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ACRONYMS AND ABBREVIATIONS

CH Cultural Heritage

HS Hyperspectral

GGS Generic Ground Station

UASSAR Synthetic Aperture Radar

UAS Unmanned Aircraft Systems

RS-MMS Remote Sensing-based Multiscale Monitoring System
HRAP Holistic Resilience Assessment Platform

SL Spectral Library

CNN Convolutional Neural Networks

SG Structural-Geotechnical

HYPERION GA #821054




D6.3 Methodology for routine CH monitoring with multi-type remote sensing

Dissemination Level: [PU]

Table of Contents

EXECULIVE SUMIMAIY ... it e e e ee et e e e e e eeee e eeeeeeeeeaneanenanees 9
N 10 o o To [ U A ] o PO PO PSPV URPPPOPRR 10
O A - 7= Yol 4= 01U o PRSPPI 10
1.2 Scope and ObJECiVe......uuiiiiii e 10

2. Study of the broad area for hazards with a slow or gradual onset..................... 11
2.1 Ground diSPlacemENt.........ueiiiiiiie e e e 11
% oY T o<1 o - O RURRR 12

D B € - o - o - T TSSOSO P TO TSR 13
2.1.3 NV BNICO e e e e 15
2,014 RROAES ettt ettt ettt ettt et st e et e s saee e e 17

2.2 Land COVEI ChANEES ...ttt e e ae e e e e e e naa e aeaeeeaas 19
2.2.1 Detailed information of procured images .........ccoceeeeeviieeeciieeecccieee e, 19
2.2.2  Pre-proCeSSiNG SEEPS couviuiurieieiieeeieitcie e e e e e ee e ee e e e s e e e e e e e e e e 19
2.2.3  Unsupervised land cover change detection .........cccceeeccueieieieeicccninennnn. 22
2.2.4  Supervised land cover change detection.........cccccceeeeeiiieieiicc e, 24

3.  3D-representation of the CH aSSetsS.......ccoviiiiiiiiiiiciiie et 33
3.1 POINE ClOUAS ...t e 33
3.2 SECHIONS ettt e e 35
3.3 Detailed Textured Models..........ccooveeiiiiiiiiin e 35
I T o LA B I |V, oo [ PP 37
4. Mapping the material deterioration of the CH assets.......ccccccoeecuveeeccciieeecccrneennn. 38
4.1 Spectral Library. ... e 38
4.2  Deterioration mapping through spectral unmixing ........ccccccveeeeeieeiiiiinnenn.n. 40
4.3 Material 105 @Stimation........ccccoviiiiiiiiii e 42
4.4 Crack detection based on CNNS.......cccoruiiriieiniie e 46
441  Related WOrK ...ccc.ueiiie et 46
4.4.2  Datasel...ooiii i e e 47
443  The MOCEl ot 49
AAL  RESUIES .ottt et 50
4.45  Object Localization.......ccccueeieeiiii it 52

D CONCIUSIONS ..ttt ettt ettt e e sh e e s st et eesaneeas 54

HYPERION GA #821054 5



D6.3 Methodology for routine CH monitoring with multi-type remote sensing

Dissemination Level: [PU]

(ST =] =Y =] o Lol TR 54

List of Figures

Figure 1: The fOUr Pilot SItES ..uviiiiiiiie et e e e 11
Figure 2: Ground deformation and velocity map for Tonsberg pilot area. ................. 12
Figure 3: Ground deformation and velocity map for Granada pilot area. .................. 14
Figure 4: Ground deformation and velocity map for Venice pilot area. ..................... 16
Figure 5: Ground velocity map for Rhodes pilot area.........ccccceeeeeeeeciiieeeeceeeceen, 17
Figure 6: Ground deformation maps for Rhodes pilot area. ........cccccovveeeeeiieccineenennn. 18

Figure 7: Example of visible/non-visible facades in Venice because of the different
satellite view angles. (a) Image collected on 13/5/2018 by WV-2. (b) Image collected
ON 4/5/2013 BY GEOL.....oieiiiieieestee sttt te ettt e e e st sr e e s aae e s tesrbeeneeenneeneeenneenes 20

Figure 8: Example area in Venice showing incorrectly matched points detected by SIFT.
(a) Image collected on 13/5/2018 by WV-2. (b) Image collected on 4/5/2013 by GEO1

Figure 9: Example outputs of the CNN feature-based co-registration (Tonberg). (a, f)
Image collected on 12/7/2019 by GEO1. (b, g) Image collected on 20/9/2013 by WV-2.
(c, h) Co-registered output. (d) Checkboard display of a & b. (e) Checkboard display of
a & c. (i) Checkboard display of f & g. (j) Checkboard display of f & h. ........cccuve........ 21

Figure 10: Comparison of Fourier-Mellin Transform and manual co-registration
(Example outputs in Venice). (a, ) Image collected on 13/5/2018 by WV-2. (b, f) Co-
registered output of Fourier-Mellin Transform. (c, g) Manually co-registered output.
(d, h) Image collected on 4/5/2013 by GEO1. The red bullet shows the position for a
0 01 RPN 22

Figure 11: Box plots showing the distribution of the RMSE for the four areas of interest.

Figure 13: Example area in Tgnsberg showing results produced by the method of El
Amin et al. (2016). (a) Image collected on 12/7/2019 by GEO1. (b) Image collected on
20/9/2013 by WV-2. (c) Result after thresholding. The square shows the significant
(o] 1 =10 V=< L PR PURPPRROt 23

Figure 14: Example area in Tgnsberg showing results produced by the autoencoder.
(a) Image collected on 12/7/2019 by GEO1. (b) Image collected on 20/9/2013 by WV-
2. (c) Result after thresholding. The square shows the significant changes. .............. 24

Figure 15: Flowchart of FDCNN (Zhang & Shi., 2020). .......ccoovvveeeeineeeeeeieeeeeeiree e 24

HYPERION GA #821054 6



D6.3 Methodology for routine CH monitoring with multi-type remote sensing

Dissemination Level: [PU]

Figure 16: Example area in Tgnsberg showing results produced by FDCNN. (a) Image
collected on 12/7/2019 by GEO1. (b) Image collected on 20/9/2013 by WV-2. (c) Result
after thresholding. The square shows the significant changes. .........cccccoveeeiiiininnis 25
Figure 17: Overview of DASNet (Chen et al., 2020)......cceeeeeeueeeeeereeeeeeieee e 25
Figure 18 : Example area in Tgnsberg showing results produced by DASNet. (a) Image
collected on 12/7/2019 by GEO1. (b) Image collected on 20/9/2013 by WV-2. (c) Result
after thresholding. The square shows the significant changes. .........cccccovevieiiiinnis 25
Figure 19: The pipeline of STANet (Chen & Shi, 2020) .......ccovveeeeenrreeecieeeeecreee e 26
Figure 20: Example area in Tgnsberg showing results produced by STANet. (a) Image

collected on 12/7/2019 by GEO1. (b) Image collected on 20/9/2013 by WV-2. (c) Result
after thresholding. The square shows correct change instances. ........cccccceveeeeeeecnnnnes 26

Figure 21: Example area in Granada showing results produced by STANet. (a) Image
collected on 2/7/2018 by WV-3. (b) Image collected on 19/7/2013 by GEO1. (c) Result.
The square shows correct change iNStanCes. ........ceeeveeeeiiiiiiiieee e 27
Figure 22: Example area in Rhodes showing results produced by STANet. (a) Image
collected on 5/6/2019 by WV-3. (b) Image collected on 23/7/2013 by WV-2. (c) Result.
The square shows the correct change instances. .........cccccvveeeie e, 27
Figure 23: Example area in Venice showing results produced by STANet. (a) Image
collected on 13/5/2018 by WV-2. (b) Image collected on 4/5/2013 by GEO1. (c) Result.

The square shows the correct change instances. .......cccocvvieeeie e, 27
Figure 24: Percentages of the types of changes detected by STANet.........cccceccuu..e. 28
Figure 25: Satellite image of the Tgnsberg study area collected on 20/9/2013 by WV-
2. AT SIZEI25 KIMZ..oieeiee ettt ettt et sttt et e raese s et e te st e e e eaneentesreennesreens 29

Figure 26: Change map of the whole Tgnsberg study area produced by STANet....... 29

Figure 27: Satellite image of the Granada study area collected on 19/7/2013 by GEO1.
ATEA SIZE:1T7 KMZ ..ottt ettt sttt e et ae s ae et e beeteebeereatesaeabenes 30

Figure 28: Change map of the whole Granada study area produced by STANet........ 30
Figure 29: Satellite image of the Rhodes study area collected on 23/7/2013 by WV-2.

ATEA SIZE:33 KMZ ..ttt ettt ettt et ae s ae et e be e tebe b eabesaeabe s 31
Figure 30: Change map of the whole Rhodes study area produced by STANet.......... 31
Figure 31: Satellite image of the Venice study area collected on 4/5/2013 by GEO1.
ATEA SIZE:1T7 KM .ottt ettt ettt ettt e et e aeenteneeteebeeteeaeesetesaestenns 32
Figure 32: Change map of the whole Venice study area produced by STANet........... 32

Figure 33: The result of the alighment process in the IBM software and the position of
the cameras for the St. Nikolas Fort in Rhodes. .......coccvivviirciievceie e 34

Figure 34: The final, combined dense point cloud for the Naillac Tower in Rhodes...35

Figure 35: The vertical and horizontal sections for the Roman Bridge in Rhodes (6cm
0] =Y 871 ) T TSRS RRRTRUO R TRRO 35

Figure 36: The detailed 3D Textured model for the St. Nikolas Fort in Rhodes.......... 36

HYPERION GA #821054 7



D6.3 Methodology for routine CH monitoring with multi-type remote sensing

Dissemination Level: [PU]

Figure 37: Some of the detailed 3D Textured models for the 4 pilot areas in Rhodes.

Figure 38: The shaded 3D model (Left) and the 3D model without colour (Right) of the
Naillac Pier in RNOAES.......coiiieieie ettt e tee e e seree e e eeae e e 37

Figure 39: Detailed 3D Textured Model (HS) and spectral signatures of stones with
various degradation [EVEIS. ... e e 39

Figure 40: Spectral signatures derived from the HS images of the St. Nikolas Fort....39
Figure 41: Spectral signatures derived from the HS images of the Roman Bridge .....39

Figure 42: Paint in orange are the pixels which are selected for marble MF score > 0.5
and marble infeasibility < 20.........ueeiii e 41

Figure 43: Left image: Building material map derived from MTMF spectral unmixing
(St. Nikolas Fort). Right image: Biodeterioration map derived from MTMF spectral
UNMIXiNG (ROMAN BIIAEE). cooovveee ittt erae e e neeas 42

Figure 44: The Detailed 3D Textured Model where the erosion is obvious at specific
L5 o ] =SS 43

Figure 45: gMplane Plugin: Defining the best fit plane by picking points on the 3D point

(o] T T IO TSP P TP PRROPPPRTON 43
Figure 46: The selected points on the Detailed 3D Textured Model and the depth of
the degradation. ... e 44
Figure 47: Material loss estimation using the valley depth algorithm (hillshade has
been added as background for easier interpretation of the results) ..........cccvueeen..... 45
Figure 48: Valley depth classes for the 3D models of two wall parts of (a) the St Nikolas
Fort and (b) the ROMan BridGe. .....ueeeieeuiieeecieeee e 45
Figure 49: Images of the sites containing Cracks........ccccuveeeeevieeeiiieee e e, 48
Figure 50: Images of the sites with No Cracks. ......ccccceeeeeeeiiiiiiiiiieee e, 49
Figure 51: The VGG16 network architeCture........ccccceeeeeeecciieieee e 50
Figure 52: The resulted activation maps (detections) projected onto the tested RGB
imagery, labeled also as “NO Crack”. .........cooouieeieiiiee e e 52

Figure 53: The resulted activation maps (detections) projected onto the tested RGB
imagery, labeled also as “Crack” ... 53

List of Tables

Table 1: Detailed information of VHR satellite images used for the land cover change
(o 1=y =Tt o] o OO P PUPPUROt 19
Table 2: Evaluation metrics for the results of STANEt.........ccceeeiieiciiiiiiieee e, 28

Table 3:Accuracy metrics for the tests performed using the 30% of the shuffled data
from all the three test sites, after training the model for 120 epochs on the rest 70%
(o IR o T=IN e = - USSR 51

HYPERION GA #821054 8



D6.3 Methodology for routine CH monitoring with multi-type remote sensing

Dissemination Level: [PU]

Table 4: Accuracy metrics for the tests performed using the model trained on St.
Nikolaos test site (60 epochs) over the Naillac test site data..........cccevveeeeecnerecennnenn. 51

Table 5: Accuracy metrics for the tests performed using the model trained on Naillac
test site (40 epochs) over the St. Nikolaos test site data. .......ccceveeeveeveeeeeccveeee e, 51

Executive Summary

The deliverable 6.3 focuses on the description of methods and tools that have been
developed for the routine monitoring of the CH assets and broad areas as well, in the
framework of the HYPERION project. The developed methods, apart from those
related to deterioration mapping and material loss estimation, were applied on all the
pilot sites (city of Rhodes, Granada, Venice and Tgnsberg) and CH assets, and their
products serve as reference data for the vulnerability models and post disaster
damage assessment.

In chapter 2, satellite remote sensing methods developed within the HYPERION
project are documented. Advanced methodologies using PS and SBAS functionalities
on Sentinel-1 time-series satellite data have been developed for producing long-term
ground deformation maps. Additionally, several Convolutional Neural Network
architectures have been applied on very high-resolution Quickbird and WV2/3 images
and evaluated for their ability to produce reliable land cover change detection maps
with emphasis on the increase of the impervious materials.

In chapter 3, 3D modelling methods and analysis techniques were explored for the CH
assets of the four pilot sites. Data acquired by cameras mounted on drones and mobile
laser scanners have been used for the 3D representation of the CH assets. The
produced point clouds, light models, texture models and sections provide a detailed
3D documentation for the assets and serve as input data for the SG simulator that is
developed within the HYPERION project. Additionally, they serve as the basis for
material loss estimation and will be used as reference data for creating 4D
representations of important infrastructures over different time instances and detect
structural deformations and other types of alterations.

Finally, in chapter 4, an integrated methodology based on 3D models and
hyperspectral data has been developed for providing deterioration and material loss
maps. Data acquired by mobile hyperspectral sensors were used in order to build a
Spectral Library for the CH asset materials, identify their deviations from normal
situations and produce deterioration maps. SAGA-GIS functionalities have been used
to provide material loss maps. Additionally, deep learning methods have been used to
detect flaws and defects such as cracks on the infrastructure by analysing the data
received.

The deliverable is intended for public use, and it will particularly be helpful for the
partners involved in the design of the HYPERION platform.

HYPERION GA #821054 9
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1. Introduction

1.1 Background

The deliverable D6.3 “Methodology for routine CH monitoring with multi-type remote
sensing” focuses on the routine monitoring of the CH assets and the broad area as
well, for hazards with slow or gradual onset. The baselines for routine monitoring were
set in D6.1 document as a part of the remote sensing-based multiscale monitoring
system (RS-MMS) operational functions. In the same document, functions for the
routine monitoring operation of the RS-MMS were defined and necessary data and
state of the art methods for their deployment were reported. In this document, the
specific methods and tools that have been developed within the HYPERION project for
the routine monitoring are being reported and the routine monitoring products are
presented.

1.2 Scope and Objective

The objective of this deliverable is the description of the methods that have been
developed for routine monitoring function of the RS-MMS. Routine monitoring
includes displacement and land cover change detection maps of the broad area for all
the pilot sites (city of Rhodes, Granada, Venice and Tgnsberg), three-dimensional
models for all the CH assets that are studied within the Hyperion project, and
deterioration and material loss estimation for specific parts of the facades of the Fort
of Saint Nikolas and the Roman bridge in the Rhodes island.

Satellite data after appropriate processing provide significant “background”
information by pointing out hazards with a slow or gradual onset in the broad area of
the CH monuments and facilitating change assessment including ground deformation
and land cover changes. Since monuments are not isolated in the geographical space,
assessment and evaluation of changes in their broader area are important because
they serve as warning signals to the concerned stakeholders and facilitate them to
take measures for preventing CH asset damages. To this end, advanced methodologies
using PS and SBAS functionalities and Convolutional Neural Network architectures
have been applied on satellite data aiming to produce reliable land deformation and
land cover change detection maps, respectively.

Another main objective of the HYPERION project is to provide 3D models of the CH
assets. Data obtained by the Generic Ground Station have been properly processed
for producing 3D representations. Specific goals of this task are the development of
point clouds, light models, texture models and sections, in order to obtain a detailed
3D representation of the assets, which will promote SG simulator functions, material
loss estimation, and 4D representations over different time instances.

Other objectives of HYPERION project are to explore hyperspectral processing
methods for fast and efficient assessment of the material deterioration level.
Hyperspectral data provided by the GGS were used in order to build a Spectral Library
for CH asset materials, and spectral unmixing methods have been applied to identify

HYPERION GA #821054 10
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spectral deviations from normal situations and produce material deterioration maps.
Additionally, deep learning methods have been used to detect flaws and defects on
the monuments. Finally, specific terrain analysis techniques of SAGA-GIS have been
applied on the 3D models for estimating material loss. Integration of the 3D model
based material loss estimation with hyperspectral imagery spectral unmixing results
provide complete assessment of the CH material degradation status.

2. Study of the broad area for hazards with a slow or gradual
onset

2.1 Ground displacement

Ground displacement monitoring is a critical factor to improve the awareness and help
early recognition of potential risks. Understanding the ground deformation process is
essential for better planning of CH risk mitigation actions. Ground deformation results
were produced for all four pilot sites (Figure 1).

& ] P p:@Ehe flour pilot sites
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