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Abstract

Understanding surface deformation is critical for monitoring and maintaining urban structures and en-
vironments. Persistent Scatterer Interferometry (PSI) plays an important role in this, it can give insight
regarding the stability and deformation of both anthropogenic and natural structures. Despite its utility,
the interpretation is a difficult process, representing a four-dimensional problem with multiple sources
of uncertainty. Current two-dimensional visualization methods are lacking in conveying all informa-
tion inherent to PSI data, which lead to the aim of this research, which was to develop and design
a prototype Virtual Reality (VR) application that can enhance the interpretation of PSI data by inte-
grating the visualization of PSI data with contextual 3D geometric data. A Unity based VR prototype
was developed that visualizes sub-pixel and pixel-level PSI datasets alongside LiDAR point clouds, 3D
Models, Building Information Models (BIM) and 3D geometric properties inherent to INSAR. Three di-
verse case studies, a subsiding railway (Betuwelijn), a collapsed tower surrounded by forests and hills
(Wilhelminatower) and a suburban environment (TU Delft Campus), were selected to visualize in VR.
In the application users can navigate freely, select individual scatterers, visualize their 2 confidence
intervals, their geometric properties and view time-series in situ in an environment visualized by the 3D
geometric datasets. Six domain experts evaluated the system through open exploration and structured
interviews. Results showed that the enhanced depth perception and interactive environment improved
the useris ability to link deformation signals to real-world features, identify anomalies and assess uncer-
tainty. Despite itis current usability limitations and limited functionality, VR proved a powerful platform
for multi-dimensional data exploration, offering new opportunities for monitoring infrastructure. It was
concluded that through the integration of geometric datasets, such as LiDAR, 3D models and geometric
properties, the interpretation of PSI data is enhanced by accessing the data in a higher dimension and
linking it to the environment.
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Nomenclature

Abbreviation

Definition

BIM
BLUE
DS
DSM
GIS
INSAR
LEO
LoD
LOS
NMAD
PS
PSI
PDF
VR

Building Information Model

Best Linear Unbiased Estimator
Distributed Scatters

Digital Surface Model

Geographic Information Systems
Synthetic Aperture Radar Interferometry
Low Earth Orbit

Level of Detail

Line of Sight

Normalized Median Absolute Deviation
Point Scatters

Persistent Scatterer Interferometry
Probability Density Function

Virtual Reality




Introduction

In this chapter the background of this research, the research questions and the research scope will be
described. Finally the last section will describe the outline of this thesis.
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Understanding ground deformation is critical for monitoring natural hazards like land slides and subsi-
dence, as well as for monitoring and maintaining urban structures and environments. However, inter-
preting satellite data remains complex and inaccessible for many end-users. Synthetic Aperture Radar
Interferometry (INSAR) plays an important role in monitoring deformation on a large scale [51], large
scale meaning across a large area at once. InSAR can give insight regarding the stability and defor-
mation of both anthropogenic and natural structures.

Despite its utility, interpreting INSAR results is still a difficult process with several sources of uncer-
tainty. These include processing errors, phase-unwrapping ambiguities, interferometric de-correlation
and uncertainties in the origin of radar reflections [24]. This is particularly true for Persistent Scatterer
Interferometry (PSI), where datasets consists of thousands to millions of data points in 3D space, with
each point consisting of time series extending up to hundreds of epochs. These datasets represent a
four-dimensional problem in which it is difficult to analyze all dimensions simultaneously. Furthermore,
the complex 3D radar reflections have a position in 3D space that is not necessarily physically relatable
and/or visible, which makes it difficult to geo-reference these points in relation to their physical environ-
ment.

Currently these datasets are mostly viewed through a two dimensional perspective using Geographic
Information Systems (GIS) such as QGIS and ArcGIS or other methods. However, this results in signif-
icant information loss, with respect to the origin and orientation of point scatterers, given the reduced
dimensionality when viewing the data. In these 2D visualizations often the elevation component of the
position and positional uncertainty are ignored during the analysis and in the visualization. To solve this
problem, it would be ideal to be able to view the data in a higher dimension and in context to the actual
environment from which the data originates. A way to do this is through the use of Virtual Reality (VR).
VR is a three-dimensional digital environment in which there are multiple degrees of freedom available,
that allow a user to interact and engage with an environment [30]. VR can enable higher-dimensional
data exploration, trough its intuitive spatial navigation and increased depth perception with respect to
ordinary visualization methods. At the moment multiple applications are developed which try to inte-
grate GIS with VR, these GIS systems are used to visualize different 3D geometric data sources, for
example LIDAR, 3D Building Information Models (BIM) and Digital Surface Models (DSM). Examples
of these are: software developed by the Environmental Systems Research Institute (Esri), recognized
for its GIS application, ArcGIS, which integrates digital elevation models with a map layer in VR [34],
but also Google Earth VR [23], which allows one to fly through a map of different landscapes. And
GeaVR which allows one to make measurements, use topographic models and access GNSS data
in VR [21]. While these applications demonstrate the feasibility of VR-GIS integration, they primarily
operate with raster data, such as land cover maps and do not offer high levels of interactivity or support
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for complex INSAR datasets. A 3D visualization of PSI data in combination with LIDAR data has been
done by van Natijne [49], however this was limited to the position of scatterer with respect to a LIDAR
point clouds and it allowed for limited interaction with the data. It used a potree web-viewer, to project
3D visualization, but did not allow for the use of VR.

Furthermore, while INSAR is widely used for large- and regional-scale deformation studies, it remains
difficult to identify displacements in small features, such as independent parts of the same observa-
tion object. According to Yang et al. [53] to correctly interpret estimated displacements in INSAR point
clouds they need to be linked to real-world structures. To achieve this 2 things are needed:

1. Accurate and precise 3D positioning of each point.
2. An 3D environment to which the data can be linked.

With the availability of data from Low Earth Orbit (LEO) satellites using X band radar, high resolution
SAR images can be created and with the advances in sub-pixel positioning processing methods an
accurate and precise location can be estimated for point scatterers (< 0:3 m in azimuth and range [14]).
Which leaves us with a 3D environment to which the data can be linked.

The aim of this research is to enhance the interpretation of PSI results by integrating them into a VR
environment. This integration allows for immersive, spatially accurate visualization of PSI results with
respect to 3D geometric data and facilitates a more intuitive and precise interpretation of deformation
patterns by allowing users to interact with PSI point clouds in their true spatial context.

0000 Doboooot DOlbboiog

The objective of this research is to create an application which can visualize PSI data in Virtual Re-
ality and determine whether it improves the interpretation of INSAR data. In chapter 2 the theoretical
background elaborates on the different visualization methods that are available to visualize data in 3D,
the currently used visualization methods and the physical principles on which INSAR works. Using this
knowledge the following main research question was formulated:

0How can 3D contextual information be effectively integrated with INSAR in Virtual Reality
to develop a dynamic 3D visualization that enhances the interpretation of INSAR results?6

In this context, the term dynamic means that the visualization can be explored from multiple perspec-
tives in three-dimensional space, as well as to be interactively engaged with by the user.

To answer the research question it has been divided in a multiple sub-questions, which are either
answered through literature research or through the experimental phase of this research.
1. What contextual 3D geometric information contribute to an improved interpretation of PSI data?
2. What attributes of INSAR data convey important insights for the interpretation of INSAR data?

3. How can we combine and interpret INSAR datasets in a 3D environment, while taking account of
the uncertainties in the data?

4. What functionalities are required in a 3D environment to interact with and interpret the data?
5. To what extent does visualization in Virtual Reality enhance the comprehension of PSI results?

0100 Oooooooo boood

As stated the objective of this research is to create an application which can visualize PSI data in
VR. The primary contribution of this research for this reason lies in the design and development of a
VR prototype for visualizing and interacting with PSI data and while the broader motivation involves
improving the interpretation of INSAR results, the main focus is on creating a functional interactive VR
environment that integrates PSI data with 3D contextual information.

(i0000 00O 0o tooooooo
This research focuses on three case studies, these are selected to provide a diverse set of land cover
types and infrastructure characteristics, while maintaining the focus on the development of the VR
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application. The selected sites are a section of the Betuwelijn, a important railway line from the harbor
of Rotterdam to the border with Germany for freight transport, the recently collapsed Wilhelminatower
in Valkenburg and the campus of the Delft University of Technology (TU Delft).

The Betuwelijn is known to exhibit deformation and with each day approximately 100 trains passing over
it is critical to closely monitor the infrastructure and evaluate itis condition to guarantee safe usage.
The deformation of railways can have diverse causes, ranging from subsidence of the soil, animals
settling near the railway (e.g. badger denis) or deformations due to thermal expansion and contraction.
Monitoring railway displacement with high spatial and temporal resolution is therefore essential and the
ability to interpret such data in visually complex environments with small structures, makes this location
suitable for this research. Figure 1.1 shows the area of interest and clearly indicates sections where
subsidence occurs in orange and heave in blue in the line of sight (LOS) direction. The Wilhelmina
tower has recently collapsed and is currently extensively studied to understand the reasonis for itis
collapse, additionally it is located in a forested and hilly area, which can interfere with INSAR techniques.
The visualization of this tower in VR can give additional insight into the process of itis collapse and
makes it therefore an interesting case study to visualize in VR. Figure 1.2 shows a map with the LOS
displacement rates in the area and also images of the tower before and after itis collapse. This shows
the importance of deformation monitoring to avoid/circumvent future collapses. Finally the TU Delft
is a sub-urban area with both high-rise and low building with vegetation interspersed in between, it is
representative for typical sub-urban areais as can be seen in Figure 1.3.

A

LOS Deformation Rates [m/yr]

e -0.0311 - -0.0222

® -0.0222--0.0133
-0.0133 - -0.0044
-0.0044 - 0.0044
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0 750 1,500 m e 0.0222 - 0.0327

L

Figure 1.1: Area of Interest No.1: this map shows a section of the Betuwelijn, a railroad for freight transport, which
corresponds to the area of interest. It indicate LOS displacement rates measured using INSAR. It shows multiple sections in
orange, blue and red along the track, where displacement occurs.
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In terms of content the main focus of this research is the development of a Virtual Reality application in
which INSAR data will be visualized with respect to a 3D environment. It will not concern itself with the
different techniques used to generate 3D geometric data and neither will data be manually processed
specifically for this research. The data used will be supplied trough external sources and assumed to
be correct.
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