially the vegetation through time. Results
obtained in this study are superior to existing work mapping UF in several classes from

Sentinel imagery [El Mendili et al., 2020, Wenger et al., 2022c].

Comparison with a State of the Art LULC Product

Compared to existing products such as OSO [Inglada et al., 2017], our method is better to
describe UF classes on most of the class. Indeed, using semantic segmentation instead of
classical machine learning approaches (e.g., Random Forest) reduces the salt and pepper
effect. Furthermore, we include a fifth class, Specialized but Vegetative Areas (4), which is al-
most never mapped in existing works using 10 m spatial resolution imagery (e.g., Sentinel).
In fact, OSO only derives UFs in four classes, Dense Built-Up, Sparse Built-Up, Specialized
Built-Up, and Large Scale Networks. For natural areas, OSO has 13 semantic classes, which
is slightly higher than our approach. However, we are only experimenting with a spe-
cific region in France and a regional LULC semantic segmentation dataset, which reduces
the possibilities to extend the number of classes. Due to the complex spectral diversity of
the Specialized but Vegetative Areas (4) class because of the large number of objects (Trees,

Grasslands, Minerals . . ., also included in other LULC classes), Fls.,. cannot exceed 0.25.

102



553

However, almost every vegetative areas inside urban areas remains to Specialized but Vege-

tative Areas (4) using our method. Confusions are mostly seen outside urban areas.

Network Performance

Semantic segmentation networks, and more specifically the encoder-decoder like struc-
tures, allow us to obtain a map with the spatial extent of each class (assigning to each
pixel a label and taking into account the spatial context of the image). Thus, we can note
a lack of precision in the border of the classes, in particular those of the UF. Moreover, the
complexity and density of UF make the distinction between classes difficult, especially at
10 m spatial resolution. The geographical area, being anisotropic in nature, differences in
the distribution and frequency of the classes over the territory also make the classification
more complex and challenging. This could be assessed by doing pixel-wise classification
and balancing each class in the dataset. Through this technique, salt and pepper noise,
which was almost erased with semantic segmentation, could happen again. Weighting
the loss is one of the methods that has been successful in the community to assess this
challenge [Wenger et al., 2022¢c, Audebert et al., 2018, Zhu et al., 2017b, Ienco et al., 2017].
In the case of our study;, it seems to be working because the least represented classes (less
than 2% of all classes) reach Fi1-Scores above o.5. However, this strategy seems to have
difficulties for the least separable and most confused classes, such as Dense Built-Up (1)
(often confused with Sparse Built-Up (2)), Specialized but Vegetative Areas (4) or Grasslands
(8).

Through these experimentations, ConvLSTM+Inception-5152 for 10 LULC classes ap-
pears to be the best method to map UF using multitemporal and multimodal imagery. De-
tailing an over-represented class allowed the network to improve the results by reducing
intra-class confusion. Moreover, the contribution of an Inception module and of spatio-
spectral features could be one of the reasons for the improvement of the classification
results. The spatial context of an image, in semantic segmentation problems, is an impor-
tant aspect in classification results. The addition of this module, allowing the calculation of
features according to several filter sizes, may have contributed to the results obtained. On
the other hand, according to the classification results, the spatio-spectral feature extractor
provides important information on the smallest objects of the territory thanks to multiple

kernel filter sizes.
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CONCLUSIONS

In this study, we demonstrated the contributions of multitemporal and multimodal
imagery and the use of deep learning models allowing the extraction of spatio-
spectral and spatio-temporal features for a better extraction and semantic segmenta-
tion of UF. Furthermore, the results, which demonstrate better Flg.,. for the 10 classes
ConvLSTM-+Inception-51S2 method, showed that it is better to segment and diversify an
over-represented class composed of spectrally and texturally distinct objects. This method
has also greater metrics scores thanks to the addition of a spatio-spectral feature extractor.
The current scores for UF are encouraging and show that combining and extracting differ-
ent types of features and balancing the initial dataset provides better results by reducing
confusion between the classes studied (Figures 5.9, 5.10 and A.7). The developed methods
could be used in large-scale LULC classification to study their genericity under different
scenarios at different spatial scales (e.g., over France and/or Europe). For example, for
cities slightly different than western cities, transfer learning could be applied and com-
pared to a network trained from scratch. To increase the accuracy of the classifications,
one of the perspectives could be to add an image with a very high spatial resolution (e.g.,
Pléiades or Spot6/7) and to merge the features from the multi-temporal optical and SAR
images and very high spatial resolution. Furthermore, we would like to explore spatial
and temporal inference to cover large territories and produce a land cover map that may

be included in climatic models to characterize Local Climate Zone (LCZ).

ADDITIONAL TEST WITH MULTITEMPORAL S2 AND S1 TIMES SERIES

During the experimental step of this study concerning the inputs in the
ConvLSTM+Inception-51S2 method, a question was to assess whether the inclusion of
S1 time series would improve the result. In order to do this, we select 8 Sentinel-1 dates
(the first date of each month between April 2020 and November 2020) and we keep 4
Sentinel-2 dates (one date per month with 17 days difference for July, August, September
and November). This test has been named ConvLSTM+Inception-TS-S5152 (Table 5.9).

Results of this additional experiments not presented in the paper, showed
similar weighted Fls,, between 4 Sentinel-1 dates and 8 Sentinel-1 dates for
ConvLSTM+Inception-S1S2 method (Table 15.9). Most of the classes have a better FiScore
for 4 dates than 8 dates.

In conclusion, this additional test showed that include time series of Sentinel-1 (SAR)

images does not improve the mapping of LULC. Moreover, time processing is reduced in
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SPATIAL AND TEMPORAL INFERENCE

CONTENTS
6.1 INTRODUCTION . . ... ... ... ... 108
6.2 METHODS . . . . . oot 109
6.2.1  Datasets . . ... ... 109
6.2.2  Multitemporal and multimodal network . . . . ... ... ... ..... ... 110
6.2.3 Classification process . . . . . . ... ... .. .. .. Lo o 111
6.2.4 Temporalinference . . . ... ... ... ... .. ... .. . ... 112
6.2.5 Spatialinference . .. ... ... ... ... 112
6.2.6  Classification evaluation . . . . . . ... ... .. .. 114
6.3 RESULTS . . . . . . . 115
6.3.1  Spatialinference . ... ... ... .. ... L o 115
6.3.2  Temporal inference and change detection . . . . ... .. .. ... ... ..., 119
6.4 CONCLUSION . .« . o v vttt ettt e e e e e e e e e e e e e 125

To evaluate the generalization capabilities of the multitemporal and multimodal

method (ConLSTM+Inception-S152) developed in Chapter 5, we employed both spatial

and temporal inference. Spatial inference involves using the model on a geographically

different area from the training area, while temporal inference involves using the model

on the same training area but for different dates. By using temporal and spatial infer-

ence, we make the hypothesis that we can detect artificial surfaces at a lower cost and

generalize the results to a larger scale to produce a LULC map. This study responds to

the third sub-objective which aims to evaluate the spatial and temporal inference capacity

of the classification models to generalize the proposed approach for mapping large-scale

territories and analyzing their dynamics.
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This chapter focusing on spatial inference is accepted for an oral presentation at
Joint Urban Remote Sensing Event 2023 (JURSE2023) in Heraklion, Greece. A
short conference paper has been accepted and will be published in IEEE JURSE

2023 Proceedings.

Tests on temporal inference have been added in this chapter as a new contribution

allowing to monitor LULC dynamics.



6.1

INTRODUCTION

For many years, urban sprawl and global warming have been at the heart of the scientific
community’s concerns. Indeed, by 2050, no less than three out of four inhabitants will
be living in cities [United Nations Department of Economic and Social Affairs Popula-
tion Division, 2018b]. This urban sprawl causes more and more pressure on ecosystems
and consumes many natural areas essential for the preservation of biodiversity. In many
cities, urban green areas are located in the private and public domain and are essential
to maintain urban cool islands [Yang et al., 2017] especially in a context of global change.
Therefore, urban planners need frequent and up-to-date Land Use Land Cover mapping
in order to detect and quantify changes at the district or city level.

International space agencies have set up Earth observation programs with the deploy-
ment of many satellites, whether in passive remote sensing (optical) but also active remote
sensing (radar). This is the case of the ESA (European Space Agency) and the Copernicus
program who launched in orbit Sentinel constelation which produce every day several TB
of data (~ 15 TB each day).

In order to process this increasing amount of data, researchers have developed methods
based on artificial intelligence and more particularly neural networks. These methods need
a large amount of training data to be efficient [Anaby-Tavor et al., 2020].

Semantic segmentation is one of the methods in the field of artificial intelligence. It
assigns a semantic class to each pixel of an image and produce a mask according to a
probability of belonging to each class [Ma et al., 2019]. Also, one of the main advantage of
this method is its ability to recognize a set of categories that forms a cluster of pixel of the
same class. It reduces the salt and pepper noise resulting from classical pixel approches
[Hirayama et al., 2019]. This method is used to produce a Land Use Land Cover map
[Kussul et al., 2017]. One of the most widely used semantic segmentation networks is
the U-Net [Ronneberger et al., 2015] which has already proven its efficiency, especially in
urban fabric semantic segmentation works [Wenger et al., 2022¢, El Mendili et al., 2020].

Feature fusion has been widely used by the community to perform multitemporal
and/or multimodal semantic segmentation [Hu et al., 2017]. Temporal dynamics of land
cover objects are retrieve from multitemporal imagery and properties and structural char-
acteristics are provided by optical and radar [Clerici et al., 2017] imagery. The synergy of
these two aspects shows interesting results for natural areas [Betbeder et al., 2014] and
urban fabric mapping [lannelli et Gamba, 2018].

In previous work [Wenger et al., 2023b], it has been shown that the contribution of

multitemporal and multimodal imagery improves urban fabric semantic segmentation.
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6.2

6.2.1

Thus, a convolution network has been developed and trained on the MultiSenGE [Wenger
et al., 2022b] dataset which was built for the entire Grand-Est region in France. It takes as
input multitemporal Sentinel-1 and Sentinel-2 imagery. To perform large-scale mapping,
three types of methods are used in the literature: classical training (selection of training and
test data over the entire study area, usually applying geographic stratification), domain
adaptation (training on two source and target areas with or without reference data for the
target area) [Hafner et al., 2022], and fine-tuning (model pre-trained on the source area and
then re-trained on the target area, which allows the weight to converge faster) [Pires de
Lima et Marfurt, 2019].

The objective of this work is to explore (1) spatial inference by classifying five cities
over France located in the same climate zone and assess the limit of spatial inference with
other cities in Europe and Africa, and (2) temporal inference by classifying Grand-Est
region for 2018 and 2022 to detect abrupt changes in urban fabric. Through this approach,
we would like to explore the genericity of a deep learning model, both for spatial and

temporal aspect without having to re-train the model.

METHODS

Datasets

In this work, we have chosen to use MultiSenGE [Wenger et al., 2022a] which is a Land
Use Land Cover dataset developed over the entire Grand-Est region in France. It con-
tains 8,157 multitemporal and multimodal patches (256 x 256) cut from the Sentinel-1 and
Sentinel-2 time series which represents 14 Sentinel-2 tiles. This dataset was developed for
the year 2020, which corresponds to the year of production of the reference data, OCSGE2-
GEOGRANDEST?, used to match the satellite data. It has also been reprocessed to be
coherent with the spatial resolution of the satellite images.

The Sentinel-2 images used by MultiSenGE have been uploaded through the Theia
portal®>. They are offered to users at L2A level which corresponds to a correction of the
atmosphere effects, slope effects and the availability of a cloud mask. This dataset used
only images containing less than 10% cloud cover and each Sentinel-2 patch is composed
of a stack of bands at 1om (B2, B3, B4, B8) and 2om (Bs, B6, By, BSA, B11 and B12) spatial
resolution.

Sentinel-1 data were downloaded using the si1tiling® processing chain, developed by

Thttps://www.geograndest.fr
2https://www.theia-land.fr/
3https://github.com/CNES/S1Tiling

109


https://www.geograndest.fr
https://www.theia-land.fr/
https://github.com/CNES/S1Tiling

6.2.2

CNES (Centre National des Etudes Spatiales). Only the Ground Range Detection (GRD)

products have been kept and the Sentinel-1 patches are composed of a stack at 1om spatial

resolution of the VV and VH radar bands.

In previous work (Chapter 5), the reference data, initially in 14 classes, was reclassified

into 10 classes by merging the least represented classes (Table 6.1).

Table 6.1 — Semantic classes for MultiSenGE and 10 classes classification (adapted from [Wenger et al.,

2023b])

MultiSenGE semantic classes

Sparse Built-Up (2) Sparse Built-Up (2)

Large Scale Networks (5)
Arable Lands (6)

Vineyards (7)

Grasslands (9)

10 classes

Large Scale Networks (5)
Arable Lands (6)

Vineyards and Orchards (7)

Grasslands (8)

Multitemporal and multimodal network

In this study, a multitemporal and multimodal network pre-trained on MultiSenGE was
used (Fig. 6.1). It was initially pre-trained on 4 Sentinel-2 dates spaced at least 17 days

apart and the first available Sentinel-1 date per patch [Wenger et al., 2023b].
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6.2.3

Sentinel-2 temporal Sentinel-1 temporal First date Sentinel-1

stack stack and Sentinel-2
ConvLSTM ConvLSTM Inception module

l

Spatio-spectro-
temporal features

v

U-Net network

v

Output tensor

Figure 6.1 — Pretrained multitemporal and multimodal network (ConvLSTM+Inception-S152 presented in

Chapter 5)

This method consists of a multitemporal and multimodal stack of the selected Sentinel-
1 and Sentinel-2 patches as well as a monodate but multimodal stack of the first Sentinel-1
and Sentinel-2 dates of each patch. Then, a spatio-temporal feature extractor (ConvLSTM)
is applied to both the Sentinel-1 multitemporal series and the Sentinel-2 multitemporal
series. On the other hand, an Inception module, allowing the extraction of spatio-spectral
features is applied this time on the monodata stack. The computed features are stacked
and passed in a U-Net to compute a Land Use Land Cover map. The network thus pre-
trained on the MultiSenGE dataset can be applied and tested on other tiles and other cities

in France.

Classification process

We chose to classify the set of each Sentinel-2 tile that we have previously segmented into
patches of 256 x 256 pixels, the size of the input patches of the network. The areas of the
cities studied are then cut out for each classification. Sentinel-2 images were downloaded

according to several criteria, both for spatial and temporal inference:

* Less than 10% cloud cover and if no images are available on the desired dates, the

lowest cloud cover available

¢ A complete image not containing no-data values (from the 2gokm swath of Sentinel-

2)

* One image per month by maximizing the initial selection criteria used to train net-

111



6.2.4

6.2.5

work (17 days difference between two dates for the months of July, August, Septem-

ber and November)

Concerning Sentinel-1, we selected the first complete tile (still without no-data) prepro-

cessed and sliced by the s1tiling processing chain, which does not change from the initial

training method.

This classification process is applied for both temporal and spatial inference.

Temporal inference

To process temporal inference over Grand-Est region (Figure 6.2), we downloaded tempo-
ral series for 14 tiles over the study area. For 2018, the same dates as the initial pretrained
model were chosen : July, August, September and November. For some months, it was
not possible to match every image selection criteria (Section 6.2.3). If this case occured, we

decided to extend the image search period by an additional month. Every date selected

can be seen in the appendices (Appendices A.g9 and A.10).

Legend

I Dense Built-Up
Sparse Built-Up
1 Specialized Built-Up Areas
|| Specialized but Vegetative Areas
Large Scale Networks
Arable Land
Vineyards
B orchards
| Grasslands
B Groves, Hedges
Bl Forests
[0 open spaces, Mineral
| Wetlands
B water Surfaces
0 100 km

4.0°€

Figure 6.2 — Reference data over Grand-Est for 202o0.

Spatial inference

Five cities morphologically similar to the cities of the Grand-East region were chosen to
evaluate the generalization of a model trained on a region located several hundred of

kilometers away : Toulouse, Dijon, Orleans, Lille and Rennes (Table 6.2 and Figure 6.3).
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Table 6.2 — French cities selected for classification

City Tile Surface | Inhabitants
Toulouse | T31TCJ | 118 km®> | 400,000
Dijon T31TEN | 40 km? 160,000
Orléans | T31UDP | 27 km? 116,000
Lille T31UES | 34 km? 235,000
Rennes | T30UWU | 50 km? 220,000

49.0°N

45.5°N

42.0°N

o

Figure 6.3 — Cities selected for spatial inference over France.

In order to evaluate the generalizability of the model, three other cities were chosen,
two in Western Europe (Bremen in Germany and Seville in Spain) and one in North Africa

(Oran in Algeria), located in a much more desertic area with a urban morphology very

different from Western cities (Figure 6.4).

Legend
(® Selected cities
r
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6.2.6

Figure 6.4 — Cities selected for spatial inference over Europe and North Africa.

Classification evaluation
Temporal inference

As temporal inference is used to assess urban fabric changes between 2018 and 2022, we
chose to perform visual inspection through both classifications over six major cities in
the Grand-Est region : Chéalons-en-Champagne, Metz, Mulhouse, Nancy, Reims and Stras-
bourg. In order to quantify and simplify changes interpretation, Sankey plots and maps
has been made according to Appendices A.12 and A.13. Only changes from natural ar-
eas to UF has been ploted as classification errors has been discovered for 2022 for these
surfaces probably due to the date selection criteria (explained in section 6.2.4). Spectral re-
sponse of natural areas are not the same between April and August than between June and
November, epecially with a year 2022 particularly dry (Appendices A.20, A.21, A.22, A.23,
A.24, A.25). As we wanted to intentify abrupt changes in urban fabric, missclafications for

natural areas were not a limiting factor for the objectives of this study.
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6.3.1

Spatial inference

The evaluation of the spatial inference classifications was primarily based on a qualita-
tive assessment, as similar baseline data was not available at the selected study sites.
Nevertheless, in order to provide a qualitative assessment essential to any classification
work, a digitalization of the five selected urban classes was performed for each of the five
cities (Appendices A.14, A.15, A.16, A.17, A.18, A.19). The sixth class is represented as the
concatenation of the five others natural classes. We have done this digitalization using a
Sentinel-2 image as a background. Also, Urban Atlas* was used for each city as a decision
support to discriminate very complex areas. For this process, we digitized five areas of 4
km? each for each city starting from the urban centre towards the suburbs.

To perform qualitative assesment for spatial inference, we chose to use Recall, Precision

and Flg.,. (also know as Dice) metrics for each city and for each class :

TP
Recall = m (61)
.. TP
Precision = TP+ ED (6.2)
2 % Precision x Recall
FlScore - ..
Precision + Recall 6.3)

_ 2x TP
~ 2XxTP+FP+FEN

where TP represents the True Positive, FP the False Positive and FN the False Negatives.

Weighted Fls.,,. is calculated with the mean of each class according to each class support.

REsSuULTS

Spatial inference
Quantitative assessments

Weighted F1s.,, classification metric was computed for each city over the five subset areas
(Table 6.3). We also performed F1s,,. for each class in Table 6.4. As a reminder, class (6) is
the concatenation of all natural classes (class (6) to (10) in Table 6.1). As shown in Table 6.3,
Dijon is the city where the weighted F1g.. is the higher with a score of 0.8087 following

by Orléans with 0.7742. Lille has the least score with 0.6866.

4https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018
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Table 6.3 — Weighted Flg., for each city.

Concerning each class, we clearly see that Dijon has the best Fls.,, per class for 4 out
of 6 classes. Also, it outperforms the other cities for class (1), (3) and (5) as seen in Table
6.3. As presented in Chapter 5, class (4) remains complex to classify, even in dense urban
areas. The same observation can be applied for class (5). Large Scale Networks are complex

to detect in cities as they are often less then one pixel wide.

Cities Score
Toulouse | 0.7029
Dijon 0.8087
Orléans | 0.7742
Lille 0.6866
Rennes | 0.7187

Table 6.4 — Flgg,p per class for each city.

Cities Classes
selected (1) (2) (3) ) (5) (6)
Toulouse | 0.7137 | 0.7255 | 0.7021 | 0.6072 | 0.3855 | 0.7819
Dijon 0.8005 | 0.8140 | 0.7774 | 0.5363 | 0.6154 | 0.8996
Orléans | 0.6408 | 0.8462 | 0.6989 | 0.4215 | 0.4885 | 0.8355
Lille 0.6315 | 0.7864 | 0.6360 | 0.5835 | 0.4930 | 0.8082
Rennes | 0.6446 | 0.6892 | 0.7012 | 0.5209 | 0.5666 | 0.8589

Qualitative assessments

Land cover maps presented in Figure 6.5 confirmed encouraging classification results.
Salt and pepper classification noise, which was often detected for pixel approaches (e.g.
Random Forest) and especially for urban fabric mapping, is almost none for these classifi-

cations. For each city, urban city centre is well identified and correspond to Dense Built-Up

for western cities.
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Lille

Orléans

Rennes

Toulouse

Figure 6.5 — Classification results for the five cities studied.
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As seen in Figure 6.5, urban boundaries are well classified on almost each city. The
most important confusion is with class (4), which represents Specialized but Vegetative
areas (Table 6.1). These areas are correctly classified when they are inside dense urban
areas but, at the boundaries of the city, we can relate some confusion with natural areas,
especially for Orléans and Rennes. More results are presented in Appendices A.14, A.15,

A.16, A1y, A.18, A.19.

Figure 6.7 — Classification results for Oran (Algeria).
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6.3.2

In opposition to the French cities, results of the European and African cities are con-
trasted. We notice visually consistent results for the city of Bremen in Germany, while for
Seville (Spain) and Oran (Algeria), a strong confusion is found between the classes, both
for the urban fabrics and the natural classes (Figure 6.6 and 6.7). In fact, for urban fab-
ric, Specialized Built-Up Areas (3) is the majority and classifies the entirety of the city. On
the other hand, Specialized but Vegetative Areas (4) are quite well classified with few false
positives except for Oran where the cimate is very arid. The dataset is part of a semi-
continental climate with a building morphology typical of northern European cities. The
Mediterranean climate being characterized by higher temperatures and a drier landscape
than northern France and Europe. One of the hypotheses of the misclassification for Seville
and Oran may be due to a drier climate and a lower presence of chlorophilic vegetation,

both within the urban fabric and in natural areas.

Temporal inference and change detection

Performing temporal inference at a large scale (Grand-Est region) for two different dates
(2018 and 2022) enabled us to detect, after maps comparison, brutal changes in the urban
areas (i.e. roads, residential buildings, residential areas ...). As seen in Figures 6.8, 6.9,
6.10, 6.11, 6.12 and 6.13, we can extract urban changes at the cost of natural areas. It is
also possible to have the information about the changing class, such as in Figure 6.10
where natural areas are turning Specialized Built-Up Areas (4) and Sparse Built-Up (2) areas
between 2018 and 2022. This method allows even the smallest changes in the territory to be
detected, such as small housing blocks (Figure 6.12). Construction sites or recent housing
developments where the reflectance is quite high (Figure 6.9), are nevertheless detected as
Specialized Built-Up Areas (3).

However, we can still detect false positives on every subset especially for Specialized But
Vegetative Areas (4). This is not an incovenient as these change detection maps should be

analyzed by expert. They will detect changes and can keep real LULC changes.
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Sentinel-2 from 2018 ¢ b ' L N Sentinel-2 from 2022 and change detection map

Figure 6.8 — Change detection near Chalons-en-Champagne (subset 3 maps the class to which the surfaces

have changed).

Sentinel-2 from 2018

Figure 6.10 — Change detection near Mulhouse (subset 3 maps the class to which the surfaces have changed).
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Figure 6.13 — Change detection near Strasbourg (subset 3 maps the class to which the surfaces have changed).

Through Figures 6.14 and 6.15, we can see the LULC change for each subset for UF.
Unfortunately, due to the false positive, it is hard to quantify changes before expert in-

terpretation. Also, we can identify than the major changes are between Arable Lands (6)
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and Specilized Built-Up Areas (3) for most of the subsets. Both Grand-Est classifications
(2018 and 2022) can be seen through a webmap>. Due to the numerous confusions be-
tween classes, especially at the edge of urban areas, the Sankey diagram contains several
errors, especially for the evolution of Water Surfaces towards UF which is not a class sensi-
tive to artificialization. These Sankey diagrams allow, even if many false positives are also
present, to obtain a global estimate of the change surfaces. This is the case for Strasbourg
(Figure 6.15 (c)), where two large changes are known and identified: the construction of a
shopping centre (Shopping Promenade) and the construction of a highway network (Grand
Contournement Ouest - GCO). There are indeed significant changes in the areas for the Large
Scale networks (5) and Specialized Built-Up Areas (3) classes. It is mainly the Arable Land (6)
that has changed to these two UF classes.

Shttps://romainwenger.fr/multisenge/Grand_Est.html
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Vineyards/Orehards 2018 - 1.25

Grasslands 2018 - 6.76

Water Surfaces 2018 - 47.96

Forests and seminatural areas 2018 - 21.4

Arable Land 2018 - 89.99

‘Vineyards/Orchards 2018 - 13,62

Grasslands 2018 - 19.19

Water Surfaces 2018 - 66.39

Foresis and semi-natural areas 2018 - 218.52

Vineyards/Orchards 2018 - 1088 [

Grasslands 2018 - 32.42

‘Water Surfaces 2018 - 7.1

Forests and semi-natural areas 2018 - 113.14

Arable Land 2018 - 192.15

(a) Sankey plot for Chalons-en-Champagne

(c) Sankey plot for Mulhouse

Figure 6.14 — Changes from natural areas to urban fabric between 2018 and 2022 for six cities over Grand-

Est region.
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Vineyards/Orehards 2018 - 2.36

Arable Land 2018 - 34.79

Grasslands 2018 - 39.08

Water Surfaces 2018 - 62.12

Forests and semi-niatural areas 2018 - 142.44

Vineyards/Orchards 2018 - 13,56

Grasslands 2018 - 467

Forests and semi-natural areas 2018 - 10.97

Water Surfaces 2018 - 16.49

Arable Land 2018 - 181.52

Vineyards/Orehards 2018 - 0.34

Grasslands 2018 - 17.07

Forests and semi-natural areas 2018 - 20.65

Waler Surfaces 2018 - 213.26

Arable Land 2018 - 195.53

(c) Sankey plot for Strasbourg

Figure 6.15 — Cont.
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CONCLUSION

This chapter has shown the capacity of a deep learning model, trained over a specific
french region, to generalize over others cities in France. The model trained over Grand-
Est region in France (MultiSenGE dataset) was applied for five cities in France, two in
Europe and one in North Africa to evaluate the genericity of a LULC multitemporal and
multimodal semantic segmentation network. We also applied temporal inference between
two dates (2018 and 2022) for the same region as the training dataset to monitor LULC
dynamics. With this study, we answer to the third objective which was to assess spatial
and temporal inference capacity of the proposed classification models to generalize the
proposed approach for mapping large-scale territories and analyzing their dynamics.
Results are encouraging and illustrate that models trained on this dataset can achieve
great performance over other western geographical areas for UF mapping. Thus, it would
not be mandatory to perform transfer learning or domain adaptation for UF mapping
over France. However, a small convergence of the weights, as a results of a new training
phase over local ground reference data, could improve current results. Temporal inference
has shown the capacity of a deep learning model to perform change detection between
two classifications at two different dates. This open several perspectives, especially for
urban planners as they will be able to assess LULC changes through years easilly. These
products can be used by urban planners to improve existing manual classifications at low
cost (financial and time). At this resolution, these results can be used by end-users as a

warning system for change detection.
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7.1

SUMMARY AND CONCLUSION OF THE WORK

Through this thesis, the objective was to assess the potential of optical and SAR high spatial
resolution time series for mapping Land Use Land Cover (especially for urban fabrics) and
for analyzing its dynamics at large scale to help end-users to obtain up-to-date information
for their urban applications.

Methodological issues have been focused on the development and evaluation of deep
learning methods for (1) the automatic mapping of LULC and urban fabrics by using
multitemporal and multimodal Sentinel-1&2 imagery and (2) the generalisation of our
approach (spatial inference) and the monitoring of LULC dynamics (temporal inference).
Thematic issues of this thesis were mainly focused on urban fabric where few automatic
classifications focus on discriminating these areas into more than four classes from Sentinel
images.

The key findings and the main contributions of this PhD research work can then sum-

marized into four points:

1. The construction of an innovative dataset in order to propose to the research com-
munity an original dataset with multimodal, multitemporal imagery and reference
data adapted to 10m based on Sentinel-1&2 covering a large area (the Grand est re-
gion) representing 1/7 of the French territory. This dataset allowed us to perform all

the experiments of this thesis.

2. We contributed to the formalization of the use of deep learning methods for
UF mapping. Results from the processing of mono-temporal optical imagery have
shown an interest in using these semantic segmentation approaches to provide up-
to-date mapping of urban fabric, which is often not available with HSR (High Spatial
Resolution) optical imagery. The feature fusion between hexogenes and spectral band
indices showed a gain and a better performance for the classification of these sur-
faces that exceeded the current results and allowed the addition of one more semantic
class, essential for the classification of urban areas. These approaches have therefore
demonstrated the value of deep learning methods for classifying urban fabric from

HSR imagery (sub-objective 1).

3. The integration of multitemporal optical and SAR imagery has improved the re-
sults from single-time imagery. The results were convincing and showed the influ-
ence of multimodal and multitemporal data and a semantic consistency for urban

and rural areas with a strong reduction of confusion compared to optical mono-
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7.2

temporal approaches. Furthermore, even at 10m spatial resolution, intra-annual veg-

etation dynamics have an influence in UF classification (sub-objective 2).

4. The generalization of approaches with spatial and temporal inference has shown
through the spatial inference approach that results trained on a region with a seman-
tic segmentation network is able to generalize to other regions which must still be
quite similar semantically to the original region (e.g. this method seems not suitable
for north african cities). This makes it possible to propose a fast and coherent map
without having to re-train a deep learning network over a specific region. Tempo-
ral inference offers end-users rapid change detection from a pre-trained network. It
allows to detect changes between two different dates from the training date of the

model (sub-objective 3).

RESEARCH PERSPECTIVES

Improving the MultiSenGE reference data. The current reference data contains only nine
natural classes. Even if it is semantically adapted to the 1om spatial resolution imagery, it
remains rather restrictive, since it is possible to distinguish natural areas, and in particular
arable land, in many more classes [Inglada et al., 2017, RuSwurm et al., 2019]. So, a first
perspective would be to increase the number of semantic classes focused on natural areas.
A second perspective would be to improve the dataset by adding all the optical satellite
images without restriction on the cloud cover. In the short term, we plan to add the whole
optical time series with a cloud cover mask per patch. It could be also possible to enrich
the dataset with multi-source data with fine spatial resolution (e.g. with Pleiade and/or
SPOT 6/7 VHSR image by patch).

Combination of HSR and VHSR. The combination of HSR and VHSR images is one of
the key issues in the application of semantic segmentation using deep learning methods.
Indeed, the geometry is different due to the spatial resolution and the acquisition mode,
which makes the feature fusion in a network more complex than between geometrically
similar images. The study of this combination is one of the current challenges, because
VHSR images, although not available as time series, bring a refinement to the classifi-
cation by improving the detection and the discrimination between semantic classes. One
of the existing approach, MMCNN;sp [Gbodjo et Ienco, 2021], is to train several classi-
fiers in parallel and face them with a combinatorial loss to perform an auto-distillation,
which consists in confronting the different classifiers to find the most adapted weights

in the same network. By analogy, this is very similar to knowledge distillation (transfer
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of knowledge from a teacher network to a student network). To group all the features,
the method presented in Figure 7.1 sums the features of the three inputs (Sentinel-1 SITS,
Sentinel-2 SITS and SPOT panchromatic and multispectral) and then compares this "main"
loss with the auxiliary classifiers. This is an interesting strategy and we would also try
to add multi-source data in our model for UF mapping. This perspective is part of the
continuity of the thesis work, which will be performed as a post-doctorate research at the

Image Ville Environnement (CNRS-UMR 7362) laboratory.
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Figure 7.1 — MMCNNsp framework using multimodal and multitemporal satellite imagery for Land Use
Land Cover applications (methodology developped by Gbodjo et lenco [2021]).

Towards a large scale LULC and UF product for end-users. Another perspective would
be to propose an improvement of the OSO product by integrating our classification results
focused on UF in their existing LC product. Indeed, the ConvLSTM+Inception-S1S2 model
developed in this thesis is suitable for multi-temporal and multimodal data fusion and
urban fabric mapping. The generalization of this method with a small amount of training
data opens new perspectives for large-scale mapping. By applying transfer learning meth-
ods and using the weights calibrated for the Grand Est region, the model can be easily
trained for typologically different regions. Some research would be necessary to propose
an optimal integration of two products by using fusion methods for instance. However,
this type of processing is challenging in the remote sensing field due to the multiplica-
tion of existing LULC productions. A last perspective would be to adapt our network to
South cities in order to discriminate UF by focusing on the distinction between formal and

informal settlement.
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8.1

INTRODUCTION

La couverture biophysique de la surface terrestre, autrement dit I’'occupation des sols, fait
partie intégrante depuis plusieurs années des Variables Climatiques Essentielles (VCE).
Dans un contexte de changement global, la connaissance précise de 1’occupation des sols
est une composante importante de nombreuses recherches en environnement. En effet,
celle-ci est une donnée essentielle en entrée de plusieurs types de modeles (par exemple
climatique, hydrologique) et elle peut aider les acteurs locaux dans les prises de décision.
Les cartes d’occupation des sols, principalement produites par interprétation visuelle et
digitalisation de photographies aériennes ou d’images satellites, nécessitent souvent plu-
sieurs mois, voire années de production sur de grands territoires et avant diffusion au
public. Depuis plusieurs années, les constellations de satellites d’observation de la Terre
sont capables de transmettre des images a haute résolution spatiale et temporelle suivant
plusieurs modes d’acquisition (radar, optique ...). Certaines missions satellitaires, telles
que les missions Sentinel a travers le programme Copernicus, fonctionnent en constella-
tion permettant d’obtenir plus d’'une image par semaine du méme endroit de la Terre.
Cette haute fréquence temporelle permet de quantifier des dynamique anthropiques et
naturelles pour suivre avec précision I’évolution des territoires. Avec leur haute résolution
spatiale, les images Sentinel offrent également une résolution adaptée pour la cartogra-
phie de I'occupation des sols sur I'ensemble du territoire. Par exemple, 'un des produits
d’occupation du sol a 1’échelle national (OSO du Pole Theia), est produit automatique-
ment chaque année pour la France entiére et quelques pays frontaliers a partir des images
Sentinel-2. L'avénement des méthodes d’intelligence artificielle a permis a la communauté
scientifique en télédétection l'automatisation de la cartographie de 1’occupation des sols
avec des résultats tres prometteurs. Les premiers travaux dans ce domaine utilisaient des
méthodes supervisées dites « classiques », telles que les arbres de décision (Random Fo-
rest), les machines a vecteurs de support (Support Vector Machine — SVM) ou encore les
K-moyennes (K-Means — pour les approches non-supervisées). Ces méthodes ont récem-
ment été surpassées par les approches d’apprentissage profonds et plus particulierement
de segmentation sémantique, notamment depuis 1’évolution des méthodes de calcul et le
calcul sur carte graphique. Celles-ci nécessitent des données massives pour produire des
résultats exploitables et ont pour but d’étre généralisées a grande échelle.

Ainsi, il est nécessaire d’avoir des carte d’occupation des sols a jour et précise pour une
variété d’application telles que le suivi de I'environnement, I’analyse des risques ou encore
I'aménagement des villes. Le probleme général de cette thése concerne la cartographie de

l’occupation des sols mais plus particulierement les tissus urbains dans un contexte de big
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data ot les données collectées quotidiennement dépassent le petaoctet, comme par exemple
celles issues des capteurs Sentinel-1&2.

Dans ce contexte, 1'objectif principal de cette thése est d’évaluer la contribution de
I'imagerie spatiale mulitemporelle et multimodale (Optique et Radar) pour la classification
des modes d’occupation des sols et en particulier les morpho-types urbains appelés aussi
tissus urbains. Il s’agit plus précisément : (1) d’évaluer la performance des méthodes de
classification fondée sur I'apprentissage profond, (2) d’évaluer I'apport de I'imagerie spa-
tiale multitemporelle et multimodale fournies par la constellation de satellite Sentinel-1&2
et (3) d’évaluer la capacité d’inférence spatiale et temporelle des modeles de classification
proposés. Ces travaux se placent dans un contexte de traitement massif de données, a large
échelle (sur de grands territoires géographiques).

Ce résumé long de these est organisé en six sections en incluant 1'introduction o1 pour
les trois premiéres correspondent a trois articles scientifiques publiés dans le cadre du

doctorat.

¢ La seconde section se concentre sur la zone d’étude et la création du jeu de données
MultiSenGE. L'objectif de ce chapitre est de préparer une donnée de référence sur
I'ensemble de la zone d’étude [Wenger et al., 2022a], ce qui est un challenge important

dans la communauté en télédétection.

* La troisieme section cherche a évaluer le potentiel de 1'imagerie mono-temporelle
optique Sentinel-2 pour la classification des tissus urbains a partir d’approches de
segmentation sémantique et de méthode de fusion de caractéristiques [Wenger et al.,

2022¢].

¢ La quatrieme section porte sur la combinaison de données Sentinel-1&2 (multitem-
porelles et multimodales en utilisant le jeu de données MultiSenGE) pour la carto-
graphie automatique des tissus urbains [Wenger et al., 2023b]. L'objectif est d’évaluer
la contribution de chaque capteur et des méthodes de fusion de caractéristiques par

rapport a I'imagerie mono-temporelle optique.

* La derniere section explore l'inférence spatiale et temporelle dans un contexte de
reproductibilité des méthodes multitemporelles et multimodales développées dans
la section précédente. L'objectif de cette section est double : aller vers une carto-
graphie de 1’occupation des sols a grande échelle a partir des méthodes d’inférence
spatiale et détecter des changements brusques (par exemple I’étalement urbain) avec

les méthodes d’inférence temporelle.
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8.2

Cette these a été financé par I’Agence Nationale de la Recherche (ANR) a travers ’ANR Ex-
ploitation de masses de données hétérogenes a haute fréquence temporelle pour I'analyse des chan-
gements environnementaux [TIMES, ANR-17-CE23-0015]. Les objectifs du projet TIMES sont de
produire de nouvelles connaissances sur les dynamiques environnementales a partir de l'exploitation
de ces données géospatiales massive et hétérogene. Il s’agit de proposer et développer de nouvelles
méthodes permettant d’exploiter la complémentarité et surtout la haute fréquence temporelle de cette
masse de données hétérogenes afin de répondre a des enjeux sociétaux et environnementaux. Cette
these a également été financé par le projet frangais TOSCA AIMCEE [CNES, 2019-2022]. Nous
souhaitons également remercier la région Grand-Est pour la base de données OCSGE2 qui était en-
core en production durant les deux premieres années de cette these ainsi que le Mésocentre-Unistra

pour les ressources de calcul.

ZONE D'ETUDE ET JEU DE DONNEES MULTISENGE

Le développement constant des missions d’observation de la Terre a permis l’acquisition
d’une grande quantité de données satellites qui ont considérablement changé la maniére
dont I'humanité gere son territoire. Les missions Sentinel-1 et Sentinel-2, du programme
Copernicus développé par I'ESA, permettent d’obtenir des images radar et multispec-
trales avec une fréquence de revisite tres courte. Ces images sont utiles pour étudier la
dynamique des processus et des objets d’intérét, en particulier pour la classification d’oc-
cupation du sol.

A notre connaissance, aucun jeu de données utilisant de 'imagerie Sentinel-1&2 et
une description des tissus urbains en 4 a 5 places n’était disponible. Pour remédier a cela,
nous avons créé le jeu de données MultiSenGE qui offre des triplets de données Sentinel-1,
Sentinel-2 et d’occupation du sol pour la région Grand-Est en France, avec une précision
géométrique élevée. Ce jeu de données est destiné a étre utilisé pour la segmentation et la
classification sémantique des surfaces urbaines en 5 classes d’occupation du sol. Ce jeu de
données est comparé a d’autres jeux de données existants, tels que BigEarthNet [Sumbul
et al., 2021] ou SEN12MS [Schmitt et al., 2019a], qui utilisent des données de référence
CORINE et MODIS Land Cover, respectivement. MultiSenGE offre ainsi un nouveau jeu
de données pour la recherche en télédétection.

MultiSenGE couvre 1'ensemble des 14 tuiles Sentinel-2 de la région Grand-Est (Figure
8.1), 'une des plus grandes régions de France avec ses 57,433 km?. Cette région a été
choisi grace a la mise a disposition d’'une donnée d’occupation des sols de référence, la

donnée OCSGE2-GEOGRANDEST qui consiste en une photo-interprétation de photogra-
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phies aériennes de 2019/2020. L'avantage de cette donnée est sa grande précision avec
des Unités Minimum de Collectes (UMC) de 50m? pour les milieux urbains. Afin d’avoir
une cohérence sémantique et spatiale avec la données satellitaire (1om de résolution spa-
tiale), OCSGE2 a été rééchantillonnée pour obtenir une données de 14 classes d’occupation
des sols. Une données annexe (BDTOPO-IGN) a été utilisé pour 'extraction des routes
majoritaires (autoroutes, routes européennes et routes nationales) puis ajouter en fin de

traitement a la données finale.

o S

Legend

[ sentinet-2 titing

FIGURE 8.1 — Zone d’étude avec le tuilage Sentinel-2.

Les données satellitaires en entrée de MultiSenGE proviennent des capteurs multimo-
daux Sentinel-1&2 (radar et optique). La données Sentinel-1 a été téléchargée et prétraitée
en utilisant la chaine de traitement sitiling développée par le CNES (Centre Nationale
des Etudes Spatiales) alors que la données Sentinel-2 a été téléchargée via le portail de
téléchargement Théia en utilisant le script theia_download [Hagolle, 2021]. Les 10 bandes a
haute résolution spatiale (1om et 20m) ont été conservé.

Pour obtenir une cohérence spatiale avec la résolution de I'imagerie satellitaire, cinq
pré-traitements (Figure 8.2) ont été effectué sur la donnée de référence. Tout d’abord, un
rééchantillonnage (1) de la donnée de référence pour regrouper les classes en 14 classes,
puis une suppression (2) des plus petits agrégats de pixels en utilisant une méthode d’ana-

lyse en composante connexe. Les trous issus de ce regroupement (3) ont été comblé en ap-
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pliquant une méthode de plus proche voisin (PPR) puis une morphologie mathématique
de fermeture (4) a permis de lisser la donnée finale. Enfin, les routes (5) ont été ajouté
en fin de traitement. Les patchs de 256 pixels de co6té, nécessaires pour des applications
de segmentation sémantique mais aussi de classification, ont été découpé en fin de traite-
ment sur la donnée de référence retravaillée et sur les images Sentinel-1&2. Chaque patch
est accompagné d’'un fichier GeoJ]SON contenant la liste des patchs Sentinel-1 et la liste
des patchs Sentinel-2 associés ainsi que les classes présentes dans le patch. Au total, Multi-

SenGE contient 72 033 patchs multitemporels Sentinel-2 et 1 012 227 patchs multitemporels

Sentinel-1.
BDOCGE2©GeoGrandEst Legend
"l' Reference Data
Classes resampling :] processing

Input data

Remove small elements with
connected components

| | Dataset processing

Final product

v

Closure

v

BDTopoCIGN ——-)[ Computing roads

v

| 256 x 256 px patch extraction

v

| Deleting overlaping patches |

v

Sentinel-GE dataset

Filing missing values with KNN ]

|*___ Sentinel-2 L2A and Sentinel-1
download

FIGURE 8.2 — Méthodolgie pour la production du jeu de données MultiSenGE.

Les premiers résultats ont été effectués sur de I'imagerie Sentinel-2 mono-date et uni-
quement sur les tissus urbains sont encourageants et ont montré 1'intérét de proposer des
classifications de I'occupation des sols en incluant 4 a 5 classes de tissus urbains. Deux
méthodes ont été testé en prenant comme réseau de neurones convolutionnel un U-Net
[Ronneberger et al., 2015]. La premiére méthode, U-Net-IRRG, prend en entrée les bandes
du Rouge, du Vert et du Proche Infra-Rouge. La seconde, U-Net-Index, prend en entrée
les bandes du Rouge, Vert, Proche Infra-Rouge et trois indices exogenes, le NDVI, le NDBI
et 'entropie calculée sur le NDVI (eNDVI). U-Net-IRRG a également été préentrainé sur

ImageNet [Deng et al., 2009]. Les résultats quantitatifs et qualitatifs (Figure 8.3 et 8.3) ont

135



montré une amélioration pour la méthode U-Net-IRRG avec un Flg.y,, global de 0.7364 et

des tissus urbains plus homogenes que la méthode U-Net-Index.

[ Dense Built-Up [ Specialized Built-Up Areas [ Large Scale Networks
[ Sparse Built-Up [ Specialized but Vegetative Areas [] Others non-urban areas

o - -

FIGURE 8.3 — Analyse qualitative des résultats sur la zone de test de Metz. (a) est I'image Sentinel-2 en RVB,
() est la donnée de référence en format raster, (c) classification pour U-Net-IRRG and (d) classification pour

U-Net-Index.

Weighted Flgc
U-Net-IRRG | U-Net-Index

0.7364 0.7214

TABLE 8.1 — Flgyy pondéré pour I'évaluation quantitative sur la zone de test de Metz.
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CLASSIFICATION MULTI-CLASSES ET MONO-TEMPORELLE OPTIQUE DES

TISSUS URBAINS SUR LA REGION GRAND-EsT

Les approches de deep learning ont été largement utilisé depuis plusieurs années pour
la classification de 'occupation des sols et plus particulierement pour les tissus urbains.
Les méthodes de segmentation sémantique figurent parmi les plus performantes a ’heure
actuelle et prennent en compte le contexte spatiale des images (photographies mais égale-
ment images satellites), important dans la classification des tissus urbains ou chaque classe
de tissu posséde une organisation spatiale propre. Les méthodes d’encoder/decoder se
révelent étre les plus performantes en apportant une délimitation fine des différents ob-
jets dans I'image [Chhor et Aramburu, 2017]. U-Net [Ronneberger et al., 2015] et SegNet
[Badrinarayanan et al., 2017] sont les deux réseaux les plus performants et ont été spé-
cifiquement développé pour de la segmentation sémantique d’images. Ces réseaux ont
déja été appliqué par le passé sur les images Sentinel-2 pour la classification des tissus
urbains [El Mendili et al., 2020] et ont montré l'intérét de classer les tissus urbains en
plusieurs classes. Les indices spectraux et texturaux ont en revanche peu été intégré en
tant que donnée exogenes dans des réseaux de neurones. En effet, I'approche par deep
learning devrait faciliter cette extraction de caractéristiques (Feature Extraction ou FX) mais
des travaux ont montré l'intérét de 1'ajout d’indice exogenes en amont ce qui améliore la
convergence des réseaux [Campos-Taberner et al., 2020].

Dans ce contexte, notre étude s’est concentré sur 1’évaluation de la fusion de caractéris-
tiques entre deux réseaux convolutionels et I’ajout de caractéristiques exogenes dérivées de
I'imagerie satellitaire Sentinel-2. Cette partie de these cherche a montrer que 1’ajout din-
dices exogenes en entrée de réseaux de neurones améliorent les résultats de classification
des tissus urbains.

A la date de cette partie de these, la donnée de référence OCSGE2-GEOGRANDEST
n’était pas disponible sur toute la région Grand-Est. Uniquement cinq départements nous
ont été fourni par la région Grand-Est, le Bash-Rhin, les Vosges, la Moselle, la Meurthe-et-
Moselle et le Haut-Rhin. Ainsi, deux tuiles Sentinel-2 ont été conservé couvrant (totalement
ou en partie) ces cinq départements. Trois villes tests ont été sélectionné, Strasbourg, Metz

et Saint-Avold en fonction d’un gradient d"urbanisation (Figure 8.4).
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FIGURE 8.4 — Région Grand-Est, tuiles Sentinel-2 et villes tests.

Deux méthodes de fusion de caractéristiques entre réseaux ont été appliqué. La pre-
miere consiste a fusionner les caractéristiques provenant de deux réseaux au niveau de
I'encoder (U-Net-Encoder) et la seconde méthode au niveau du decoder (U-Net-Decoder).
Ces deux réseaux prennent en entrée d"une part les bandes du Rouge, du Vert et du Proche
Infra-rouge et d’autres part trois indices éxogenes, le NDVI, le NDBI et I’entropie calculée
sur le NDVI (Figures 8.5 et 8.6). Pour comparer ces deux méthodes, les deux méthodes,
développées dans la section précédentes (U-Net-IRRG et U-Net-Index), ont été également

testé.
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FIGURE 8.5 — Architecture U-Net-Encoder avec une fusion des caractéristiques au niveau de I'encoder des

deux modeles.
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FIGURE 8.6 — Architecture U-Net-Decoder avec une fusion des caractéristiques au niveau du decoder des

deux modeles.

Les résultats quantitatifs ont montré une meilleure classification des tissus urbains pour
les deux méthodes de fusion en fonction d'un gradient durbanisation. U-Net-Encoder

apporte les meilleurs résultats sur une ville dense telle que Strasbourg avec un Flg.o
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pondéré de 0.5990 alors que U-Net-Decoder est meilleur pour les deux villes moins denses,

Metz et Saint-Avold avec respectivement 0.7488 et 0.7883 de Flg.,, pondéré (Tableau 8.2).

U-Net-IRRG U-Net-Index

Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold
0.5133 0.7364 | 0.7716 0.5005 0.7214 | 0.7248
U-Net-Encoder U-Net-Decoder

Strasbourg | Metz | St-Avold | Strasbourg | Metz | St-Avold

0.5990 0.7479 | 0.7834 0.5894 0.7488 | 0.7883

TABLE 8.2 — Flgyy pondéré pour chaque méthode de la zone d’étude.

Par rapport a I'ensemble de données de référence, ’analyse qualitative montre que les
méthodes U-Net-Encoder (sous-figure e) et U-Net-Decoder (sous-figure f) permettent une
meilleure détection des réseaux a grande échelle (classe 5) que les données de référence
(figure 8.7 b).détection des réseaux a grande échelle (classe 5) que les données de réfé-
rence (figure 8.7 b). En effet, certaines routes et voies ferrées sont classées alors qu’elles
n’apparaissent pas sur I'image (Figure 8.7 b). Les Specialized Built-Up Areas (classe 3) sont
également bien extraites par toutes les méthodes en détectant les zones de construction en
cours qui ne sont pas présentes sur I'image ni sur la donnée de référence. D’autre part,
nous remarquons une surestimation des zones de construction en cours par rapport aux
données de référence. En revanche, nous remarquons une surestimation des zones Spe-
cialized But Vegetative Areas (classe 4) qui comprend certaines zones de cultures ou de
foréts dans les zones périurbaines. U-Net-IRRG et U-Net-Index produisent également une
certaine confusion entre les différentes classes, telles que les Specialized Built-Up Areas
(classe 3) et les Specialized But Vegetative Areas (classe 4) les deux méthodes de fusion

donnent des résultats beaucoup plus unifiés.
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FIGURE 8.7 — Exemple de résultat des quatre méthodes sur Strasbourg. (a) et (b) correspondent au subset
Sentinel-2 et a la donnée de référence, (c) et (d) correspondent i U-Net-IRRG et U-Net-Index et (e) et (f)
correspondent a U-Net-Encoder et U-Net-Decoder.

L’objectif de cette recherche était de montrer l'intérét des méthodes de segmentation sé-
mantique pour aider les utilisateurs finaux a produire une carte pertinente et actualisée de
cinq classes thématiques d’espaces urbains avec une seule image optique mono-temporelle
a haute résolution spatiale (Sentinel-2). En effet, classiquement, avec une résolution spa-
tiale élevée (10m), les espaces urbains sont uniquement cartographiés avec quatre classes
qui distinguent les réseaux des zones baties denses et clairsemées et des activités. Dans
cet article, deux méthodes utilisant des techniques de fusion de caractéristiques (U-Net-
Encodeur et U-Net-Décodeur) entre deux réseaux ont été développées en utilisant (i) trois
bandes spectrales (vert, rouge, NIR) pour le réseau pré-entrainé et (ii) trois indices spec-
traux et texturaux (NDBI, NDVI et eNDVI) pour le réseau non pré-entrainé. Ces méthodes
ont été comparées a une U-Net prenant en compte soit les bandes IRRG, soit les bandes
IRRG et trois indices spectraux et texturaux. L'idée était de combiner deux types de don-
nées, chacune fournissant diverses informations pour améliorer la détection des surfaces
urbaines proposées dans cinq classes différentes d’espaces urba ins adaptées aux villes
du Grand-Est/France : (1) Dense Built-Up, (2) Sparse Built-Up, (3) Specialized Built-Up
Areas, (4) Specialized but Vegetative Areas, (5) Large Scale Networks. Les méthodes ont
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été testées en fonction d’un gradient d’urbanisation dans 1’est de la France pour assurer
une généralisation des résultats.

Ces résultats mettent en évidence que les deux méthodes de fusion, en particulier la
méthode U-Net-Décodeur pour la plupart des espaces urbains, offrent les meilleurs ré-
sultats pour affiner la détection de la plupart des classes d’espaces urbains. La méthode
U-Net-Décodeur a montré un avantage dans la délimitation des zones spécialisées mais
végétales et une meilleure classification de ces zones pour les zones fortement urbanisées
(centre de Strasbourg et Metz). L'analyse qualitative confirme ces premieres analyses en
montrant un avantage pour la méthode U-Net-Décodeur avec une meilleure segmentation
des différents espaces urbains. En revanche, les résultats statistiques ont montré une clas-
sification meilleure mais proche des zones densément construites et des zones construites
clairsemées pour la méthode U-Net-Encodeur. La plupart des classes d’espaces urbains
sont toujours extraites avec des métriques d’évaluation pertinentes (supérieures a o0,5) et
une interprétation qualitative des résultats montre des patchs d’extraction homogenes de
classes. La faiblesse des résultats pour la Classe 4, qui est confondue avec d’autres classes
de couverture terrestre en raison de sa complexité relative, pourrait étre améliorée en uti-
lisant des images multi-temporelles afin de tenir compte de la dynamique temporelle de

la végétation.

CLASSIFICATION MULTI-MODALE ET MULTI-TEMPORELLE DES TISSUS UR-

BAINS : APPLICATION SUR LE JEU DE DONNEES MULTISENGE

La section suivante a démontré I'intérét de 1'utilisation des approches de deep learning et
plus particulierement de segmentation sémantique [Wenger et al., 2022¢] pour la classifica-
tion des tissus urbains a partir d’images Sentinel-2 mono-dates. Or, '’hypothese est émise
que les variations intra-annuelles des milieux urbains et de la végétation intra-urbaine
pourrait améliorer les classifications des tissus urbains. Ainsi, 'objectif de cette partie
est d’explorer la combinaison des données multi-temporelles et multi-modales pour la
classification des tissus urbains. Nous faisons ainsi I’hypothése que la données (1) multi-
temporelle optique et radar ainsi qu'un rééquilibrage du jeu de données améliore la clas-
sification des tissus urbains.

Le jeu de données MultiSenGE a été utilisé dans sa totalité pour cette partie de thése.
Néanmoins, il a fallu procéder a une quantification et a une extraction des patchs multi-
temporels et multi-modaux. Afin de sélectionner les patchs temporels pour chaque mois,

une selection multitemporelle a été effectué sur ’ensemble du jeu de données. Pour maxi-
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miser le nombre de patch et la distribution spatiale des patchs, il a été retenu de séléction
des patchs ayant au minimum 17 jours d’écart entre deux mois consécutifs pour les mois

de juillet, aotit, septembre et novembre (Figure 8.8).

Legend
15,
16,
17]

4.0°E

F1GURe 8.8 — Distribution des patchs en fonction du nombre de jours entre deux mois consécutifs sur la

région Grand-Est

Le jeu de données a été découpé en jeu d’entrainement, de validation et de test en
portant une attention particuliére a la distribution des classes dans chaque jeu.

La donnée de référence initiale contenait 14 classes d’occupation des sols. Certaines
classes ne se retrouvant pas dans tous les jeux et étant trop peu représentée a ’échelle de
la région, nous avons procédé a une reclassification a 10 classes. Afin de comparer aux
résultats mono-dates et afin de tester notre hypothese, les tests ont été dupliqué pour 6
classes d’occupation des sols (5 classes urbaines et 1 classe naturelle).

Un modele de deep learning multi-temporel et multi-modal a été développé. Il comprend
trois branche, deux branches avec un extracteur de caractéristiques spatio-temporelles
(module ConvLSTM)) prenant d'une part l'imagerie Sentinel-1 et d’autre part I'imagerie
Sentinel-2 et un extracteur de caractéristiques spatio-spectrales (module Inception) prenant

la concaténation de la premiere date Sentinel-1 et Sentinel-1 (Figure 8.9).
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FIGURE 8.9 — Méthode multi-temporelle et multi-modale ConvLSTM+Inception

Les résultats a 6 classes ont montré qu’aucune méthode n’obtenait les meilleurs ré-
sultats pour la majorité des classes, méme si le meilleur score Kappa global s’est re-
trouvé pour la méthode ConvLSTM-S2 avec 0,4223. En revanche a 10 classes, la méthode
ConvLTSM+Inception-S1S2 apporte les meilleurs résultats en justifiant les choix de fusion
des caractéristiques spatio-temporelles et spatio-spectrales Sentinel-1&2. En comparant les
méthodes a 6 classes et la meilleur méthodes (ConvLSTM-+Inception-S152) a 10 classes, on
remarque qu’un rééquilibrage du jeu de données améliore les résultats de classification

des tissus urbains (Figure 8.10).
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FIGURE 8.10 — Graphique comparant les résultats de classification entre les méthodes i 6 classes et la meilleur

méthodes i 10 classes

En conclusion, I'imagerie multi-temporelle et muli-modale Sentinel-1&2 couplée a un

rééquilibrage du jeu de données (discriminer une classe sur-représentée) permet une amé-

lioration des classification des tissus urbains. Ces modeles permettent la production de

cartographies pouvant étre incluses dans des modéles climatiques pour caractériser les

Local Climate Zone (LCZ).

INFERENCE TEMPORELLE ET SPATIALE

Les recherches actuelles en deep learning et en télédétection se contentent souvent d’entrai-

ner et d’appliquer des modéles sur un jeu de données défini (par exemple : MultiSenGE).
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Or, dans un objectif de cartographie a grande échelle, il pourrait étre intéressant d’évaluer
la capacité de généralisation de ces réseaux entrainés sur un jeu de données existant et ap-
pliqué sur des territoires situés a plusieurs centaines de kilometres de la région d’entraine-
ment. Dans cette derniere partie de these, l'inférence spatiale et I'inférence temporelle du
modele ConvLSTM+Inception-S152 développé dans la partie précédente ont été exploré
pour les espaces urbains (5 classes).

L'inférence spatiale consiste a explorer les limites d’'un modeéle entrainé sur une région
spécifique, dans notre cas le Grand-Est, sur d’autres villes en France et en Europe en
fonction d"un critere d’éloignement. Cinq villes en France et trois en Europe ont donc été
choisi : Toulouse, Dijon, Orléans, Lille et Rennes ainsi que Séville (Espagne), Oran (Algérie)
et Bréme (Allemagne). L'évaluation des classifications pour les villes Francaise ont été
faite par digitalisation manuelle de cinq zones de 4 km? par ville en allant du centre vers
la périphérie poiur couvrir au mieux les différents morphologies urbaines (Annexes A.14,
A.15,A.16, A.17, A.18, A.19). Cette technique d’inférence spatiale permettrait la production
de cartographie a large échelle & moindre cofit, tant humain que financier.

L'inférence temporelle consiste a explorer la détection de changement a deux
dates sur la méme région d’entrainement entre deux classifications. Ainsi, le modele
ConvLSTM+Inception-S15S2 a été appliqué sur le Grand-Est pour 2018 et 2022 pour pro-
duire deux cartes d’occupation des sols. L'objectif est de détecter et d’identifier les change-
ments brusques des tissus urbains (espaces naturels vers espaces urbains) pour proposer
un systeme d’alerte.

Les résultats de l'inférence spatiale ont montré que plus nous nous éloignons de la
région d’entrainement moins bon seront les résultats (Table 8.3 et Figure 8.11). L'hypo-
thése est ainsi émise que plus nous nous éloignons de la région d’entrainement, plus la

morphologie des villes differe des villes de la région d’entrainement.

TABLE 8.3 — Flgor pondéré pour chaque ville.

Villes Score

Toulouse | 0.7029
Dijon 0.8087
Orléans | 0.7742
Lille 0.6866

Rennes | 0.7187

146



b : N
60W 60W

FIGURE 8.11 — Résultats de classification pour Bréeme (a) et Séville (b).

Les résultats d’inférence temporelle ont permis d’isoler de nombreux changements sur
la région Grand-Est (Figure 8.12). En revanche, cette méthode ne permet pas de quantifier
le changement, qui est soumis a de trop nombreux faux positifs dans les résultats de
classification. Néanmoins, ce systeme d’alerte peut permettre aux acteurs des territoires

de mettre a jour plus facilement les cartographies manuelles des milieux urbains.

FIGURE 8.12 — Détection de changements proche de la ville de Reims.
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8.6

CONCLUSION

L’objectif principal de cette thése était 1’évaluation du potentiel de l'imagerie multi-
temporelle optique et radar a haute résolution spatiale pour la cartographie de 'occupa-
tion des sols (en particulier des tissus urbains) pour analyser leurs dynamiques a grande
échelle afin d’aider les acteurs des territoires a obtenir une donnée a jour pour leurs appli-
cations.

Les principales contribution de cette these peuvent étre résumées en quatre points :

¢ La construction d'un jeu de données multi-temporel et multi-modal innovant qui a

été proposé a la communauté scientifique.

* La formalisation de 'utilisation de deep learning et de la segmentation sémantique

pour la classification des tissus urbains.

¢ L’intégration de données multi-temporelles et multi-modales qui ont permis d’amé-

liorer les résultats de classification mono-dates des tissus urbains.

¢ La généralisation des approches avec I'inférence temporelle et spatiale pour la détec-

tion de changements brusques et la cartographie a grande échelle.

Plusieurs perspectives sont ainsi soulevé a 1'issue de cette these. La premiere consiste
en l'amélioration du jeu de données MultiSenGE en ajoutant une données a tres haute
résolution spatiale mono-date (type Pléiades ou SPOT) pour améliorer les résultats de
classification. La seconde consiste a étoffer la donnée de référence, notamment pour les
surfaces naturelles afin de distinguer plusieurs types de cultures. Enfin, la derniere pers-
pective consisterait a proposer une cartographie a grande échelle en combinant les produits

‘urbains’ de cette these avec les classes naturelles du produit OSO.
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TyPoLOGY FOR OSO, OCSGE2, URBAN ATLAS AND CORINE
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Appendix A. Appendices

CHAPTER 1: TYPOLOGY FOR ESA WoRLD COVER

ESA World Cover semantic classes LCCS Code Color
Tree cover (10) A12A3 // A11A1 A24A3C1(C2)-R1(R2)
Shrubland (20) A12A4 // A11A2
Grassland (30) A12A2
Cropland (40) A11A3(A3)(As) // A23

Built-up (50) B15A1
Bare/sparse vegetation (60) B16A1(A2) // BisA2
Snow and Ice (70) B28A2(A3)
Permanent water bodies (80) B28A1(B1) // B27A1(B1)
Herbaceous wetland (90) A24A2
Mangroves (95) A24A3C5-R3
Moss and lichen (100) A12A7y

Numbers in parenthesis represent the pixel value in the raster classification. To obtain a
better readability, ESA World Cover linked the LCCS code corresponding to each seman-
tic class. More informations about this LULC product can be found following this link:

https://esa-worldcover.org/en

CHAPTER 1: TYPOLOGY FOR ESRI 2020 LAND COVER

ESRI 2020 Land Cover semantic classes | Color

Water (1)

Trees (2)

Grass (3)

Flooded Vegetation (4)

Crops (5)
Scrub/Shrub (6)

Built Area (7)
Bare Ground (8)

Snow /Ice (9)
Clouds (10)
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Numbers in parenthesis represent the pixel value in the raster classification. More
informations about this LULC product can be found following this link: https://

livingatlas.arcgis.com/landcover/

CHAPTER 1: TYPOLOGY FOR GOOGLE DYNAMIC WORLD

Google Dynamic World semantic classes | Color

Water (1)

Trees (2)

Grass (3)

Flooded Vegetation (4)

Crops (5)
Shrub & Scrub (6)

Built Area (7)
Bare Ground (8)

Snow & Ice (9)

Numbers in parenthesis represent the pixel value in the raster classification. More

informations about this LULC product can be found following this link: https://
dynamicworld.app/
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A5 CHAPTER 5: BAR PLOT RESULTS OF ALL METHODS FOR THE TEST ZONE

LOCATED IN THE WEST OF THE GRAND-EST REGION FOR 6 SEMANTIC

CLASSES
Weighted metrics for each method Precision for each class
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A.6 CHAPTER 5: CONFUSION MATRIX COMPUTED OVER THE TEST DATASET
FOR EVERY METHOD FOR 6 SEMANTIC LULC crAssEs. (A) CONFUSION
MATRIX FOR CONVLSTM-S1. (B) CONFUSION MATRIX FOR CONVLSTM-
S2. (¢) CONFUSION MATRIX FOR CONVLSTM-5152. (D) CONFUSION MA-

TRIX FOR CONVLSTM+INCEPTION-5152.

Confusion Matrix Confusion Matrix

(@) (b)

Confusion Matrix Confusion Matrix
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(© ()

155



Appendix A. Appendices

A7 CHAPTER 5: BAR PLOT RESULTS OF ALL METHODS FOR THE TEST ZONE

LOCATED IN THE WEST OF THE GRAND-EST REGION FOR 10 SEMANTIC

CLASSES.
Weighted metrics for each method Precision for each class
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CHAPTER 5: CONFUSION MATRIX COMPUTED OVER THE TEST DATASET
FOR EVERY METHOD FOR 10 SEMANTIC LULC cLAsSsSES. (A) CONFUSION
MATRIX FOR CONVLSTM-S1. (B) CONFUSION MATRIX FOR CONVLSTM-
S2. (c) CONFUSION MATRIX FOR CONVLSTM-S152. (D) CONFUSION MA-

TRIX FOR CONVLSTM+INCEPTION-S5152.
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Appendix A. Appendices

A9 CHAPTER 6: SENTINEL-2 DATE SELECTION FOR TEMPORAL INFERENCE

OVER GRAND-EST REGION FOR 2018

Tile Date 1 (~ July) | Date 2 (~ August) | Date 3 (~ September) | Date 4 (~ November)
T31TFN 27 July 2018 16 August 2018 25 September 2018 20 October 2018
T31UEP 15 July 2018 18 August 2018 28 September 2018 13 October 2018
T31UEQ 25 July 2018 04 August 2018 8 September 2018 17 November 2018
T31UER 25 July 2018 04 August 2018 18 September 2018 17 November 2018
T31UFP 27 July 2018 16 August 2018 20 September 2018 15 October 2018
T31UFQ 27 July 2018 16 August 2018 25 September 2018 20 October 2018
T31UFR 2 July 2018 16 August 2018 10 October 2018 4 November 2018
T31UGP 2 July 2018 6 August 2018 20 September 2018 15 October 2018
T31UGQ 27 July 2018 16 August 2018 25 September 2018 20 October 2018
T32TLT 29 July 2018 28 August 2018 27 September 2018 22 October 2018
T32ULU 9 July 2018 3 August 2018 27 September 2018 12 October 2018
T32ULV 24 July 2018 18 August 2018 27 September 2018 22 October 2018
T32UMU 9 July 2018 3 August 2018 17 September 2018 17 October 2018
T32UMV 9 July 2018 3 August 2018 27 September 2018 11 November 2018

The ConvLSTM+Inception-S1S2 model was trained with patches from July, August, Septem-

ber and November. To respect the same selection of dates, each image from the Grand-Est

region, with less than 30% cloud cover, was trained. The classification was done for all

tiles.
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Appendix A. Appendices

A.10 CHAPTER 6: SENTINEL-2 DATE SELECTION FOR TEMPORAL INFERENCE

A.11

OVER GRAND-EST REGION FOR 2022

Tile Date 1 (~ April) | Date 2 (~ May) | Date 3 (~ June) | Date 4 (~ August)
T31TEN 28 March 2022 17 May 2022 11 June 2022 25 August 2022
T31UEP 20 April 2022 15 May 2022 19 June 2022 13 August 2022
T31UEQ | 26 March 2022 15 May 2022 4 July 2022 13 August 2022
T31UER 26 March 2022 15 May 2022 4 June 2022 13 August 2022
T31UFP 22 April 2022 17 May 2022 16 June 2022 25 August 2022
T31UFQ 17 April 2022 17 May 2022 16 June 2022 25 August 2022
T31UFR 17 April 2022 22 May 2022 16 June 2022 10 August 2022
T31UGP 17 April 2022 17 May 2022 6 July 2022 25 August 2022
T31UGQ 17 April 2022 17 May 2022 16 June 2022 25 August 2022
T32TLT 25 March 2022 14 May 2022 18 June 2022 12 August 2022
T32ULU | 25 March 2022 14 May 2022 18 June 2022 12 August 2022
T32ULV 25 March 2022 14 May 2022 18 June 2022 22 August 2022
T32UMU 19 April 2022 19 May 2022 18 June 2022 12 August 2022
T32UMV | 25 March 2022 14 May 2022 18 June 2022 12 August 2022

For the year 2022, the same selection of dates as the model training was not possible due

to delays. Thus, we have chosen for each tile of the Grand-Est one date per month for the

months of April, May, June and August with a cloud cover lower than 30%.

CHAPTER 6: SENTINEL-2 DATE SELECTION FOR SPATIAL INFERENCE OVER

FRANCE FOR 2020

Tile Date 1 (~ July) | Date 2 (~ August) | Date 3 (~ September) | Date 4 (~ November)
T31TCJ 9 July 2020 8 August 2020 17 September 2020 17 October 2020
T31TEN 31 July 2020 5 August 2020 14 September 2020 28 November 2020
T31UDP 9 July 2020 29 July 2020 17 September 2020 21 November 2020
T31UES 24 June 2020 13 August 2020 17 September 2020 6 November 2020

T30UWU 30 July 2020 9 August 2020 13 September 2020 17 December 2020
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Appendix A. Appendices

A.12 CHAPTER 6: PERFORMING SANKEY PLOT FOR EACH SUBSET WHEN A NAT-

URAL PIXEL TURNS TO URBAN BETWEEN 2018 AND 2022

Algorithm o: Performing Sankey plot for each subset when a natural pixel turns

to urban between 2018 and 2022
Inputs: 2018¢,...2018y,, 202200...2022y, (2018 and 2022 classification matrix)

Output: Dic (dictionnary quantifying changes)
Require: shape(2018) = shape(2022)
i,3+0
%,y ¢ shape(2018)
urban_values < [1,2,3,4,5]
natural_values < [6,7,8,9,10]
while i < x do
while j <y do
if 2018[i, ] #2022[i, 7] then
if 20181, j] € natural_values and 2022[1, j] € urban_values then
Dic[2018[i, 31, 2022[i, ] < Dic[2018[i, 31, 2022[i, 31 +1
end if
end if
j<—J+1
end while
i+ i+1

end while
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Appendix A. Appendices

A.13 CHAPTER 6: ALGORITHM TO MAP EACH PIXEL CHANGE FROM NATURAL

TO URBAN FABRIC

Algorithm o: Algorithm to map each pixel change from natural to urban fabric
Inputs: 2018¢,...2018y,, 202200...2022y,, (2018 and 2022 classification matrix)

Output: change_map (Map with each pixel changing from natural to urban)
Require: shape(2018) = shape(2022)
i,3+0
%,y < shape(2018)
urban_values < [1,2,3,4,5]
natural_values <« [6,7,8,9,10]
while i < x do
while j <y do
if 2018[i, 3] #2022[1i, 5] then
if 2018[1i, j] € natural_values and 2022[i, j] € urban_values then
change_mapl[i, 3Jj] < 2022[1i, 7Jj]
end if
end if
j«—Jj+1
end while
i+ 1i+1

end while
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Appendix A. Appendices

A.14 CHAPTER 6: DIGITIZATION AREAS AND RESULTS FOR ORLEANS
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Appendix A. Appendices

A.16 CHAPTER 6: DIGITIZATION EXAMPLE FOR TOULOUSE
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A.17 CHAPTER 6: DIGITIZATION AREAS AND RESULTS FOR RENNES
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A.18 CHAPTER 6: DIGITIZATION AREAS AND RESULTS FOR LILLE
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Appendix A. Appendices

A.20 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR CHALONS-EN-CHAMPAGNE BETWEEN 2018 AND

Grasslands 2018.- 0.4 Dense Buit-Up 2022-0.11
Forests and semi-natural areas 2018 - 3.56 — B——
 Sparse BultUp 2022 -8.44
Water Surfaces 2018 - 15.36

Arable Land 2018 - 45.86

A.21 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR METZ BETWEEN 2018 AND 2022

Water Surfaces 2018 - 32.99

Vineyards/Orchards 2018 - 8

Grasslands 2018 - 14.76 -7

Arable Land 2018 - 52.93

Sparse Built Up 2022 107.24

Forests and semi-natural areas 2018 - 165,45
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A.22 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR MULHOUSE BETWEEN 2018 AND 2022

Vineyards/Orchards 2018 - 10.36 -

Water Surfaes 2018 - 51.68

.
Grasslands 2018 - 5.46
Forests and semi-natural areas 2018 - 55.29
Arable Land 2018 - 114.67

 Sparse Bul-Up 2022 - 627

A.23 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR NANCY BETWEEN 2018 AND 2022

Vineyards/Orchards 2018 - 217

Avable Land 2018 - 30.73

Grasslands 2018 - 19.32 -

Water Surfaces 2018 - 45.4.

Forests and semi-natural areas 2018 - 100.24

Sparse Buill-Up 2022 - 76.53
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A.24 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR REIMS BETWEEN 2018 AND 2022

Vineyards/Orchards 2018 - 1025 [ |

Grasslands 2018 - 2.2

Forests and semi.natural areas 2012 - 77 [
‘Water Surfaces 2018 - 11.31 -

Arable Land 2018 - 162.59

A.25 CHAPTER 6: CHANGES BETWEEN NATURAL CLASSES AND FOUR BUILT-UP

SEMANTIC CLASSES FOR STRASBOURG BETWEEN 2018 AND 2022

Vineyards/Orchards 2018 - 0.34

Grasslands 2018 - 4.4

Forests and semi-natural areas 2018 - 11.32

Water Surfaces 2018 - 123.92

Arable Land 2018 - 159.17
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de Strasbourg | Apport des images Sentinel-1&2 et des
méthodes d’apprentissage profond pour la
cartographie et le suivi des modes
d’occupation des sols

Résumé

La couverture biophysique de la surface terrestre, plus communément appelée occupation des sols,
est une composant des Variables Climatiques Essentielles (VCE) depuis plusieurs années. Dans un
contexte de changement globale, sa connaissance précise est au coeur de nombreux projets de
recherche sur I'environnement. En effet, cette donnée peut étre utilisé en entrée de différents
modeles, tels que les modeles climatiques et permet d’aider les acteurs locaux des territoires dans
leur prise de décision. Les constellations satellitaires actuelles fournissent des images a haute
résolution spatiale et temporelle avec de multiples modes d’acquisition (radar, optique etc.). Les
nouvelles méthodes d’intelligence artificielle telles que I'apprentissage profond, ont permis d’obtenir
des résultats prometteurs et ont accéléré le traitement des données massives. Ainsi, I'objectif de
cette these est d’évaluer la contribution des capteurs Sentinel-1&2 pour la classification et le suivi de

'occupation et de l'usage des sols et plus particulierement des tissus urbains.

Mots clefs : télédétection — intelligence artificielle — apprentissage profond — Sentinel-1 — Sentinel-2

Résumé en anglais

The biophysical cover of the earth's surface, otherwise known as land cover, has been an integral
part of Essential Climate Variables (ECV) for several years. In a context of global change, precise
knowledge of land cover is an important component of many environmental research projects.
Indeed, this data can be used as input for several types of models (e.g. climate models) and help
urban planners in their decision making. For several years, constellations of Earth observation
satellites have been able to transmit high spatial and temporal resolution images (e.g. Sentinel
constellation) using several acquisition modes (radar, optical, etc.). Deep learning methods, which
have become increasingly attractive in recent years, have accelerated the processing of these large
volumes of data and have also produced better results than traditional machine learning methods.
The objective of this thesis is to evaluate the contribution of Sentinel-1&2 sensors for the

classification and monitoring of land use/land cover and more specifically of urban fabrics.

Keywords : remote sensing — artificial intelligence — deep learning — Sentinel-1 — Sentinel-2
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