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A data fusion-based framework to integrate multi-

source VGI in an authoritative land use database

Updating an authoritative Land Use and Land Cover (LULC) database requires many
resources. Volunteered geographic information (VGI) involves citizens in the
collection of data about their spatial environment. There is a growing interest in using
existing VGI to update authoritative databases. This paper presents a framework aimed
at integrating multi-source VGI based on a data fusion technique, in order to update an
authoritative land use database. Each VVGI data source is considered to be an
independent source of information, which is fused together using Dempster-Shafer
Theory (DST). The framework is tested in the updating of the authoritative land use
data produced by the French National Mapping Agency. Four data sets were collected
from several in-situ and remote campaigns run between 2018 and 2020 by contributors
with varying profiles. The data fusion approach achieved an overall accuracy of 85.6%
for the 144 features having at least two contributions when the confidence threshold
was set to 0.05. Despite the heterogeneity and limited amount of VGI used, the results
are promising, with 99% of the LU polygons updated or enriched. These results show
the potential of using multi-source VGI to update or enrich authoritative LU data and

potentially LULC data more generally.
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1. Introduction

In Europe, many efforts have been made to provide new, open sources of Earth Observation
data (e.g., from the Sentinel satellites) and to use remote sensing to produce authoritative
Land Use and Land Cover (LULC) data sets. At the pan-European level, common initiatives
that span EU countries include the CORINE Land Cover (CLC) inventory (EEA 2006) and
the Urban Atlas (UA) (EEA 2011), which are produced as part of the Copernicus land
monitoring service. Within European countries, many efforts have been made to produce

national LULC maps by authoritative bodies, in particular by National Mapping Agencies



(NMASs). The increasing demand for data on LULC at fine spatial and temporal resolutions
has become challenging for NMAs as their resources for collecting, processing and updating
information have remained constant or even decreased over time. There is, therefore,
considerable interest in using Volunteered Geographic Information (VGI) (Goodchild 2007)
as an alternative source of data. At present, more and more NMAs are engaging with VGI.
However, it has been observed that most of the NMAs that use VGI prefer not to rely too
much on this information, but would rather keep organizing and collecting information with
their own specifications (Olteanu-Raimond, Hart, et al. 2017; Olteanu-Raimond, Laakso, et
al. 2017). The review undertaken by Olteanu-Raimond et al. (2017a) showed that most of the
VGI used by NMAs concerned topographic database objects such as buildings, roads and
names.

In general, there are numerous challenges in the use of VGI in producing or updating
LULC data. First, even if some definitions exist for land cover (i.e., the biophysical surface
cover of the Earth) and land use (i.e., the way in which the land is used by humans), there is
still confusion between the allocation of land cover and land use values in existing LULC
databases ( Comber 2008). For example, in the CLC data, there are mixed classes such as the
land cover classes 1.2-Industrial, commercial and transport units and 1.1 Urban fabric, where
the first is land use whereas the second is land cover because it indicates that the area is a
built-up area. Secondly, different nomenclatures exist for LULC such as CLC (EEA 2006),
UA (EEA 2011), LUCAS (EEA 2011), INSPIRE (Infrastructure for Spatial Information in
the European Community) (EEA 2011) and CNIG (National Council of Geographic
Information) (CNIG 2014). These nomenclatures are often a compromise between an ideal
set of classes and the classes that can reasonably be mapped. Although some recent efforts
have focused on establishing links between different nomenclatures (Arnold et al. 2020;

Fonte, Patriarca, et al. 2017; Schultz et al. 2017), choosing the most appropriate LU or LC



class using one of the existing nomenclatures for an area of land and defining the best overall
classification to use remain complex tasks. These tasks depend on both the desired thematic
level of detail of the nomenclature and on the minimum mapping unit (MMU). Third, LULC
data are often made available as vector data sets in which the space is divided into non-
overlapping polygons that are associated with a class label describing the corresponding
LULC. For some LULC databases, land use labels are well distinguished from land cover
values (e.g., LUCAS; UA), whereas for others (e.g., CLC), land cover and some land use
elements are mixed (e.g., the LULC class of dense urban area), but such an issue is also
related to the generalization level of the database and to its cartographic scale. The fourth
challenge concerns the temporal resolution, since authoritative LULC data are generally
updated at regular time intervals (e.g., every six years for CLC and UA). This temporal
resolution does not always meet the needs of the users. The automatic production of LULC
products from remote sensing data (e.g., using Sentinel time series) has been proposed to fill
this need, but the quality of automated products is not necessarily suitable for authoritative
purposes. Having up-to-date data is, indeed, the second need expressed by end users after
spatial accuracy ( Olteanu-Raimond, Hart, et al. 2017). Annual updated data are necessary to
compute annual or multi-year indicators, for instance, to monitor increases in soil sealing,
housing supply and agricultural land use. While VGI has already been used for map
validation (Foody and Boyd 2013; Fonte et al. 2015; Fritz et al. 2015) and to produce LULC
data ( Fonte, Patriarca, et al. 2017; Schultz et al. 2017), using VGI to update authoritative
LULC data is a new area of investigation.

Thus, the goal of this paper is to demonstrate the potential of VGI for improving
authoritative LU data. This research introduces a data fusion-based framework to update an
authoritative land use database by integrating multi-source VGI. The paper is structured as

follows. Section 2 focuses on the state of the art in LULC updating, VGI initiatives and data-



fusion techniques. Section 3 presents both the authoritative LULC data and different types of
VGI used in this paper. Section 4 summarizes the principles of the Dempster-Shafer Theory
(DST) followed by the proposed workflow in section 5. Section 6 presents the results while

the conclusions and future work are synthesized in Section 7.

2. State of the art

How to keep LULC products up-to-date and to derive information about LULC change are
important areas of research interest. The regular production of measures of change are
required to monitor anthropogenic and natural phenomena, providing key information for
public policies. Hence, there is a growing need to enhance the update cycle frequency, e.g., to
reach the goal of yearly updates, now theoretically possible thanks to the advent of
unprecedented Earth Observation satellite capabilities.

However, authoritative LULC products are generally updated through manual change
detection and photo-interpretation to ensure that their quality meets the required
specifications. This is an expensive and time-consuming process, which is, hence, not
suitable for high frequency (i.e., yearly) updates. Some mapping agencies have established
partnerships with other authoritative institutes to obtain information about changes, but such
approaches have limitations. For instance, in France, these processes are well-tailored for
certain themes such as roads, but they can be inadequate for others such as buildings and
natural themes. As a consequence, a more automatic means of change detection is required,
exploiting auxiliary databases and remote sensing data. Such (semi-)automatic processes
would launch ‘alerts’ (where change hypotheses have been detected) and send these to an
operator to be checked. They must be very exhaustive and as correct as possible (i.e., to

minimize the number of false detections).



It should also be noted that remote sensing is generally more suitable to land cover
analysis than to the automatic classification of land use. For instance, one can easily identify
a woody area from remote sensing, but it is more difficult to decide whether it is dedicated to

leisure activities or used for timber harvesting.

2.1 Remote sensing change detection

Traditional ways of updating the authoritative LULC data by NMAs rely heavily on
field surveys and remotely sensed data. In the case of field surveys, they are generally carried
out based on new information derived from local authorities (e.g., the official publication of
the construction of a new subdivision) and remotely detected changes (e.g., from images).
Remote sensing has the potential to distinguish between different land features by taking
advantage of the spectral, spatial and temporal characteristics of the data. It provides a cost-
effective way to map and monitor LULC change (Rogan and Chen 2004). Many remote
sensing-based change detection approaches have been proposed (Singh 1989; Lu, Li, and
Moran 2014). The ones dedicated to very high-resolution databases are often applied only to
specific topographic objects (e.g., roads, buildings) in the specific context of updating
topographic databases, i.e., they generally require very high spatial resolution (aerial or
satellite) remote sensing data. Other change detection approaches are more generic (i.e., they
are unsupervised approaches that automatically identify different kinds of behaviours across
time in the remote sensing data, and detect some of them as changes) but have generally been
applied to remote sensing at a lower spatial resolution, which has other types of spectral
and/or temporal characteristics of interest.

When updating LULC using multi-temporal data, two types of approaches are used:
(1) a post-classification comparison; and (2) change detection algorithms applied to raw
remote sensing data (after atmospheric and other corrections). The post-classification

comparison is a popular approach for updating an existing LULC map: remote sensing data



are classified to obtain a LULC map for a given year or time period, which is then compared
to the LULC map classified with remote sensing data from another time period or year, often
more recent in time. This approach has been widely used (e.g., Domenech and Mallet, 2014;
Du et al., 2013; Gladstone et al., 2012; Gressin et al., 2014; Keinan et al., 2016; Le Bris and
Chehata, 2011; Matikainen et al., 2010; Poulain et al., 2009; Rottensteiner et al., 2007). When
focusing on urban areas, such a process is often applied to very high resolution satellite or
aerial optical images and digital surface models (DSMs) to detect changes in buildings and to
update the topographic database. However, this strategy has also been applied to other themes
(e.g., roads, vegetation). In this database updating context, the existing LULC map can be
used as a training data set as long as the proportion of change remains small. Indeed,
tremendous research efforts have been made in developing automatic LULC classification
methods including Independent Component Analysis, K-Nearest Neighbour, Support Vector
Machines, Decision Trees and Random Forests (Inglada et al. 2017; Halmy et al. 2015; Ohki
and Shimada 2018; Tehrany, Pradhan, and Jebuv 2014; Namdar et al. 2014). Ancillary data
including climatic and topographic information are often considered to better distinguish
between different land features (Saadat et al. 2011; Halmy et al. 2015). An automatic
classification chain has been proposed to classify multi-spectral and multi-temporal remote
sensing imagery from different sensor types (Huth et al. 2012), which allows for both pixel
and object-based classification. With rapid developments in deep learning, a Joint Deep
Learning (JDL) framework incorporating a multilayer perceptron (MLP) and a convolutional
neural network (CNN) has been demonstrated to perform well in classifying LC and LU in a
unified framework by jointly learning hierarchical representations (Zhang et al. 2019).
Alternatives to post-classification change detection are methods based on the
comparison of raw remote sensing data (i.e., optical, DSMs, radar) at two epochs to detect

changes where they exhibit important differences. Image differencing is a simple and easy-to-



use technique by directly comparing pixel values on imagery obtained from different dates
(Muttitanon and Tripathi 2005). However, image radiometry comparison at pixel level often
leads to noisy results. Therefore, other raw image comparison methods use texture
information instead, e.g., by computing mutual information between images at two epochs
over wider windows (Gueguen, Soille, and Pesaresi 2011; Molina et al. 2016). DSM
comparison is a specific case among these raw data comparison approaches: it is easier to use
in operational situations due to the physical meaning of height differences, and then to define
realistic and stable thresholds or to derive change probabilities (Chaabouni-Chouayakh et al.
2010; Guerin, Binet, and Pierrot-Deseilligny 2014; Champion et al. 2010). In addition, the
shape of change alerts can be considered.

Previous raw data comparison approaches have generated change indices that can be
quite difficult to exploit efficiently. Other raw data comparison approaches aim to
characterize different kinds of transitions, including changes. Most of them rely on the
change vector analysis (CVA) paradigm that can be applied to image time series containing
more than two epochs ( Liu et al. 2015; Bovolo, Bruzzone, and Marconcini 2007; Liu et al.
2014). This approach consists of calculating differences between (multispectral) image values
at different epochs to obtain the change vectors between them (Singh 1989). A more in-depth
analysis of these vectors is then done in another space, clustering them into different
categories to identify different characteristic temporal behaviours, i.e., different transition
types. It is then possible to identify the transitions corresponding to interesting changes
between them. Several variants of the original approach have been proposed ( Liu et al. 2015;
Bruzzone and Serpico 1997; Bovolo, Bruzzone, and Marconcini 2007). Thus, CVA and post-
classification comparison are conventionally adopted to identify changes ( Liu and Zhou

2004; Olteanu-Raimond, See, et al. 2020).



More recently, deep learning has been proposed for change detection (Lebedev et al.
2018; Pomente, Picchiani, and Frate 2018). For example, end-to-end deep learning CNNs
have been trained to generate change maps. In contrast to previous approaches, only training
examples of the changes to be detected are required, with no need to provide all possible
transitions. Generic change detection architectures have been proposed, such as ChangeNet
based on a Siamese architecture (Varghese et al. 2018). Many deep learning-based
architectures dedicated to remote sensing data have been proposed in the last two years
(Papadomanolaki et al. 2019; Daudt et al. 2019; Daudt et al. 2018; Peng, Zhang, and Guan
2019; Pomente, Picchiani, and Frate 2018; Lebedev et al. 2018). Some of them are
specifically dedicated to detecting change from Sentinel-2 images (Pomente, Picchiani, and
Frate 2018; Papadomanolaki et al. 2019; Peng, Zhang, and Guan 2019). Accurately updating
LULC vector databases is not an easy task, as the aforementioned automatic methods will
inevitably generate false changes. Detected uncertainty features could be further visually
inspected and approved using expert knowledge. In producing the database with 23 LULC
classes in the Mexican state of Michoacan, a density function was adopted to calculate the
probability that each segment belonged to a certain LULC class, enabling the photo-

interpreter to focus on the areas likely to have changed (Mas et al. 2017).

2.2 VGI to update LULC databases

In recent years, VGI has emerged as a new source of data for mapping ( Arsanjani et
al. 2013; Estima and Painho 2013; Fonte, Patriarca, et al. 2017), enriching ( Fonte, Minghini,
et al. 2017; Schultz et al. 2017) or validating (Zhao et al. 2017; Fonte and Martinho 2017)
LULC data. Although many VGI studies related to LULC have been based on data from
OpenStreetMap (OSM), other types of VGI such as Flick’r photographs and tags (Sitthi et al.
2016; Yan, Schultz, and Zipf 2019) or collected through different collaborative platforms

(Foody and Boyd 2013; Zhao et al. 2017; See et al. 2015) have also been used.



Pioneering work in deriving LULC object-based maps was undertaken by Estima and
Painho (2013), who proposed a method to derive LU maps from OSM data by using a
hierarchical decision tree approach. Similar research was then proposed by Fonte et al.
(2017b) and Arsanjani et al. (2013) to derive LULC vector data and LU vector data from
OSM data, respectively. Although much progress has been made, the LU classification used
was coarse, for instance, industrial, commercial, public, military, private and transport were
aggregated into one LU class (corresponding to level 2 of the Urban Atlas nomenclature).
Moreover, using OSM data to produce multi-date LULC and to measure the evolution of two
snapshots is a challenge since OSM features can change over time but it is not possible to
identify if a feature was edited because of an actual change or was simply an improvement to
the spatial or thematic quality of the map.

Fonte et al. (2017a) investigated the potential of OSM data to update and enhance the
authoritative GlobeLand30 LULC data set. Based on the approaches described above, they
rasterized the LULC data derived from OSM using the same pixel resolution as the
authoritative data. GlobeLand30 was then updated by identifying the homologous pixels
between GlobeLand30 and the OSM LULC map and transferring to each GlobeLand30 pixel,
the LULC class from the OSM LULC map, where available. The nomenclature of
GlobeLand30 was enhanced due to the more detailed nomenclature of the OSM LULC map,
particularly in urban areas. Where no OSM LULC class was available, GlobeLand30 was not
updated. An accuracy assessment showed improvements in the final fused
OSM/GlobeLand30 LULC map.

In the VGI field, when many volunteers are involved, the same feature can be edited
or visited several times and by different people, resulting in more confident or
complementary information (e.g., Haklay et al., 2010) but also in potentially conflicting

information since the volunteers may not be familiar with concepts such as LULC or the



difference between LU and LC as already found in a study by Comber et al. (2008).

However, there is much interest in combining VGI to take advantage of this complementary
information, e.g., through data fusion, which takes these sorts of problems into account and
provides a balanced solution. Methods such as geographically weighted regression (See et al.,
2015) and Dempster-Shafer Theory ( Comber, Law, and Lishman 2004; Comber,
Wadsworth, and Fisher 2006; Ran et al. 2012) have been used in the literature. Comber et al.
(2016) compared Dempster-Shafer, Bayes, Fuzzy Sets and Possibility with the geographically
weighted average to derive cropland classes. They concluded that the approaches that were
based on a combination of evidence produced a better classification when there was
ambiguity over the class conceptualization and/or where few VGI were available.

The main research questions of this paper are:

e Isit possible to use VGI to improve the process of monitoring change? Monitoring
change is a time-consuming and expensive task. Hence, detecting changes with
automatic processes may be a relevant solution for reducing costs and increasing the
frequency of updating.

e How can we deal with improving mixed LU classifications that are currently
inadequate for built-up areas? Can VGI enhance the LU classification by unmixing
the LU classes with finer information?

e How can we distinguish between meaningful and less meaningful changes in LULC
mapping (e.g., a new house is built in an agricultural area but it may not change the
LU or LC class depending on the spatial resolution of the LULC map)?

e How can heterogeneous VGI sources be combined to enhance and update

authoritative LULC data?



Similar to the work undertaken by Fonte et al. (2017), our aim is to update and
enhance the LU classification of IGN’s authoritative data set. Concerning the enrichment of
the LU classification, our work is focused on built-up areas so that we can distinguish
between residential, commercial, and industrial areas. Moreover, given the characteristics of
the authoritative LULC data considered here, our approach is entirely feature-based.

In this research, we use Dempster-Shafer Theory (DST) to combine heterogenous
VGI sources. One of the motivations is that the DST allows incompleteness, uncertainty and
imprecision to be taken into account ( Olteanu-Raimond, Mustiere, and Ruas 2015), and it
can manage different types of values to make a final decision, generating confidence related
to each value. In addition to studies involving LULC data, in the field of geographic
information, DST has already been successfully applied in different applications such as data
matching ( Olteanu-Raimond, Mustiere, and Ruas 2015; Touya et al. 2017), image
classification (Yang et al., 2000), and map matching (Nassreddine, Abdallah, and Denceux

2008; Royere, Gruyer, and Cherfaoui 2000).

3. Data sources

This section describes both the authoritative LULC data and the VGI collected during the

different campaigns that was then used to update the authoritative LULC data.

3.1 OCS-GE, an authoritative LULC database and the challenge of updating

Recently, IGN (French National Mapping Agency) has started to produce an
authoritative LULC feature-based data set at a regional scale called the Occupation du Sol a
Grande Echelle (OCS-GE). This is an on-demand product. This means that there is no
objective to cover the whole French territory, in contrast to the other databases produced by
IGN, which have national coverage. OCS-GE is produced only when a local administrative

entity needs these types of data. It relies on a common nomenclature (see Annex A) of



distinct LU and LC classes, based on the CNIG (French National Committee of Geographic
Information) specifications and is INSPIRE-compliant (INSPIRE 2013). For each interested
region, the nomenclature can be adapted by taking the user needs of different stakeholders
into account through a consultation process.

The land is divided into non-overlapping polygons, where each polygon feature is
described by both LU and LC. The mapping is then made with respect to the data
specifications (IGN 2015) including the nomenclature, rules, and thresholds of assignment.
The mapping process is carried out in three steps. First, a backbone is generated from the
network of main roads and railways. These cover the whole country and so provide a valid
regional structure for the landscape that is relatively long-lasting and ensures the geometric
consistency of the data over time. Secondly, polygons with distinct LU and LC values are
computed using a semi-automated process by integrating several authoritative databases (e.qg.,
topographic layers such as buildings, the secondary road network, etc., a forest layer, and a
cadastral layer). Finally, a manual step based on photo-interpretation is undertaken to correct
errors and fill in the gaps in terms of LU and LC values.

The OCS-GE data are updated on a three-year cycle corresponding to the time
interval of the aerial orthophoto production. It was first generated in 2013, and then again in
2016. The next release is planned for the end of 2020. In the following, we refer to this data
set as the authoritative LULC data.

Our study area is located in the city of Toulouse and its surroundings in the south of
France (see Figure 1). This study area (1181 km?) contains 171621 LULC polygons. Three
hierarchical levels are proposed for LC classes and four hierarchical levels for LU classes
(IGN 2015). In total, the proposed nomenclature contains 17 LU classes and 14 LC classes
(see Annex A). However, not every combination between LU and LC classes, i.e., 17 x 14, is

possible. Two LULC data releases were made available and accessible on a free and open



access basis under the terms of the open license Etalab 2.0: a 2013 snhapshot (i.e., LULC data
produced with respect to the orthophoto taken in 2013) and a 2016 snapshot shown in Figure

1 (i.e., LULC data produced with respect to the orthophoto taken in 2016).

Main Land Use classes:

2 Stugy-area Agriculture

B — The city of Toulouse [l Forestry

I Residential, industrial or commercial
Air transport
No use or unknown
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Figure 1. Study area: Urban and peri-urban environment in Toulouse and its surroundings
with a 2016 snapshot of the LULC.

A certain number of challenges, especially related to LU classes, can be highlighted
when mapping the authoritative LULC data. Indeed, due to the fact that LU values are mainly
assigned to polygons using photo-interpretation, it is not always easy to determine the correct

LU. Three main issues were identified and specified based on the needs of the end users:

e The lack of information about the main building function in built-up areas, which
means that in the existing topographic databases, the LU classes Industrial (LU2),
Commercial and Services (LU3) and Residential (LU5) are grouped into one LU
class: LU235, for both the 2013 and 2016 releases.

e The assignment of the correct LU related to quarry and agricultural activities.

Quarries mainly correspond to LC class LC1.1.2.1 (Areas with mineral materials).



The LU class, which can be LU1.3 (Mining and quarrying), LU6 (Not currently used)
or LUG6.2 (Abandoned areas), may be difficult to assign without information about the
current state of the quarry, i.e., is it active, closed or abandoned. Agricultural
activities can be difficult to distinguish from other LU types. For example, in large
farming areas containing cropland and unused vegetation or bare ground and several
types of buildings, the LU class can be difficult to assess using photo-interpretation
since it depends on the function of the buildings and the ground (e.g., is it residential,
agricultural, touristic, etc.).

e The time spent in monitoring changes. This task is mostly done manually in the field

or by remote techniques and is very time-consuming.

3.2 Multi-source VGI

The VGI used in this research was collected within an H2020-funded project and is available
on the Zenodo platform ( Olteanu-Raimond, Marcuzzi, et al. 2020). It was collected through
different data collection campaigns organized from 2018 to 2020. These campaigns were run
to obtain in-situ data or to collect visual interpretations of remotely-sensed images regarding
the current LU for the study site. Two protocols were proposed for these campaigns: one for
data collection in the field, named the in-situ data collection campaigns, and the second on
the desktop, called the online mapping campaigns. The tools that were used, i.e., the
PAYSAGES mobile app (available in the Apple Appstore and the Google Playstore) and the
Paysages web application (https://paysages.ign.fr/) as well as the design of the Toulouse pilot
campaigns have been described in detail in Olteanu-Raimond et al. (2018).

Four types of data were collected: (1) Multiple observations of LULC change detected
via the web-based application (Web-based changes detected); (2) Single observations of

change edited by the users via the web-based application (Web-based changes edited); (3)



Single observations of LU classification obtained from the web-based application (Web-
based LU classification); and (4) Multiple observations of LU classifications obtained from
the mobile application (In-situ LU classification). Figure 2 shows the spatial distribution of

the four types of VGI collected in the study area.
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Figure 2. The spatial distribution of multi-source VGI collected in the study area

3.2.1 Web-based changes detected

A change detection (CD) algorithm based on Sentinel-2 time series was applied to the
study area for the time interval 2016-2019 ( Olteanu-Raimond, See, et al. 2020). The
algorithm detects new construction sites represented by polygons. More details about how the
polygons are obtained from Sentinel time series data and the accuracy of the algorithm can be

found in Olteanu-Raimond, See, et al. (2020)



All the 650 change polygons were validated by different profiles of contributors (i.e.,
students, citizens, staff from local authorities, researchers) during the organized mapathons in
2019. High resolution (20-50 cm) orthophotos captured in 2016 and 2019 were provided as
base maps to help in the validation task. Contributors were asked to label each change by
choosing one label among the list of values: Residential, Industrial, Infrastructure
Construction in progress, Other, No change (i.e., invalidate the change), and | do not know
(i.e., allow the location to be skipped if the contributors are not able to assess the correct label
or had any uncertainties).

Overall, 105 contributors were involved in the mapathons, producing a total of 2778
observations. An observation is defined here as a piece of information provided by a
contributor about a location (e.g., a change polygon). Each change was labeled by between 3
and 6 contributors during the mapathons, with most sites labelled by 4 contributors.

The multiple observations were then used to define the final change classification.
More precisely, the most commonly chosen label (i.e., the dominant one) was assigned to
each detected change. If there was a tie, the label for the detected change was randomly
allocated to one of the labels involved in the tie. Figure 3 (blue bins) illustrates the
distribution of these dominant labels per detected change. One can observe that most of the
labels (n=555) are real changes and n=99 are commissions (i.e., detected changes assigned to
the label No change, which means that no change occurred in the real world at that location).
Note that locations where the dominant label is ‘No change’ or ‘I do not know’, are not used
in this research. Thus, after filtering these two classes, the framework used 633 labelled

changes.
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Figure 3. Classification of change detection observations: dominant label from contributors

for web-based changes detected (blue bins) and web-based changes edited (red bins)

3.2.2 Web-based changes edited

Another category of change was captured in the polygons edited by five experts in
LULC data from the Urban Planning Agency from Toulouse during a mapathon using the
Paysages web-based application. Using the automatically detected changes from the CD
algorithm, orthophotos from 2016 to 2019, and their local knowledge, the experts were able
to edit 142 polygons (2.85 km?) representing changes that were not detected by the CD
algorithm. Orthophotos from 2019 were used to edit the boundaries of these changes.

The classification of changes was done manually by the same experts using the same
list of labels as described in Section 3.2.1. As shown in Figure 3 (red bins), most of the edited
changes are classified as Residential (n=66), Industrial (n=27), and Construction in progress
(n=27). Construction in progress was used for the automatically detected changes to capture
changes that are occurring over a long period of time and hence their final nature may not be
apparent until the end of the construction period.

As stated above, for this type of VGI, there are no multiple observations.



3.2.3 Web-based LU classification

As described in Section 3.1, one of the issues with the authoritative LULC data is the
combined classification of Residential, Commercial and Industrial LU classes into a single
class. To deal with this issue, an online mapping campaign was organized in August 2019.
The campaign involved staff from public authorities. In the study area, all features with the
LU235 class were selected and imported in the Paysages application. High resolution (20-50
cm) orthophotos from 2016 and 2019, as well as a relevant Points of Interest layer from IGN,
were provided as base maps to help with the validation task. During the campaigns, the
contributors used their local knowledge and Google Street View in case of confusion. They
were asked to label each feature by choosing one LU class among the list of values:
Industrial (LU2), Commercial (LU3), Industrial or Commercial (LU23), Residential (LU5),
Industrial, Commercial, or Residential (LU235), Other, and Unknown.

In total, 2711 features were classified by 5 contributors, resulting in 2711
observations, so only one observation per feature was available for this type of VGI. As one
can see from Figure 4, most of the features were classified as Residential (2431 features with
LU5S), followed by Industrial areas (167 features). Among the classified features, ten of them
were still classified as LU235, showing that in some mixed areas, the contributors were not

able to make a finer LU classification from the sources of information available to them.



3000

2500 2431

N
[=]
(=3
o

1500

Frequencies per class

-
(=]
(=1
o

500

LUS LU3 Lu2 Other Unknown LuU23 LU235

Figure 4. Distribution of LU classification chosen by contributors during the online mapping

campaign

3.2.4 In-situ LU classification

The in-situ campaign was carried out using the PAYSAGES mobile application. The
contributors were asked to visit highlighted locations (points) corresponding to features in the
authoritative LULC data set and to provide feedback with respect to four aims:

1. Update the status of the LU corresponding to quarries by indicating the status
of a quarry as active, closed or abandoned. This status allows the mining activity (LU1.3) to
be confirmed or to update the LU of the polygons to LU6.3 (Not currently used) or LU6.2
(Abandoned area).

2. Update the construction area LU polygons. This task concerned LU classes
containing Construction in progress. If the construction work was finished, the contributors
were asked to update the LU class as well as the LC class if this had changed. The LU and
LC labels were chosen from a list of predefined values that are consistent with the
authoritative LULC nomenclature.

3. Improve the information about the agricultural LU polygons. This task dealt

with locations classified as agricultural for the LU and woodland or herbaceous for LC. The



goal was to indicate if the polygon belonged to an Agricultural (LU1.1), Residential (LU5) or

mixed (Residential and Agricultural) LU type.

4.

Change detection validation. For the locations where a change was detected,

contributors were asked to confirm if a change had really occurred at the given location, and

if so, to fill in the new LU type from a predefined list of labels.

In total, 304 locations were visited in the field and 369 observations were collected by

36 contributors having different backgrounds (i.e., students and staff from local authorities).

Note that this type of VGI is represented by points and contains multiple observations. Each

point is linked to a polygon in the authoritative LULC data set.

A synthesis of the different types of data used in this research is presented in Table 1.

It summarizes the authoritative LU data to be updated and the various pieces of information

used to update it: CD data and the four campaigns for VGI collection.

Table 1. A synthesis of data used in the present study

OCS GE

authoritative Tgstgsggge V\ﬁ]k;-r?aes:d V\éehk;?as:d Web-based LU In-situ LU
LULC (CD) detec%ed editgd classification classification
database
au?gm;[ic LULC experts
Building rocess from Algorithm Different from the LULC experts
process or process based on . Toulouse (staff from Different profiles of
. existing . profiles of . L
profiles of Sentinel-2 o Urban public citizens
. databases and . . citizens . ..
contributors time series Planning authorities)
remote Agenc
sensing gency
tmlgey o NA NA 105 NA 5 36
contributors
Number of
polygons in the
data set or 171621 650 650 142 2711 304
given to
contributors
Number of 171621 650 2778 142 2711 369
observations
Number of
observations 1 1 Betvve%n 3and 1 1 Between 1 and 4
per polygon
Number of
potential .
collected LU 17 4 7 7 7 Potentially 17

values




Potential LU
values collected

The 17 OCS-
GE LU classes

Residential,
Industrial;
Infrastructure;
Other

Residential;
Industrial;
Infrastructure;
Construction
in progress;
Other; No
change; | do
not know

Residential;
Industrial;
Infrastructure;
Construction
in progress;
Other; No
change; | do
not know

Residential;
Industrial;
Commercial;
Industrial or
Commercial;
Industrial,
Commercial or
Residential;
Other;
Unknown

Updating the
following OCS-GE
LU classes (n=
potential updated
LU): Mining activity
LU (n=3);
Construction area LU
(n=17); Agricultural
LU (n=3); LU
corresponding to CD
(n=17)

4 Theoretical concepts of the Dempster-Shafer Theory

This section describes the theoretical concepts of the Dempster-Shafer Theory (DST) that are

necessary for understanding the data fusion approach used in this paper.

The solutions to a given problem are defined in the framework of the DST as a finite

set of N singleton hypotheses, called the frame of discernment, as defined in equation (1):

0= {Hl' H2, H3, e

)HN}

where H;, i = 1...N, represents a singleton hypothesis.

1)

Starting from the frame of discernment, the power set of ®, denoted 29, represents the

set of all possible combinations of the singleton hypotheses and is defined by the following:

29 = {{Hl}' {Hz}' {Hl;Hz}' cey ®}

)

where {H;, H;} is an example of a subset representing the proposition P. This can be

interpreted as an uncertainty of the solution (i.e., the solution to the problem is either H; or

H]).

A relevant concept in the DST framework is the basic belief assignment (bba), which

is a function that assigns to each proposition P, P<2®, a mass of belief, denoted as m(P). The

mass of belief represents how much belief there is in a given source of information.

A basic belief assignment is a function m: 2® — [0,1] such that:

Zm(P) =1

Pc®

@)




Another key point in the DST is the source of information. The source of information
is based on a set of data, and it models the knowledge regarding the problem being solved
with respect to the input data. Many sources of information can be considered in the decision
process. For example, in remote sensing, different sensors can be considered as different
sources of information (Lefevre, Colot, and Vannoorenberghe 2002) while in GIS, each of
the thematic attributes of a spatial feature can be considered as a source of information
Olteanu-Raimond, Mustiere, and Ruas 2015). The DST can also cope with partly missing
data.

One of the tools that allows for the fusion of different sources of information is the
conjunctive Dempster’s rule (Dempster 1967), defined in eq.4. Let us consider S; and S, as
two sources of information. Each source supports the propositions P, P<2® with a mass of
belief, m, (P) and m, (P), respectively. The mass of belief resulting from the combination of
the two sources by the Dempster’s rule that supports the same proposition P is denoted by

mq, .

> oo p M (P)*my (P
VP € 2(9, P — PInP"=P ,
my,(P) 1= pynpreg M1 (PD*Mo(P")

P’ and P" € 2° (4)

The conjunctive rule determines a new mass of belief expressing the combination of
beliefs coming from two sources of information. It is important to mention that the
combination of different masses of belief can generate conflict, represented by the
denominator of equation (4). In the Dempster-Shafer operator, the conflict (i.e., the mass of
belief assigned to the empty set) is distributed among all combined masses of belief by
dividing the combined masses of belief by the conflict.

Once the sources of information are merged, a decision among propositions is made.

Different decision rules are proposed in the literature such as the maximum plausibility,

credibility or the pignistic probability (PP). More details about the decision rules can be



found in Smets and Kennes (1994). Here, only the pignistic probability is defined (since it

was chosen in our approach to favor single hypotheses) as:

m(B) (5)

VPP € ©,PP(A) = ). ]

AcB,Bc2°®

where|B| represents the number of singleton hypotheses contained in proposition B.

5. The framework for integrating multi-source VGI into an authoritative database

The goal is to define a framework to update an existing LU database (at time t;) to an
updated version of this LU database (at time t,) by using VGI that contains changes that
occurred during the period t, — t;. Our core hypothesis is that if information exists about the
change of a feature, then the updating process should be able to decide whether an update
should be made and how (i.e., which LU class). In contrast, if there is no information
available, then the feature is not updated, even though this does not mean that change has not
occurred in the real world. The VGI collected here corresponds to different types of geometry
(points and polygons) and with different ways of capturing change information. To integrate
the different data sets and hence potentially different pieces of information about LU, a data
fusion approach using DST is proposed.

For each feature (e.g., LU polygon) from the authoritative LU data, the first step is to
determine whether there are changes highlighted by different data sources that represent
validated VGI. In the present case study, there are 4 data sources listed in Section 3. Thus,
each feature is characterized by zero, one or more observations coming from data sources as
illustrated in Figure 5. For example, a feature in Figure 5f is characterized by three
observations from two data sources: Source 1 and Source 2. Source 1 contributes with one
observation having the LU2 (Industrial use) label. Source 2 contributes with another two

observations having two different LU labels: LU2-Industrial use and LU5-Residential use.
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Figure 5. lllustration of six LU features characterized by (a) zero, (b) (c) one, (d) (e) two or
(f) more observations coming from two data sources: Source 1 and Source 2. LU2 and LU5
refer to industrial use and residential use, respectively.

The proposed workflow for updating authoritative LULC data is illustrated in Figure
6. It is composed of four main steps: pre-processing, nomenclature mapping, data fusion and
final decision. The input data are first analyzed and enriched during the pre-processing step,
which includes the calculation of agreement between spatially close data including
observations about the same feature, the characterization of spatial overlap, and data filtering.
Secondly, the mapping between the nomenclature of VGI data sources and authoritative LU
data is defined. Then, the different inputs coming from the multi-source VGI are fused under
the framework of DST. Finally, the update decision is made by comparing the DST-derived

results with the 2016 authoritative LU data.
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Figure 6. The workflow for updating authoritative LU data based on a multiple-source

information fusion approach.

5.1 Data pre-processing

This step comprises three computations: agreement, spatial overlap, and data filtering.

These operations are applied to the VGI data corresponding to the web-based observations



presented in sections 3.2.1 and 3.2.2 (but not the enrichment data presented in section 3.2.3 or
the in-situ data presented in 3.2.4, where each point location corresponds to the centroid of
the initial LULC authoritative polygon).

For a single data source, there are potentially several observations corresponding to a
feature. For each detected LU polygon, the most frequently observed label in the answers
provided by the contributors is allocated to that polygon. In the case of a tie, such as having
four contributors when two say LU1 and two say LU2, the label is decided randomly.
Contributor agreement is calculated for the most frequently observed label. To clarify, the
agreement here is a simple measure to describe how strongly contributors agree with the
single label aggregated by multiple observations. The contributor agreement is computed for
each change that has multiple validations by using the Fleiss Kappa (Fleiss 1971). The value
is between 0 and 1. More details about the change detection validation and the computation
of the contributor agreement are described in Olteanu-Raimond et al. (2020b).

The next step, i.e., the spatial overlay, solves issues due to overlaps between features
representing changes and LU polygons. For example, cases where a change feature overlaps
several LU polygons may occur. To solve this issue, each polygon intersecting several LU
polygons is split into several parts with respect to the boundaries of the LU polygon. This
process is illustrated in Figure 7, where the dashed polygon represents the initial geometry
and location of the change feature and intersects three different LU polygons represented
respectively in red, light blue and dark blue colors. The output corresponds to six divided
features as indicated in Figure 7 (on the right). The agreement value is then transferred from
the original change feature to the divided features. In this process, we ensure that one divided
feature representing change is associated to only one single LU polygon. If several divided
change features have the same label within the same LU polygon, for example, divided

polygons 1, 5, and 6 in Figure 7, these change polygons will be viewed as one object having



the same change information, and then the agreement values are averaged. Thus, there are no

duplicate change labels for updating within the same LU polygon.
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Figure 7. Example of managing overlaps between LU polygons and polygons derived from
the change detection (CD) algorithm.

The third step is data filtering. Three filters are defined as: geometry-, agreement- and
label-based. First, we observed that the geometry of most detected changes is inaccurate, the
limits of the change are underestimated, and only one part of the change has been detected.
Thus, small divided CD polygons may contain misleading change information. As shown in
Figure 8a, a new residential building (in green) is detected by the CD algorithm. However,
the CD polygon does not represent the shape of the building very well and a part of it
overlaps the neighboring road. After the splitting step, there are two small polygons
representing residential change for the road, which is obviously incorrect (shown with small
polygons highlighted by red circles). An area threshold is used to exclude such small
polygons. In the current study, if the area is less than 10 m?2 or the ratio of the areas of the CD
polygon and the corresponding LU polygon is lower than 0.001, the CD polygon will not be

considered for further processing.



Secondly, the agreement value assigned to each change feature is also used to filter
the data. If the agreement is lower than a threshold, the features are not considered further. In
the present workflow, the agreement threshold was empirically set to 0.33. Such a case is
illustrated in Figure 8b, where the CD polygon will be filtered since its agreement is O (i.e.,
the three contributors disagree, choosing different labels: ‘Other’, ‘No change’ and
‘Industrial’, respectively. Finally, the label value is considered. If the change label does not
match the classes in the authoritative LU nomenclature, such as, ’No change’ and °I don’t
know’ labels, the corresponding features will also be filtered. This case is illustrated in Figure

8c, where the label of the feature is ‘No change’.

Figure 8. Examples of data filtering. (a) Geometry filtering (e.g., small divided CD polygons

that overlap a road and contain potentially misleading change information; (b) Agreement
filtering (e.g., CD polygon with an agreement value equal to 0; (c) Label-based filtering (e.g.,
a CD polygon with the label equal to ’No change’)

5.2 Nomenclature mapping

The goal of this step is to update the LULC authoritative data; thus, labels assigned by
the contributors should be translated to be comparable with the authoritative data. For the
web-based LU classification and the in-situ LU classification, users choose values of LU that
correspond to the correct nomenclature so no further nomenclature mapping is required. For

change features, the values are mapped as indicated in Table 2.



Table 2. Mapping labels of change features into the OCS-GE LU nomenclature

Label for change features OCS-GE LU nomenclature

Residential LU5S
Industrial LU2
Infrastructure LU3
Other LUG
Destruction LUG

Construction in progress LU6.1
No change None

I do not know (skip) None

5.3 Data fusion via Dempster-Shafer Theory

After data pre-processing, DST is employed to fuse the multi-source VGI for each LU
polygon and to decide on the final value to be assigned to it. In this framework, four data
sources are used for fusion: Web-based changes detected, Web-based changes edited, Web-
based LU classification and In-situ LU classification. It should be noted that these data
sources are independent, which makes it possible to use DST. Data fusion becomes
particularly interesting in those cases where there are multiple contributions from VGI within
the same LU polygon.

Definition of the frame of discernment. To implement the DST, it is first necessary
to define the frame of discernment ® and then to calculate the mass of belief for each
hypothesis with respect to each source of information. In the present workflow, © is defined

as all possible LU codes in the authoritative LULC nomenclature as shown in equation (6):

® = {LU1.1,LU1.2,..,LU2,LU3,LU4.1.1, ..., LU5,LU6.1, ... LU6.3} (6)

After the pre-processing steps, each label of the change feature or in-situ location
corresponds to a singleton hypothesis. In some cases, the contributions correspond to merged
LU classes, for instance {LU4.1}, whereas in the authoritative LULC nomenclature, the most
detailed classes are {LU4.1.1, LU4.1.2, LU4.1.3}. For the combined hypothesis, such as

{LU4.1}, it should be replaced by the set of corresponding singleton hypotheses before



applying the combination rule, as shown in Table 3. The {LU235} is the most detailed LU
class in the current authoritative LULC nomenclature, although the goal is to be able to

update it to the finest level of detail, corresponding to {LU2, LU3, LU5}.

Table 3. Mapping between the combined hypothesis and the singleton hypothesis

Combination Hypothesis Singleton Hypotheses
LU23 {LU2, LU3}
LU235 {LU2, LUS, LUS5}
LU4.1 {LU4.1.1,LU4.1.2, LU4.1.3}
LU6 {LU6.1, LU6.2, LU6.3}

Mass of belief assignment. The mass of belief is assigned to each source of
information, which takes the four VGI data sources described in Section 3 into account.

The mass of belief for Source 1 (Web-based changes detected), which represents
polygon detected changes with multiple observations, is defined based on the agreement
value. For each detected change, the mass of belief for each proposition (P) is a function of
the agreement and the ratio between the area of change and the LU feature area, as

represented in equation (7):

Area (detected change) (7)

m, (P) = Agreement * Area (LU polygom)

For Source 2 (Web-based changes edited), which represents single, edited manual
polygon changes, equation (7) is also applied except that the agreement value is not
computed but assigned a value of 0.9, since these polygons were visually checked by LULC
experts.

For Source 3 (web-based LU classification) and 4 (In-situ LU classification), the

masses of belief are assigned with respect to equation (8):

m,(P) = Agreement (8)
Since the VGI concerns the whole LU polygon, the mass of belief equates to the

agreement value. For Sources 3 and 4, the agreement value is 0.9 since Source 3 is checked



by staff from public authorities and Source 4 is visited personally by citizens. Hence, a high
agreement value is assigned to these data.

Then for each affected authoritative LU polygon, masses of belief for the specific type
of VGI are assigned to all possible hypotheses denoted as Hs. This also takes ignorance into
account, i.e., when a specific source of information cannot determine which proposition is the

best solution. The mass of belief for ® (all possible LU classes) is calculated from equation

(9):

m@) =1- 3, mP) (9)
Once the masses of belief have been calculated, information from different sources
are combined for each LU polygon under consideration using Dempster’s rule. The decision
is made using the criteria of the maximum pignistic probability (see eq. 5). An example of
calculating the pignistic probability was appended as Annex B. By choosing the pignistic
probability, the decision is made only among the singleton hypotheses. The hypothesis with
the highest mass of belief is chosen in the present workflow. In the next step, this decision,

i.e., the DST-derived solution, is implemented in the authoritative LULC data.

5.4. Decision step

To determine if the land use class for a given LU polygon should be updated for the
new epoch, i.e., here for the year 2019, the DST-derived solutions are compared to the initial
LU class in the 2016 release. If the DST-derived solution is the same as the initial OCS-GE
class, there is no need to update the corresponding polygon in the database. Otherwise, the
land use class for the corresponding LU polygon will be replaced by the class from the DST-
derived solution. If the DST-derived solution is equal to LU2, LU3, or LU5 and the original

class is LU235, this means that the LU polygon will be corrected by replacing the LU235



value with the more specific LU class. In this particular case, the update does not represent a

change in the real world but rather an enrichment of the LULC data.

6. Results and discussion

6.1 Data fusion results

In this paper, the OCS-GE authoritative LULC data are updated using independent, external
data sources of VGI coming from the campaigns covering the Toulouse study area. In total,
there were 4229 authoritative LU features originally flagged as potentially needing updating
or enriching by these contributions. The distribution of the number of contributions within the
feature after the pre-processing steps is shown in Figure 9. The majority, 4081, only have one
source of information. There are 144 LU features containing two or more inputs from multi-

source VGI.
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Figure 9. The distribution of the number of contributions of the LU features collected. The
number of LU features decreases as the number of observations increases (respectively,
n=4081, 124, 19, 3 and 2). 96% have one contribution and 4% have between 2 and 5
contributions.



To evaluate the results derived by the proposed data-fusion framework, the 144
features corresponding to two or more contributions were manually labeled by comparing
satellite imagery from 2016 and 2019, which are considered to be the ground truth data. For
the features where the land use is difficult to derive, Google Street View imagery was
additionally used. A benefit of using DST in the proposed framework is to be able to
calculate a confidence measure for the fusion results. The confidence measure is the
difference between the maximum pignistic probability and the second maximum pignistic
probability. When there is a conflict between different data sources, the confidence value is
low. Thus, it is useful to set a confidence threshold to exclude those features having low
confidence values. The relationship between the overall accuracy and the confidence
threshold is shown in Figure 10. The confidence threshold was first set equal to 0, meaning
that all the LU features were updated. In this situation, the overall accuracy was 77.7%.
When increasing the confidence threshold, the overall accuracy starts to improve and then
decreases slightly. The highest accuracy of 93.5% was achieved when the confidence
threshold was set to 0.5. However, it only includes 46 LU features among the 144 features,
representing 31.9% of the total LU features considered. To make the best use of all the
collected multi-source VGI while maintaining a relatively high accuracy, the confidence

threshold was set to 0.05, corresponding to an overall accuracy equal to 85.6%.
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Figure 10. The overall accuracy and the number of LU polygons considered by confidence
threshold values for features having two or more contributions.

Note that the validation is not applied to the locations having a single contribution.
One way to complete the validation could be to organize a campaign to collect at least a
second contribution for locations having, at the moment, a single contribution.

When the confidence threshold was set to 0.05, the confusion matrix is provided in
Table 4. As a result, there are only four LU classes present in the validation data set, which
includes LU2, LU5, LU6.1, LUG6.3. The best F1-score (0.94) corresponds to LU2 (Industrial),
followed by LUS (Residential) and LU6.1 with F1-scores equal to 0.88 and 0.78,
respectively. There is only one LU polygon that was validated as LU6.3 but the DST-derived
class was LU5. The error would be in altering the polygon of residential usage by the change
features identified, representing LU6.1 (Construction in progress). However, these change
features only occupied a small fraction of the whole polygon and were, therefore, not

sufficient to change the LU class of the polygon.



Table 4. Confusion matrix for features having two or more contributions with a confidence
threshold greater than 0.05.

Ground truth
LU2 LUS LUG.1 LU6.3 Total

LU2 17 1 1 0 19
DST-  Lus 0 47 3 1 51
derived ) j51 g 7 19 0 26
solution
U6.3 0 1 0 0 1
Total 17 56 23 1

6.2 Updating the authoritative land use database

The DST-derived solutions for the LU polygons were compared with the initial LU
labels in the 2016 authoritative data set. For features having only one contribution, e.g., the
in-situ data in the case study, the contribution is considered to be the final assignment. After
applying the 0.05 confidence threshold, there were 3409 LU polygons under consideration.
Their spatial distribution is shown in Figure 11 based on the final LU assignment. The
majority is LU5 (Residential). Residential use polygons have small areas and are spread over
the study area but mainly within the city center. This is followed by LU6.1, which represents
buildings under construction and LU2 (Industrial), where the 185 polygons are mainly
located in the suburbs. Finally, there were a few polygons in classes LU4.1.1, LU4.1.4 and

LUG.3.
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Figure 11. The LU polygons updated with the corresponding new LU labels. (LU2-Industrial,
LU3-Commercial; LU4.1.1-Road transport; LU4.1.4-Water transport; LU5-Residential;
LU6.1-Construction zones; LU6.3-Not currently used)

The decision can be classified into three cases: no update, enrichment, and change.

According to this classification, 25 LU polygons (0.1 km?) were classified as no-update, 409
LU polygons (7.36 km?) were classified as change and 2975 (5.75 km?) as enrichment. In
total, 87.3% of the detected polygons were enriched from LU235 to LU2, LU3 or LU5.

Examples are shown in Figure 12. The VGI data sources from the Web-based changes
detected and the Web-based changes edited are represented in orange and pink, respectively.
Blue dots represent in-situ visited locations and red dots represent LU classification data.
Images from Pleiades in 2019 and a 2016 orthophoto from the French Geoportal
(https://www.geoportail.gouv.fr) were used to make a visual comparison.

Figure 12a illustrates an example of where an initial LU polygon has the class LU6.3
(Not currently used). There are two detected change features (LU5-Residential) indicating

new residential buildings, one detected change feature (LU4.1-Transportation network)



representing infrastructure use and one edited change feature denoting residential usage. The
DST-solution is LU5 (Residential). The LU for this polygon will then change from LU6.3
(Not currently used) to LU5 (Residential). For the second example (see Figure 12b), there is
an in-situ LU classification (labelled as LU4.1.4 - Water transport) and a detected change
feature (marked as No change) within the LU polygon. The land use label for the LU polygon
in the 2016 database is LU4.1.4 (Water transport) and the DST-derived solution is also
LU4.1.4. Thus, the corresponding land use label in the database will not be updated. In
Figure 12c, the contribution from the in-situ data for this polygon is LU5 (Residential) while
the original attribute is LU235 (Industrial, Commercial and Services, and Residential). Thus,

the corresponding land use label is enriched to become LU5.

b(1) b TUUhE)
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D LU polygon - Web-based changes edited Jll] Web-based changes detected

¢ In-situ LU classification e Web-based LU classification

Figure 12. Examples of multi-source VGI collected for LU polygons. (al-c1) LU polygons
and associated multi-source VGI; (a2-c2) aerial imagery in 2016; (a3-c3) Pléiades imagery in
20109.



6.3 Error analysis

There were several challenges encountered when using VGI to update the
authoritative database. First is the knowledge gap of the volunteers regarding the
authoritative land use nomenclatures. For example, infrastructure is normally classified as
LUZ2, which contains industrial and manufacturing activities. Storage and transportation areas
directly related to the activities of manufacturing are also included. However, areas used for
air transport, airports and related services (i.e., tracks, infrastructure, etc.) are defined as
LU4.1.3 in the OCS-GE nomenclature. Volunteers misclassified the area in Figure 13a as
LU2.

Another source of error is the partial change caused by inaccurate or modified
polygon geometry. There are some changes within a LU polygon, but the area is not
sufficient to alter its land use class. For the example shown in Figure 13b, there are six
divided change features (LU2-Industrial) representing industrial use within the LU polygon
with LU classified as LU6.3 (Not currently used). The DST-solution is LU2 (Industrial). By
comparing the imagery in 2016 and 2019, it can be seen that only part of the area has
changed, and the majority part is still a tree-covered area. However, LU2 (Industrial) will be
incorrectly assigned to this LU polygon according to the current framework. This case shows
that sometimes it is not sufficient to take only the thematic information into account but also
the geometry. In this specific case, two solutions are possible. One is to modify the geometry
of the LU having LU6.3 (Not currently used). The LU polygon should be divided into two
polygons representing LU6.3 and LU2. The second is to compute the proportion of different
land uses (here LU2-Industrial and LU6.3-not currently used) and decide the value with

respect to the maximum coverage.
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[ ] Lu polygon [l web-based changes edited [l Web-based changes detected

Figure 13. Examples of errors in the LU polygons from the multi-source VGI collected. The
figures labelled (a) indicate a misclassification of new LU by the volunteers and those
labelled (b) refer to a change that only covers part of the initial polygon. (al-b1) LU polygons
and associated data; (a2-b2) aerial imagery in 2016; (a3-b3) Pléiades imagery in 2019.

6.4 Advantages and disadvantages

The proposed DST-based framework has several advantages with respect to updating
LULC. One benefit is the management of time stamped data sets as inputs to the framework.
Data sets can have different acquisition dates. In the Toulouse study case, we focused on the
authoritative LULC database, which is updated every 3 years. The proposed framework can
be adapted to enhance the temporal resolution of the data set, for instance, updating every
year. The input data sets to the workflow would require a temporal selection of multi-source
VGI.

A second benefit of the framework is the ability to take information coming from
different sources as well as heterogeneous data into account, which may potentially disagree
at a given location or be incomplete. One might automatically assume that in-situ

observations are more likely to be reliable given the ability to see directly in the field and



with no influence from other information such as GIS layers that are available in the web app.
However, this must be balanced with a visibility mask due to some features potentially being
obscured by the topography or large objects such as buildings, trees, etc. or with the difficulty
of interpretation of some land use types that match the database mapping specifications. The
automatic change detection service based on satellite imagery is efficient in terms of
processing and to provide alerts of potential changes. Nevertheless, some errors can occur,
and these potential changes need to be validated. Collaborative and multiple validations using
photo-interpretation, even if this is far from the field, are useful for determining both the
veracity of the change and the associated type.

A third benefit is the scalability of the framework. The framework is applied to LULC
data produced by IGN-France and uses four VGI data sets with observations about changes in
the study area. This framework could be easily extended by adding other sources of
information such as topographic information and changes coming from image processing; the
only requirement is that the sources must be independent. Moreover, the framework can be
easily adapted to update other authoritative vector LULC data by tailoring the pre-processing
and filtering steps to better fit the characteristics of the data.

There are also some limitations to the proposed framework, which are related to the
input data and the process. First, concerning the multi-source VGI, there are limitations in
terms of the volume and their spatial distribution. The detected changes (although small in
number) were distributed over the whole study site, and validation was made for all of these
using the web-based application. However, the in-situ data are distributed in spatial clusters
as citizens tend to stay within a limited area, especially when they visit locations by foot. In-
situ observation also takes time, because of the need to travel between targeted locations and
to interpret the land use and land cover in the field. This spatial bias is common in VGI, i.e.,

the uneven distribution of observations across space (Girres and Touya, 2010, Haklay et al.,



2010; Kadar and Gede, 2013). Moreover, it happens that some real changes are not detected
by the CDS or that some locations have changed but they have not been visited by any
contributor. It is difficult to assess the omission without having ground truth data. However,
the VGI is meant to complement the traditional process of updating authoritative LULC maps
and not replace it. In our assessment, locations without information do not mean that there is
no update to make, and these locations need to be checked by using the traditional process of
updating authoritative LULC data. Hence, surveying of areas not covered by VGI will still
need to be undertaken. Another bias which can be raised is the heterogeneous quality of the
data. The number of contributors per location was taken into account when computing the
contributor agreement. The latter is used as a measure of quality in the fusion process by
weighting the mass of belief assigned to each location. It is true that, in our case, we have
many locations having only one contribution. In this case, the contributor agreement is equal
to one. This can introduce a bias, because it indicates that the quality is good but, in fact, it is
about a lack of redundant information. This issue can be addressed by adding information
about the number of contributors for each location.

The quality of the VGI would also need to be taken into account in the framework,
not only by the type of data using belief functions as in the current workflow, but also for
each observation and, if possible, for each contributor. Indeed, the quality of VGI can be
assessed using intrinsic or extrinsic indicators. For intrinsic indicators, some observations
correspond to the same targeted LU polygon, so it is possible to give a confidence value
depending on the contributor’s agreement. For extrinsic data quality assessment, authoritative
(e.g., the quarry data set produced by local authorities) or other VGI sources (e.g., OSM) are
not yet included in the framework but could be used. In addition, administrative processes are
already in place to obtain information from other authoritative institutes about changes in

specific topographic objects (e.g., roads, buildings). Even though these changes mostly



concern LC, they can reflect a LU change and can be considered. Secondly, for the fusion
process between pieces of information in the workflow, challenges mainly concern the mass
of belief assessment so sensitivity tests could be undertaken. Finally, another limitation in the
current framework is the fact that the geometry of the LULC polygons is not modified, only
the label. Achieving this additional functionality would require further research as well as

more polygon data representing change.

7. Conclusions

Timely, high quality land use information is critical for urban planners and decision-
makers. However, it is still a great challenge to build and update a LU database using multi-
source VGI. The proposed framework integrates authoritative LU data with heterogeneous
multi-source VGI based on Dempster-Shafer theory. The multi-source VGI must
be independent so that the belief can be modelled according to their accuracy and confidence.
We applied our framework to update the authoritative database OCS-GE. Four VGI data sets
were obtained through online and in-situ campaigns and have been collected over the city of
Toulouse and its surroundings. The results showed the potential of multi-source VGI to
update the authoritative LU database with an overall accuracy of 85.6% (confidence>0.05).
The scalability is one of the advantages of the proposed framework. By taking advantage of
it, potential or existing data sources could be designed or directly added as inputs to the
fusion process. This would further improve the accuracy and the confidence of the updating
results. With the currently available data, there are still many built-up areas having the mixed
land use label (LU235). We plan to use data from OSM and the Urban Atlas data to better
distinguish the function of buildings so as to distinguish between Residential (LU5),
Commercial (LU3) and Industrial (LU2) land use types by following the approach proposed

by Fonte et al. (2018).



The current framework focuses on updating the semantic information of the LU
polygons flagged as potentially changing in the authoritative database. Another use of the
framework could be to use the results as hints and leave the final check for surveyors in order
to obtain an updated LU database. Then, the framework could be improved by adding
functionality related to editing the geometry of the LU polygons. The boundaries of a land
parcel corresponding to a specific LU and the polygon geometry can change during the
updating period. The adjustment of geometry is related to complex GIS tasks and decision
processes and will be considered in future studies.

The Appendix document will be available at XXXX
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Appendix A

LC class
LC1111
LC1.1.1.2
LC1121
LC1122
LC1.21
LC1.22
LC1.23
LC21.1.1
LC21.1.2
LC21.13

LC21.2
LC213
LC221
LC22.2

LU class

LUL.1
LU1.2
LU13
LU14
LU 1.5
LU 2

LU 3
LU4.1
LU4.1.1
LU4.1.2
LU4.13
LU4.14
LU4.1.5
LU 4.2
LU 4.3
LUS

LU 235
LUG.1
LUG6.2
LU 6.3

Table A-1. Land cover nomenclature

French
Zones baties
Zones non baties
Zones a matériaux minéraux
Zones a autres matériaux composites
Sols nus
Surfaces d'eau
Néves et glaciers
Peuplements de feuillus
Peuplements de coniferes

Peuplements mixtes
Formations arbustives et sous-
arbrisseaux

Autres formations ligneuses
Formations herbacées
Autres formations non ligneuses

English
Built-up areas
Non-built-up areas
Areas with mineral materials
Avreas with other composite materials
Bare soil
Water
Snow and ice
Hardwood forest
Coniferous forest
Mixed forest

Shrubs

Other woody formations
Herbaceous vegetation

Other non-woody formations

Table A-2. Land use nomenclature

French

Agriculture
Sylviculture
Activités d'extraction
Péche et aquaculture
Autre

Production secondaire: industriel
Production tertiaire: Commercial et
services

Réseau de transport

Transport routier

Transport ferré

Transport aérien

Transport fluvial et maritime

Autres moyen de transport

Services de logistique et de stockage
Réseaux d'utilités publiques

Usage résidentiel

Usage industriel, Commercial et
Services, Résidentiel

Zones de transition (ou de construction)

Zones abandonnées (friches)
Sans usage

English

Agriculture

Forestry

Mining and quarrying
Aguaculture and fishing
Other primary production

Secondary production: Industrial
Tertiary production: Commercial and
Services

Transportation network
Road transport

Railway transport

Air transport

Water transport

Other means of transport
Logistics and storage
Public utility networks

Residential
Industrial, Commercial and Services,
and Residential

Construction zones
Abandoned areas
Not currently used



LUG6.4 Usage inconnu Usage unknown

Appendix B - an example of calculating the pignistic probability

LUS

*k  Sourcel

LUz LUl 4+ Source2

I:l Feature

Figure B-1. An example of applying the proposed Dempster-Shafer fusion on a LU feature
with three contributions from two sources

As shown in Figure B-1, there are one contribution from Source 1 and two
contributions from Source 2. The frame of discernment © and its power set are defined as:
0 = {LU2,LU5}
29 = {LU2,LU5, {LU2, LU5}}
Supposing that ratios between the area of change and the LU feature area for the three
contributions LU2 (Source 1), LU2 (Source 2), and LU5 (Source 2) are respectively equal to
0.6, 0.5, 0.3 and the computed agreement for the contribution LU2 (Source 1) is equal to 1.

As said before, the agreement for Source 2 is not computed but automatically assigned to 0.9.

Thus, the masses of belief are assigned as:
my(LU2) =1%0.6 = 0.6
m,(LU5) = 0.9 x 0.5 = 0.45
m,(LU2) = 0.9 x 0.3 = 0.27
Then, the masses of belief for © are:
m.(0) =1—-m,(LU2) = 0.4
m,(0) = 1 — (m,(LU2) + m,(LU5)) = 0.28

After applying the Dempster Shafer operator, we obtained the result:



my,(LU2) = m,(LU2) * m, (LU2) + m,(LU2) * m;(0) + m, (LU2) * m,(0)
=0.162 4+ 0.108 + 0.168 = 0.438

my,(LU5) = m,(LU5) * m,(0®) = 0.18
my2(0) = my(0) *x my(0) = 0.112
my, (@) = my(LU2) * m,(LU5) = 0.27

After normalizing the conflict, we obtained:

my,(LU2) = my,(LU2)/(1 —my,(0)) = 0.6
my2(LUS) = my,(LUS)/(1 —my,(9)) = 0.247
my,(0) = my5(0)/(1 —my,(9)) = 0.153

Finally, the pignistic probabilities are equal to:

P(LU2) = my,(LU2) * 1 + my, (@) * 1/2 = 0.494
P(LU5) = my,(LUS) * 1 +my,(9) * 1/2 = 0.236
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