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ABSTRACT

Structural damage assessment is a priority following disaster events, but, especially in complex urban
settings, remains a significant challenge. Many studies have explored the potential of remote sensing data,
but in particular vertical data have been found to have substantial limits. Oblique imagery has been identified
as a potentially more useful data source that provides multi-perspective information, overcoming the vertical
view constrains of the VHR imagery. However, to date, damage mapping has just been based on individual
(single perspective) images, and approaches at automated processing have been limited. This paper addresses
damage assessment based on integrated multi-perspective oblique images obtained with an unmanned aerial
vehicles (UAV). Object-oriented analysis (OOA) and 3D point-cloud assessment are used to extract damage
indicators from both fagades and roofs, including evidence of rubble, cracks and holes, as well as to identify
damage in structurally critical locations, such as next to load-carrying beams. The research focuses on
creating a methodology that tries to facilitate the always conflictive and ambiguous classification of the
intermediate damage levels with the aim of achieving a more reliable per-building damage score.
Acknowledging that damage assessment demands extensive expertise and experience we aim to provide a
tool that automatically determines the comparatively clear damage cases (no/little damage and complete
destruction), and for the intermediary cases creates an interface of the building in question with both the
actual facade and roof images, with the option for an analysis to switch on additional damage layers to aid
in the damage scoring. The results suggest that the developed OOA rulesets ate capable of extracting the
damage features, and are able to cope with different types of fagades and architectural scenes. This study
has demonstrated that the use of OOA to extract damage information from the buildings leads to a more
comprehensive and less subjective building damage assessment. This results are specially interesting for
stakeholders present at different stages of the disaster response, as well as for search and rescue teams and
insurance companies.
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URBAN STRUCTURAL DAMAGE ASSESSMENT USING OBJECT-ORIENTED ANALYSIS AND SEMANTIC REASONING

1. INTRODUCTION

1.1.  Background

Damage assessment is the evaluation of all the valuable things that have been adversely affected by the
impact of a hazardous event. After a disaster, damage assessments are the main, and most of the times, the
only, source of information that helps to understand the situation of the impacted area and its necessities.
Hence, a rapid damage assessment is highly important because it provides vital information such as: area of
impact, population at risk, estimation of the economic loss, structural stage of the buildings or guidelines
for the search and rescue (SAR) teams (Barrington et al,, 2011). The building, or structural damage
assessment (SDA) is the branch of the damage assessment whose aim is to evaluate the state of the buildings
after a given event It is a priority following disaster events and, especially in complex urban settings, remains

a significant challenge.

1.1.1.  Ground-based VS. Remote sensing-based structural damage assessment

There are two main ways to proceed with a SDA: by ground-based surveys that, with organizations such as
the Building Assessment Team (Stanford-University, 2013) or the Earthquake Engineering Field
Investigation Team (EEFI, 2013), make on-the-field SDA; or by remote sensing-based techniques that, with
institutions such as United Nations Institute for Training and Research (UNITAR, 2013) or the Cambridge
Architectural Research Limited (CAR, 2013), use image analysis techniques to evaluate the damage after a
given event (Kerle & Hoffman, 2013).

Ground-based sutveys provide a very detailed assessment and, in case of collaboration of large numbers of
trained volunteers (Kerle, 2010), they can cover large areas within a few weeks. However, this approach is
slow and it has terrain related difficulties to cover the affected areas (Gerke & Kerle, 2011a). Although
alternative and faster approaches for ground-based mapping are being tested, for instance, the use video
cameras mounted on cars (Curtis & Fagan, 2013), for the rapid assessment purposes, remote sensing
techniques still fit better the requirements. Even though remote sensing based approaches are more
uncertain and tend to underestimate the damage in comparison with the ground surveys. (Lemoine et al.,
2013).

It is worth to mention that the SDA, no matter the chosen approach, has to deal with the uncertainty and
the subjectivity of the damage’ complex nature (Corbane et al., 2011). The damage is expressed in a different
way depending on the structural type of the building (Okada & Takai, 2000) or the soil on where it was built
(Ince, 2011), among others. These factors will add even more complexity to this task.

1.1.2.  The evolution of the remote sensing for structural damage assessment

The first remote sensing photograph was taken in 1858 and, already in 1906, George Laurence was obtaining
images of the damage produced by the earthquake in San Francisco (Figure 1) using a system of kites
(Baumann, 2001).
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Figure 1. George Laurence’s photo of the San Francisco after the
earthquake in 1906.

Remote sensing was identified as a useful tool for damage assessment from its very beginning. Since then,
the entire range of platforms has been used with many different purposes, within the damage assessment
scope: digital aerial images to detect damage caused by earthquakes (Yamazaki et al., 2008) or the use of
very high resolution (VHR) and satellite images to extract parameters of the vulnerability of the building in
Europe (Mueller et al., 2000), are two examples of different platforms used for damage assessment. In Kerle
et al (2008) more examples can be found.

While some scientists were exploring the capabilities of the available platforms, at the same time, some of
them were also investigating the possibilities of the different types of data. Ehtlich et al. (2009), Dell’Acqua
et al. (2011) and Khoshelham et al. (2013) studied, optical, radar and LIDAR for damage assessment
purposes, respectively. These are the most popular data types, but there are other approaches that use
different data types, for instance, thermal data (Rodarmel et al., 2002). For a deeper review of the data and
the platforms used for damage assessment see Kerle et al. (2008) or Dell’Acqua & Gamba (2012).

The data, the platform and their combination define the spatial dimension where the damage is going to be
assessed. A study dimension can range from 2D to 4D (Figure 2). The majority of the studies have been
done using single, mono-perspective, vertical, optical, 2D imagery. For instance, Li et al. (2010) studied an
approach where damaged areas are identified in 2D images and Barrington et al. (2011) described a
crowdsourcing approach to do a SDA based on the same kind of imagery. However, these 2D-based studies,
although straightforward and popular, assume a serious simplification of the reality. They assume that the
expressed damage in one of building’s captured perspective is representative, and can be extrapolated, as
the damage for the whole building. On the field it is not rare to see buildings where only one fagade or the
roof is collapsed and the rest is still standing and without any visible damage. In such a case, the SDA of a
single facade or roof would lead to a wrong result; besides, the uncertainty which is assumed on the final
result by taking into account only one of the multiple possible scenarios. Studies are taking place to try to
integrate the information from the different viewing angles of the buildings, for instance, Gerke (2011), who
worked on a supervised classification of multiview objects for earthquake SDA, but a proper understanding
of how to integrate and summarize this information is still missing,.

Moving towards a higher dimensional understanding of the building, there are studies, such as Elberink et
al. (2011) or Khoshelham et al. (2013), which assess the affected buildings in the 3D space. In both cases,
the damage assessment is done on the point cloud, a data type that has been recognized as a very well suited
for SDA due to its capabilities to capture the geometry of the buildings (Shen et al., 2010). These studies
seem to be able to easily identify those features that classify a building as intact or collapsed due to their

geometric understanding of the scenatio.
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Damage can be also studied in 4D, 3D plus the temporal dimension. As seen in Tong et al. (2012), they
used pre- and post-disaster satellite stereo imagery to detect damaged buildings and Schweier et al. (2004)
used a very complex approach with CAD models and damage simulations. Although these studies have

highly accurate results, the pre-disaster information is not available for many parts of the world (Corbane et
al., 2011), so a SDA based on this data is not always possible.

/ Structural damage assessment

2D

Figure 2. Illustration of the three different dimensions where the damage can be studied. From left to right: a
classic vertical view of the roof of a building, the post-disaster 3D model and two 3D models pre- and post-
disaster situation.

1.1.3. Limitations of the conventional remote sensing approach

For both, spaceborne and airborne sensors, and for any kind of data, the spatial resolution has increased up
to the cm range. It has been increasing up to a level where the pixels have lost their importance, and the
objects of interest on the images are now made up of clusters of pixels (Blaschke, 2010). But, despite this
increase in the resolution, the amount of damage information extracted from the images has reached a limit,
and it is not related to the spatial resolution (Gerke & Kerle, 2011a). This limitation has to do, mainly, with
the viewing angle of the sensors, besides other limitations of the image-based analysis per se. Most of the
conventional platforms only take images from a vertical (close to nadir) perspective, which facilitates the
correlation and georeferencing, but only provides information from the roof of the buildings. This limitation
has been already noticed by Gerke & Kerle (2011a), and it stands as a strong limitation for a complete SDA
because of the fact that for reaching a full understanding of a given building, its facades and roof have to be
visible in order to produce reliable damage scores.

The drawbacks of this vertical perspective have been tried to solve by using non-conventional oblique
imagery. The standard oblique images are characteristic because of being taken from approx. 45° with the
ground, which affects to their integration with other datasets (Kerle et al., 2008) and adds problems related
with occlusion that also increases the uncertainty of the final damage score. However, at the same time they
provide more reliable information from the fagades which is highly important for a proper SDA. Examples
of this approach are Mitomi et at. (2001) using oblique images from TV footage in order to identify damaged
buildings, or Rasika et al. (2006) doing multi-scale texture and colour image segmentation for damage
detection.

A more sophisticated and systematic approach within the oblique imagery is offered by Pictometry Inc.
(2013). Pictometry Inc. generates images from 5 viewing directions and location information that facilitates
the integration of the images (Pictometry, 2013).The use of Pictometry imagery for SDA (Gerke & Ketle,
2011a; Xiao et al, 2012) has been demonstrated as an interesting approach for more complete and
comprehensive damage assessment of individual buildings (Corbane et al., 2011). Saito et al. (2010) have

evaluated the correspondence between some remote sensing approaches (space- and air-borne) and the
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ground-based surveys done after Haiti’s earthquake in 2010. They showed that the damage mapping done
using Pictometry imagery was more reliable than any other remote sensing approach, although it still had
problems with the occlusion and underestimation, as any other remote sensing approach (CAR, 2010). The
more conflictive results, when using Pictometry, were found when the damage of the building was
intermediate, that is when the damage is mainly represented on the facades and its description in the EMS-
98 is too vague. Besides these limitations: occlusion, underestimation and vague damage descriptors, the
SDA by oblique imagery is still limited due to the expert’s finite ability to identify the damage in an image
(Kerle & Hoffman, 2013) but it was highlighted as the most reliable dataset to carry out the damage mapping
(CAR, 2013).

With the new perspective given by Pictometry imagery, the term “comprehensive” starts to be present.
Gerke & Kerle (2011a) already included this term, which is related to the fact that with the multi-view
imagery, a more holistic assessment of the facades and roofs of the building is possible. Although the term
“comprehensive” was included in their study (Gerke & Kerle, 2011a), and other studies, like Gerke (2011),
that address the integration of multiview data, there is still a lack of a fully comprehensive assessment where
information from different perspectives, occlusions and conflicting data is integrated in a proper decision
making tools that helps to create more realistic per-building damage assessment. An interface where that
multi-perspective building environment is enhanced and allowed to proceed with the assessment of the
damage is still missing.

After the Haiti earthquake the amount of remote sensing data released had no precedents, optical, SAR,
LIDAR (Corbane et al., 2011). Pictometry data were also available for the three big organizations World
Bank (WB), UNOSAT and the Join Research Center (JRC) on charge to produce the first damage map of
the area (Corbane et al., 2011). However this kind of collaborative scenario does not happen that frequently
and Pictometry data is rather expensive. For this reason alternative ways to obtain oblique imagery had to
be found and looking towards a handier and cheaper production of this imagery, everything point out to
the Unmanned Aerial Vehicles (UAV).

The use of UAVs, such as the one made by Aibotix
(2013), the Aibotix X6 (Figure 3), seem to be a good
combination of operability and image quality. Besides,

it produces both, oblique and vertical imagery, which
permit the production of point cloud data (Harwin &
Lucieer, 2012). And, as it was said before, point clouds

capture very accurately the geometry of the buildings
which, in combination in the optical images, build up ~ Figure 3. Aibotix X6 UAV (Aibotix, 2013)

a robust dataset for SDA that allow a complete understanding of the building.

The use of UAVs for SDA, at the neighbourhood level, seems to bridge the gap between the classic remote
sensing techniques and the ground surveys and it has been showed as an excellent solution for data
acquisition on disaster situation (Nonami et al., 2010). It can be said that the UAVs combine the image
acquisition of the remote sensing with the flexibility of the ground-based approaches.

1.1.4. Image analysis techniques for structural damage assessment

Remote sensing for structural damage assessment is based on the image analysis to identify and evaluate the
damage indicator in order to assign a damage level that represents the building state. There are three main
streams in image analysis for SDA: visual interpretation, pixel-based image analysis and object-oriented
analysis (OOA). Visual interpretation is based on the analyst capacities to manually identify damage
indicators and it has been used widely within the International Charter Space and Major Disasters
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(International-Charter, 2013) and other institutions such as the Cambridge Architectural Research Ltd.
(CAR, 2013). Pixel-based image analysis is based on a semi-automatic classification that uses the information
stored in the pixels. And object-oriented analysis (OOA), on the other hand, is a semi-automatic technique
that creates objects from the clusters of image pixels, where a combination of image processing and GIS
skills is done in order to combine the spectral and the contextual information (Blaschke, 2010).

Visual analysis approaches still need the voluntarily work of large number of trained people in order to be
time efficient; besides, the subjectivity of the damage assessment and the personal differences of the experts
affect to the results of this analysis (Kerle & Hoffman, 2013).

Pixel-based and object-based image analysis have been tested for semi-automatic post-disaster image analysis
in Yamazaki et al. (2007). In that study, it was shown that the OOA approach provided more accurate results
than the pixel-based one; however, it is something that depends on the complexity of the environment and
on the skills of the analyst. Anyway, object-oriented analysis technology, being a knowledge driven approach
and a technology that tries to simulate the human cognitive process, makes easier to bring the knowledge
about the damaged buildings into a semi-automatic SDA. It stands as the most appropriate image analysis
technique to deal with the complex information that the UAV imagery presents about the facades and roofs.

1.1.5.  Structural damage scales

There is no unique and standard damage scale for structural damage assessment; there are many types of
damage scales. The scales could be classified according to their aim: safety or damage classification. These
two terms are related and they use the same damage indicators to proceed with the classification, which
many times leads to confusion. For the safety assessment, in documents such as the ATC-20, a field manual
for post-earthquake safety evaluation of buildings (ATC, 2005), or the AeDES, another field manual for
post-earthquake damage and safety assessment and short term countermeasures (Baggio et al., 2007), the
absence of damage indicators in a building implies the higher level of safety. On the other hand, for the
damage evaluation, in documents such as European Macroseismic Scale of 1998 (EMS-98) (Protezione-
Civile, 1998), the absence of damage indicators implies the lowest damage level.

Due to its wide use in the post-carthquake community (Corbane et al., 2011), the EMS-98 is the most used
scale, for both, the ground-based surveys and the remote sensing damage mapping, although it was made
for in-the-field surveys where all the building’s perspectives are in principle available. The EMS-98
compromises 5 damage levels (Figure 4), from D1: slightly damaged, to D5: complete destruction. Being a
scale made for ground surveys, its mayor constrain is that it describes the damage for the facades more in
detail than the damage for the roofs, which has been a problem for the damage assessments based on vertical
imagery (Gerke & Kerle, 2011a). Furthermore, the EMS-98 was made to classify entire buildings and not to

address the part of the building visible from the remote sensing sensor’s point of view.

Besides the mentioned limitations, this scale seems to have for the remote sensing approach, its description
of the intermediate damage levels tends to be too general and focused in wall’s indicators. This issue has led
to notable classification conflicts in the intermediate damage levels when different remote sensing
techniques are compared. It has been proved that the remote sensing techniques going from VHR satellite
data, vertical airborne data and Pictometry tend to underestimate the damage due to the conflicts in the
intermediate damage levels (CAR, 2010).
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Grade 1: Negligible to slight damage
(no structural damage,
slight non-structural damage)
Hair-line cracks in very few walls.
Fall of small pieces of plaster only.
Fall of loose stones from upper parts of
buildings in very few cases.

Grade 2: Moderate damage
(slight structural damage, moderate
non-structural damage)
Cracks in many walls.
Fall of fairly large pieces of plaster.
Partial collapse of chimneys.

Grade 3: Substantial to heavy damage
(moderate siructural damage,
heavy non-structural damage)
Large and extensive cracks in most walls.
Roof tiles detach. Chimneys fracture at the
roof line; failure of individual non-struc-
tural elements (partitions. gable walls).

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)
Serious failure of walls; partial structural
failure of roofs and floors.

Grade 5: Destruction
(very heavy structural damage)
Total or near total collapse.

Figure 4. The 5 different levels that are assumed in the European Macroseismic
Scale 1998 (EMS-98) (1998). Grade 1 = D1, Grade 2 = D2, Grade 3 = D3, Grade
4 = D4 and Grade 5 = D5

1.2.  Problem statement

With the purpose of creating a new methodology capable of dealing with the post-disaster multiview imagery
to generate more comprehensive damage scores by presenting the extracted damage information to the
experts, and then aggregating this information to the building level, this proposed study has to deal with the
following main problems:

a) Understand the complex environment of the damage assessment.

Starting from the raw, overlapping, oblique imagery of a UAV, and ending up in a per-building damage
score. The first challenge is to create an efficient and robust methodology that integrates the different
processes and products to generate damage scores and accomplishes the requirements of the several
stakeholders active in this domain.

b) Identification and extraction of the damage information using OOA.

The rich level of detail of this type of imagery requires a proper definition of the relevant damage indicators

that have to be extracted. Then, the development of rulesets: the segmentation and classification processes,
based on a OOA’s dedicated software (Trimble-eCognition, 2013), that is capable to deal with such a
complex set of images, remains as a core task. OOA has been used on this field before, but never at such a
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level of detail. It implies that the entire approach of the ruleset development, and specially the segmentation
stage, remains as a challenge.

c) Visualization of the extracted features.
The information extracted by the OOA rulesets has to be presented to the expert analysts who are going to

proceed with the per-view (per-facade/roof) structural damage assessment. The interface where the multi-
petspective information is presented is a very important element that has to help to generate more reliable
damage scores and has to create the environment where that comprehensive SDA understanding is clear.

d) Implementation of the EMS-98.
The damage scale EMS-98 is a scale made for on-the-field surveys where all the perspective of the building

are available and are taken into account to classify the entire building within the range of the EMS-98 damage
levels. Howevet, in this study, the EMS-98 has to be re-interpreted in order to fit the per-fagade/roof
requirements of this study, besides of including a certainty measurement to try to evaluate the performance
of the experts when dealing with the use of the EMS-98 outside its preferred scope.

e) Construction of the algorithms that integrate the multi-view SDA into the per-building level.
When the per-view damage score and its certainty measurement have been created by the expert, a tool to

aggregate that information into a per-building damage score is required because the final outcome of this
study is a per-building damage score and a certainty measurement. These two aggregation tools are meant
to recreate the understanding of the on-the-field surveyors who, walking around the building, come out with
a per-building damage score. However, this process is done on-the-field by the experts and there are no

standards about how it must be done.

1.3.  Research objectives

The general objective of the proposed study is to create a methodology that, by making use of the UAV
imagery, is capable to address the SDA in a more comprehensive way that allows to produce more reliable
per-building damage scores. This objective is divided in several sub-objectives:

1. Create 2 methodology that covers the entire scope of the proposed study.

2. Demonstrate the use of 3D point-cloud data as a reliable dataset to identify the higher damage
levels of the EMS-98.

3. Identify the damage features that have to be extracted from the images

4. Find the best approach to segment the images highlighting the damage features.

5. Develop a set of rulesets capable of working with different images and provide semantic meaning
to the extracted features.

6.  Design a scenario where an expert could proceed with the per-view SDA and that includes a
certainty measurement.

7. Create two algorithms where the per-view damage assessment results and the certainty
measurement are integrated into a per-building score.

8. Analyze the performance of the decision tree by creating an environment where a real situation
could be tested

9. Test the usability of the interface where the experts will analyze the images.

1.4. Research questions

1. How to organize the information flow?

2. What are the products that have to be produced from the raw UAV imagery?

3. What are the main damage features that should be extracted by OOA?

4. How to segment the images in order to highlight the damage features?

5. What must be the aim of the OOA rulesets: accurate feature extraction or to highlight the damage
features in the image?

0. How to create an OOA ruleset that works in more than one scenario?
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10.
11.

Which is the best way to present the extracted damage information to the experts?

How to integrate the per-view SDA score and the certainty of the classification into a single per-
building score?

How to add a measurement of the uncertainty in the final damage score?

How to test the usability of the interface?

How the performance of the two aggregation algorithms can be tested?
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1.5.  Research approach

The study, due to data constraints, was carried out in a way that allowed to work in different tasks
independently from each other and, at the same time, it was planned in perspective to be able to make a
logical history out of it. Figure 5 illustrates the approach followed

Methodology development Data acquisition I
Techniques and I
structure experiments I
=d 3D point-cloud assessment Dataset :
=
fo—
=1 OOA damaged features extraction I 2
eal
=4 The interface design and testing I
=4 Aggregation of the multi-perspective damage information I
Voo
v / I
Implementation *

Figure 5. Tllustration of the approach followed to accomplish the objectives proposed in this study.

Chapter 1: Introduction. A description on what has been done on this field is done, from the general to the
specific. The problems are pointed out, the gaps are identified and the objectives to be addressed are
specified.

Chapter 2: Literature review. A more detailed description of the different approaches on this field are
explained. The different approaches are categorized according to the data, platforms, and image analysis
techniques used.

Chapter 3: Methodology. The designed approach to accomplish the proposed objectives is described in this

chapter. Each step of the methodology is described as: purpose, dataset, software, methodology and
expected outcome.

Chapter 4: Results. The outcomes of the processes described in the methodology are presented in this

chapter where they are put in context.

Chapter 5: Discussion. The results are discussed according to whether their purpose was accomplish or not

and noting all the deficiencies found in their application

Chapter 5: Conclusion and recommendation. A brief conclusion of the whole study and the answers to the

proposed research question are presented. In the recommendation section the lines for future research are

pointed out.







2. LITERATURE REVIEW

The reasons that support why this study had to be done now are presented in the previous chapter. In this
chapter a deeper description of the different approaches that have been tried, the reasoning behind them,
an explanation of where they have failed and to what have they derived, are addressed. This chapter is sorted
by the used platforms following a top-down approach. Within each section, the most used data types, the
dimensions where the damage was assessed and the image analysis techniques used are addressed

accordingly.

21.  From the cameras on kites to the cm resolution

Setting this first milestone in the use of remote sensing for damage assessment, after George Lawrence and
his camera mounted on a kite, the amount of improvements and achievements on this field has been
overwhelming. Nowadays with companies such as Skybox (2013), which offers sub-meter imagery and even
meter resolution video footage, the remote sensing possibilities have taken a leap. However, as it was said
in the previous chapter, not everything has to do with the spatial resolution; there are many other factors

that have an effect on the quality of the structural damage assessment.

21.1. Spaceborne sensors

Starting with the sensors that operate at the highest altitude, the satellites; their use for damage assessment
have suffered tremendous changes. The high resolution (HR) sensors, with coarser spatial resolution than
10 meters, have been used for damage assessment. Examples are Chen et al. (2005), who used the SPOT 5
(2002 - date) in order to assess the atreas affected by the December 2004 Indian Ocean's T'sunami or Motton
et al. (2011), who used the Landsat (1997-2004) and the MODIS (2000-2005) to map the canopy damaged
by the forest fires in the Amazon. In both cases the areas evaluated are large, in the order of 3 thousand
hectares, and the techniques used to analyse the images were pixel-based. The size of the pixels in this kind
of imagery, 10 m or bigger, does not fit the requirements for a per-building structural damage assessment.
According to Dong and Shan (2013), in order to classify the damage of a building in several damage levels,
the resolution of the sensor has to be increased up to the meter or the sub-meter level. For these reason,
approaches based on this HR imagery, cannot be called building damage assessment studies, they are damage
assessments.

At the beginning of the 21st century, three very high resolution (VHR) satellites were launched: IKONOS
(1999) GEOEYE (2000) and Quickbird (2001), setting the new standard. All these satellites’ imagery, and
more that have come, such as Skybox (2013), with around 1 meter resolution or finer, were suitable for per-
building damage assessment, according to Dong & Shan (2013). It was at this stage when the object-based
image analysis technique starts to stand as an alternative to the pixel-based techniques for damage
assessment; the pixel had lost its importance (Blaschke, 2010).

In this VHR imagery, a single object such as a roof, is made out of a cluster of pixels, and its essence is
better captured by an object-based image analysis technique (Yamazaki & Matsuoka, 2007) rather than for
a pixel-based technique. There are many examples of the use VHR satellite images and OOA for damage
assessment. For instance Tiede et al. (2011) who used pre- and post-event VHR satellite imagery in
combination with OOA to extract the shadows of the buildings and then derive rapid damage maps; or Li
etal. (2010), who detected building damage using an OOA approach and a one class support vector machine




technique. Although the complexity and the level of detail of the images suggest the use of object-based
techniques, there atre also studies done on the pixel basis. Pasatesi et al. (2007), using a pixel-based approach,
assessed damage on built-up areas affected by tsunamis; it is worth to mention that they pointed out that an
object-based analysis must be carried out in the future because better results could be achieved.

OOA stands as a semi-automatic image analysis technique that is capable to deal with more complex and
detailed imagery due to its two steps approach: segmentation and classification. However, it still has to cope
with some level of subjectivity, mainly related with the selection of the parameters for first segmentation
step where the pixels are grouped in objects. Although some studies, such as Drdgug et al. (2010) are working
on methods to create an automatic determination of the thresholds used in that step, still, in many cases,

the trial an error approach is the most efficient.

Although these studies based on VHR imagery, according to Dong & Shan (2013) started to reach the level
of building damage assessment, with their sub-meter spatial resolution, still, they do not allow a classification
of the damage level. The outcomes of these mentioned studies used to be just binary per-building
classifications: collapsed or standing building. Besides, the VHR satellite imagery, as it was mentioned in the
previous chapter, it is constrained by its close-to-nadir viewing angle that only provides information from
the roofs of the buildings which also limits the differentiation of the different damage levels.

It’s important to mention that, with the level of detail that this imagery allows, a main damage assessment
technique is still the visual interpretation. Many organizations, such as the International Charter
(International-Charter, 2013) or the Cambridge Architectural Research Ltd. (CAR, 2013), base their
assessments in this technique. Visual interpretation of VHR satellite data reaches high levels of accuracy
(Corbane et al., 2011), but they require large amounts of experts to process the vast sets of images, although
there is a tendency to use the crowdsourcing power (Kerle, 2010), and it is still biased by the analysts’
expertise and judgments (Kerle & Hoffman, 2013).

Within the spaceborne sensors, apart from the optical data, the use of Radar must be mentioned. With the
launch of radar satellites, such as the TerraSAR-X, the production of VHR radar images, which are
independent of the cloud cover situation, can be released within days after the event (Dell'Acqua & Gamba,
2012) and have been used for building damage assessment. Examples of the use of radar for building damage
assessment are: Ehrlich et al. (2009) who used VHR radar data to identify damaged buildings and Shao el al.
(2009) who used multi-source SAR data for damage assessment after the Wenchuan earthquake. Although
the use of radar data leads to accurate identification of damaged buildings, up to date, the detailed SDA
providing different levels of damage is still not possible (Dell'Acqua & Gamba, 2012).

21.2.  Airborne sensors

There is a huge amount of data that comes from the airborne sensors, mainly optical and LIDAR data. The
analysis of VHR airborne optical data has been widely used for SDA. For instance, the GEO-CAN
consortium (ImageCat, 2011) used VHR aerial photographs in order to identify and tag the building damages
after the Haiti earthquake in 2010 and Yamazaki et al. (2008) used aerial photographs to identify damaged
buildings and then compared two semi-automatic image classification techniques: pixel- and object-based
techniques. In these studies, the use of such a detailed imagery, in combination with the visual analysis
(ImageCat, 2011) and the semi-automatic pixel or object-based analysis (Yamazaki et al., 2008) allow to
exploit the textural characteristics of the buildings to detive the different damage levels. Indeed, it has been
showed that the use of airborne imagery for SDA obtains better and more accurate results than the
approaches that use spaceborne imagery (CAR, 2010).

The other mainstream airborne sensor, which has been found as very useful for structural damage

assessment, is the LIDAR. Shen et al. (2010) highlighted the use of point clouds for this purpose because
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of its ability to capture the geometry of the buildings. Studies such as Khoshelham et al. (2013) who used
3D point segmentation to classify damaged buildings’ roofs, or Elberink et al. (2011) who used a similar
approach to detect collapsed building by segmenting the point clouds, are top illustrations of this technique.
These two examples represent the potential of such an approach which, among the immense complexity of
a damaged area, can reach accurate results and identify collapsed houses, roofs or rubble piles. However,
LIDAR data it is made to capture geometrical information, not to capture texture information, although the
new sensors include a basic RGB sensors; this implies that a complete SDA cannot be possible. It is not
possible because in many cases the damage features, such as cracks, are only visible with textural information
and they cannot be captured in LIDAR data.

As it was mentioned before, spaceborne and airborne imagery, regardless the kind of data: optical, Radar or
LIDAR, all the mentioned approaches have a common limitation which is not related to the spatial
resolution (Gerke & Kerle, 2011a), it is related to the viewing angle. Despite the increase in the resolution,
down to the cm, the expert analysts, by visual interpretation, by pixel-based or object-based techniques,
cannot extract more information than the related to the damage suffered in the roof and its surroundings.
Most of the conventional platforms only allow the production of vertical imagery, which regarding to the
EMS-98, does not facilitate a complete SDA because for it, information of the facades is also required. For
this reason, the approaches that make use of vertical data are limited to produce aggregated damage
classifications. In these studies the extremes are easily identified: intact and collapsed, but the intermediates
are summarized in one class (Ogawa & Yamazaki, 2000), and that it is a simplification of the reality caused
by the constraint imagery.

2.2.  From vertical to oblique imagery.

As it was pointed out above, the vertical imagery does not allow a complete building assessment because a
relevant part of the information is missing: the facades. This issue was tried to overcome by using non-
conventional imagery, the oblique imagery. In the introduction chapter this type of data were described as
a kind of imagery that is taken from approx. 45° off the ground. This viewing angle, despite the fact that the
images are more difficult to integrate (Ketle et al., 2008) and might have occlusion problems which difficult
the image analysis (CAR, 2013) and increase the uncertainty of the damage score, provides more reliable
information for the SDA (Mitomi et al., 2001) concerning to the facades and roofs of the buildings.

2.2.1. First attempts with oblique imagery

The first approaches that exploited oblique imagery made use of TV video footage. Mitomi el al. (2001)
tested aerial video footage to map the damage after the earthquakes and Rasika et al. (2006) used it to
proceed with a multi-scale and texture colour segmentation for damage classification. The low cost of this
imagery and the rapidness of its production after an earthquake were the main drivers for its use. However,
although there were studies, such as Weindorf et al. (1999), to overcome the problems of the low quality,
this still remains as a challenge for this approach.

In this same line of the oblique imagery, Altan et al. (2001) experimented with transverse images of CCD
cameras and Geographic Information Systems (GIS) in order to proceed with the SDA of buildings and
their structural elements after an earthquake. Although the results are very accurate, the detailed information
needed does not fit with the rapid damage assessment requirements after an earthquake (Gerke & Kerle,
2011a).

2.2.2. Pictometry
The method to take oblique images has been improved and more systematic and efficient capture techniques
were developed, one of the most popular is Pictometry (2013). Pictometry imagery consists on sets of 5




images with different viewing angles: 1 standard close to nadir image and 4 images looking towards the four
cardinal direction: North, South, East and West, besides the location information which is used to facilitate
the integration (Pictometry, 2013).

The advance of the oblique imagery with regards to the conventional vertical imagery is that the fagades are
visible now. Studies such as the one carried out by Xiao, Gerke and Vosselman (2012) clearly demonstrate
the usability of this data, without any extra information, for facade analysis. Then, studies which use either
visual analysis or object-based techniques, more focused on the actual SDA, empathize the quality and detail
of the information obtained from Pictometry for the per-building damage assessment. The report done for
the ImageCAT inc. by the CAR (2013) compares the visual analysis of the Pictometry imagery with the on-
the-ground SDA and the VHR satellite imagery-based SDA done by GEO-CAN. This report showed how
the use of Pictometry reached higher accuracies detecting and classifying damaged buildings than the studies
based on VHR satellite imagery. Other studies based on more automatic techniques like OOA, such as
Gerke & Kerle (2011a), defined Pictometry imagery as a well suited data for comprehensive semi-automatic
damage mapping. However, an implied drawback in Pictometry imagery studies is still the occlusion. This
issue increases the uncertainty of the provided damage score and it has been pointed out as one of the
reasons why the Pictometry data, although its accuracy and correctness is better than the reached with more
conventional imagery (Lemoine et al., 2013), still underestimates the damage in comparison with the ground
truth (Lemoine et al., 2013).

Besides the information that can be extracted directly from the pictometry data, oblique imagery in general,
can be the source to produce very detailed and dense point-clouds, which stand as a very appropriate dataset
to capture the geometry of the buildings (Shen et al., 2010). Some studies have experimented already with
this dataset, although produced from LIDAR instead of by image matching. For instance, Khoshelham et
al. (2013) classified the damage of a building in relation to the state of the roofs and Elberink et al. (2011)
experimented with the use of point-clouds to identify collapsed buildings. Again, LIDAR results as a very
well suited data to capture the geometry of the buildings, but for a complete SDA, it must combined with
detailed imagery, otherwise, part of the information is missed because it cannot be captured.

2.2.3.  The future of close range oblique data

Nowadays, the technology has allowed to have very robust and stable UAVs, for instance, the hexacopter
made by the German company Aibotix (2013) (Figure 3). UAVs have been showed as an excellent solution
to work in disaster situations (Nonami et al., 2010) and some studies, such as Wen et al. (2012), have tested
their application in disaster situations. Although, so far, there is not much literature about the use of UAV’s
oblique imagery for structural damage assessment, it is known that they provide high quality and very
detailed images that cover the fagades and roofs of the target buildings from all their viewing angles. Besides,
very dense point-clouds of these buildings can be derived using the same techniques as the studies focused
on Pictometry imagery carried out (Gerke & Kerle, 2011a, 2011b). The use of UAV imagery opens a huge
range of option that, due to the image detail and flight flexibility, seems to be able to bridge the gap in
between the remote sensing and the ground-based approaches.

Through this literature review the evolution of the techniques used for damage assessment and more in
detail, for structural damage assessment have been presented. The conclusion is that the use of oblique
optical imagery as a data source to generate point-clouds and detailed images of roofs and facades which,
due to their complexity, will be analysed with object-oriented analysis techniques, stands as a new alternative
to generate more comprehensive per-building damage scores that take into account all the faces of a

building.
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3. METHODOLOGY

The methodology can be divided in 4 different stages: 3D point-cloud assessment, OOA damaged
features extraction, interface design and testing and aggregation of the multi-perspective damage
information. These four stages were designed and then tested on a set of images obtained from real case
scenarios.

This methodology set up was already an outcome of this study, since one of the objectives was to develop
an approach to cope with the entire scope of the study. Figure 5 below illustrates the structure of the
methodology created in order to accomplish with the study’s goals.

UAV +

Pointcloud | -

UAV flight simulated images

!

Parameters
calculation

[ Total collapsed ] [ Non collapsed ] RGB selected
1 e Damage features
/ / selection
, A 4
/ OOA feature /
Collapsed roof? / ) R
extraction
/ Building type
/ description
/
v
YES || NO /
/ Extracted features
/
\ / ] Expert analysis
Collapsed walls ? ,l SDA interface
/
/ \ ! ¢
YES || NO / Per-fagade/roof damage scores
/ + certainty measurement \

!

Aggregation algorithm

Usability
asessment

Figure 6. Flowchart describing the methodology of the study




The flow through the methodology (Figure 6) is: the UAV would be fly around a certain location, and the
images would be processed to produce a 3D point-cloud. The point-cloud would go through a number of
processes where evidences of D5 or D4 damage are searched. First, the building would have to pass the test
where the indicators for total collapse are sought. If it was not collapsed, the standing parts would be
evaluated. Starting from the roof, if it was not collapsed the next step would look for rubble pile on the
sides of the building and if there were not rubble piles, the last step would check for possible inclination of
the fagades. If none of this evidences were found, the building would be considered as a standing
construction with roof and standing non-inclined walls suitable for the next step of the methodology. It is
worth to mention that after this 3D point-cloud assessment, the building could still be classified as D4 if
one or more of its walls would have fallen towards the inside without creating any rubble pile in the outside.
The selected images that capture the fagades and the roof the building would be processed in OOA, which
would look for the previously selected damage features. These features would be presented to the SDA
experts in the interface, interface that creates the environment where the different perspectives of the
building are taken into account. The expert would classify each facade or roof within the EMS-98 and this
pet-fagade/roof information would be aggregated into a per-building level which would be the final result
of the methodology, a more reliable and comprehensive per-building damage score.

The different stages of these methodology are going to be explained on the basis of: purpose, dataset,
software, methodology and expected outputs. But first, an explanation of how these data waere gathered
and managed throughout this study is done.

3.1.  Data management.

The data were obtained at two different locations: one in Italy, during the field visit done there, and another
one in Gronau, Germany, at the demolition of an old factory.

Italy

Most of the images used in this study were taken in the northern part of Italy, in the surrounded villages at
the North of Bolognia. The area, which was affected by a strong earthquake a few years ago, had a large
number of standing buildings that still presented the effects of the shaking in their facades and roofs.
Gronau

Another set of images were taken in Gronau; an old factory was going to be demolished and we were allowed
to fly the UAV .

As it was said, part of the images from Gronau
were taken with the UAV, however, in northern
Bolognia and the rest of the images taken in
Gronau were taken with a camera attached to a 8
m pole that simulated the perspective of the UAV
(Figure 7). A careful planning was carried out in
order to simulate the UAV flight and to obtain

) o ] Figure 7. Left: photo of the UAV ready to be launched in
oblique overlapping images of the scenarios. Gronau. Right: the MSc candidate Mr. Kim simulating the
perspective of the UAV in Italy

The complexity of the developed methodology and the constraints found to obtain images of damaged
facades and roofs, forced to this study to use different groups of images to test the several proposed
hypothesis. In the table below (Table 1) a relation between the different datasets used throughout the thesis
is presented. The relation in between the names and the images could be found in the appendix: Table 15
& Table 16.
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3D point-clouds assessment

Detection of completely collapsed building Italiaumlding 3
Detection of collapsed roofs Gronau’s factory
Detection of rubble pile in the surrounding |dtalian building 2
the building
Detection of inclined walls. Italian building 4
OOA damaged features extraction
Roofs Roof 1 & 2
Concrete facades Concrete fagade 1, 2, 3, 4, derfagade 1,2 &
4 edited.
Brick facades Brick facade 1,2 & 3
Interface design and testing
Initial 3D model Italian building 1
2D-based SDA Concrete facade 1, 2, 3, concreteléa2adited
3D-based SDA Inclined wall 3D model + Brick facdd& 2.

Table 1. Inventory of the data used in the different stages of the methodology.

3.2. 3D point-clouds assessment

3.21. Purpose

The aim of this very first step was to show, by visual inspection, that the identification of buildings that
presented features that would classified them as D5 or D4 buildings (total collapse, collapsed roof, rubble
piles and inclined walls) was possible by the analysis of their 3D point-clouds. At this level, the entire
building was assessed so the damage score derived was already at a per-building level. Besides this objective,
the 3D point-cloud assessment process also granted that the images of facades and roofs that reached the
next part of the methodology, the OOA damaged feature extraction, were part of building with all their
structural elements still standing.

3.2.2. Dataset

Overlapping images were the data source for this part of the methodology. Sets of overlapping images that
captured the structure of 3 buildings in Italy and one building in Gronau (Table 1) were the starting point
to derive the point clouds that were indeed used to support this method. The images were first processed
to calculate the relative position of the camera and to create the local coordinate system (LCS) and then,
they were processed in specific software for dense matching to finally generate the 3D point-clouds of the
buildings (Figure 9 & Figure 8).

Figure 9. Point cloud of the “Italian house 2” Figure 8. Point cloud of the “Gronau’s factory”




3.23. Software

123DCatch (2013) was the software used in order to calculate the LCS and the relative positions of the
camera; and SURE (2013), a software solution for multi-view stereo, was the software that enabled the
derivation of dense point clouds from a given set of images and their orientations. These two packages were

used to produce the final 3D point-clouds.

3.24. Methodology
The methodology followed to obtain the evidences that supported that it was possible to identify the already
mentioned features to classify an entire building as D4 or D5 could be divided in:

- Image acquisition. The UAV or the camera attached to the pole were used to create the dataset with
the overlapping RGB images.

- Point-cloud processing. First, 123D-Catch (2013) was used to create the LCS and then, using the
dense matching software SURE (2013), a point cloud of the building was created.

- Calculation of the z-component in the point-cloud. The z-component represents the absolute value
of the cosine of the angle enclosed by the vertical axis of the LCS and the normal vector of a plane
titted to the local neighborhood (e.g. the 10 closest points) of the respective point. The z-component
would take a value of 0 when the plane is vertically oriented, i.e. its normal is horizontal, and it would
be 1 if the plane is horizontally oriented, i.e. the normal is vertical. In other words, points on vertical
walls would have a z-component value of around 0, while for points on flat roofs it would be 1.

- Segmentation. The segmentation of the point-cloud based on the z-component. Note that not all the
buildings needed to reach the segmentation step, only the buildings where the rubble piles wanted to
be identified.

Except for the image acquisition (UAV control not included) and the first part of the point-cloud processing,
the rest of the data preparation was carried out by Dr. Markus Gerke. The visual interpretation of the
outcome of the data preparation was, again, fully accomplish independently of any external help.

3.25. Expected output

The expected output was a set of four buildings where the visualization of the z-component, or its
segmentation, demonstrated the presence of the indicator: total collapse, collapsed roof, rubble piles or
inclined walls, which could classified the entire building as D4 or D5. This information would be the one
provided to the SAR in order to help them to identify the areas where they should focus their activities.

3.3.  OOA damaged feature extraction

3.3.1. Purpose

The aim of this step in the methodology was to develop a set of rulesets capable to find, classify, extract and
give a meaning to the damage features that were found reliable to carry out a proper structural damage
assessment in each face of the building. These rulesets, that are an ordered numbers of commands that apply
different algorithms which segment, identify and classify the objects of an image (Fadel, 2013), had to be
specific enough to extract the required features and, at the same time, they had to be able to mine those
same damage features in different scenarios. For this reason, the definition of the rules that extracted the
geometrically and spectrally different features, had to lie on overlapping characteristics that, regardless of

the scenario, were present in all the images.
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3.3.2. Dataset

For the OOA damaged feature extraction, 12 different images (Table 1) represented the test dataset where
the rulesets were going to be applied. From this 12 captions, 2 of them represented roofs, 7 were concrete
facades and 3 were brick facades examples. As it was said before, since the analysis was done in a per-view
basis, the images were processed independently, they were not addressed as being part of a specific building.
Due to the complexity of the images, before these images were processed (Figure 10), the areas of interest
were selected, getting rid of parts of the image that were not reliable for the SDA, such as, the surrounding
ground or the sky. However, although it would have been possible, to include extra rules in the rulesets
would have added more complexity to the already complicated environment of analysis.

Figure 10. Example of how the images were edited in order to focus the analysis in the main part of the fagade

3.3.3. Software

The OOA damaged feature extraction was carried out using eCognition Developer 8.8. a software tool
developed by Trimble (2012) which stands as one of the most popular software packages on the field;
between 50-55% of the papers published in OOA make use of this software package (Blaschke, 2010).
ArcGIS (ESRI, 2013) was used to digitized the real damaged feature directly from the original images. This

software provided enough tools to create an appropriate reference dataset.

3.34. Methodology

The first step was to identify the damage features that could be extracted from the images and that could
provide enough information to the experts to proceed with their assessment. In order to do this, an extensive
literature review was carried out. The reviewed documents were: the ATC-20 (Field manual: Post-earthquake
safety evaluation of buildings) (2005), the EMS-98 (European Macroseismic Scale) (1998) and the AeDES
(Field Manual for post-earthquake damage and safety assessment and short term countermeasures) (2007).
Once the target damage features were listed, an OOA process, which relies on the ruleset, had to be
designed. The OOA rulesets can be divided in the following way:

- Segmentation. The step where the pixels of the image are clustered in groups regarding to the
algorithm’s parameters that the user had defined. In this study, the segmentation process was done
using a sequence of two algorithms: i) a multi-resolution segmentation and ii) a spectral difference
segmentation algorithm. The determination of the required thresholds for the segmentation algorithms
was done by carrying out a number of experiments where the effects of the different values were
observed.

- The feature analysis. The characteristics of the objects were studied in order to identify the reliable
features that were going to help in the classification. These features had different nature: spectral,
geometrical or contextual. The finally selected features must fulfill an extra condition, they had to remain
significant for the classification in the different scenarios because the rules were based on them




- The classification. With the reliable features identified, the classification step was meant to generate a
set of rules that gave the desired meaning to the identified objects. In the classification process there
were, as well, refining processes meant to exclude objects that were wrongly classified.

- The export. The classified objects were exported in a vector format to ArcGIS in order to manipulate
them in a more appropriate environment.

For this study 3 different rulesets were developed in order to cope with the different building parts and
building types: the roof, the concrete facade and the brick facade rulesets.

After the OOA extraction process, every image went through an accuracy assessment. The accuracy
assessment (Joshi, 2010) was based on a set of statistical measurement that compared the areas (Joshi, 2010)
of the extracted damage features and the area of the previously digitized damage features in ArcGIS (ESRI,
2013). Comparing these two datasets three indicators were derived: False Positive (FP), False Negative (FN)
and True Positive (TP) (Figure 11. A set of accuracy measurements (Figure 12 were derived out of those
three indicators.

P

i =T
Split factor = -

A
L. FN
Missing factor = TP
TP
Correctness = TP+ FP
D C : Completeness = L
TP+ FN
Figure 11. Hustration of how the accuracy assessment Figure 12. Tllustration of the 4
was proceed: green = TP, Blue = FP and Red FN (Joshi, accuracy measurements calculated
2010) for the accuracy assessment (Joshi,
2010

Besides the accuracy assessment, an experiment was performed with the aim of showing the effect of how
the number of rules affected to the amount of information extracted and to the stability of the ruleset. Due
to this, the image “concrete facade 3” was selected and 10 extra rules were added in the concrete facade
ruleset, in order to over fit it to the mentioned image. The amount of extracted information by the over
titted ruleset was compared with the balanced ruleset. The hyperfitted ruleset was also compared when it
was applied to other images in order to test its stability. A parallel comparison of the hyperfitted ruleset and

the balanced one was carried out.

3.3.5. Expected output

The expected output from this step of the methodology, which could be considered the core of the thesis,
could be differentiated in 4 groups: a list with the target damage features that had to be extracted, a shapefile
per image containing the vector files of the classified objects, a set of statistical accuracy measurements per
image and an illustration of the effect of the number of rules in the amount of extracted information and
the stability of the rulesets.

3.4. Interface design and testing

3.41. Purpose
The aim of the interface was to present the information extracted from the images to the experts that were

going to carry out the actual SD. The objective was to reduce the conflicts in the classification when the
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damage fell within the intermediate levels (D1-D3), according to the EMS-98 (1998). The interface was also
meant to integrate the multi-view information which, up to now, it had not been integrated in any
environment. Besides, the interface provided the platform to include a measurement of the certainty of the
classification.

Two approaches to visualize the information were proposed in the same interface: i) an approach that relied,
mainly on the 2D images and ii) another approach that relied exclusively on a 3D environment. The interface
was created for the first approach, where the experts could proceed with a complete experience on the
interface. Due to data constraints, the second approach was only presented in the interface as an example

that could lead to further research.

3.4.2. Dataset

For the first approach a 3D model and a set of 2D processed images (Table 1) were used to illustrate the

interface. For the second visualization approach, the extracted damage features from two images from Italy
and the 3D model of the same building were used (Table 1)

3.43. Software

The ESRI software: ArcGIS 10.1 (2013) was used to overlay the exported vector objects from eCognition
over the original images. The interface was developed exclusively using Microsoft PowerPoint and 123D
Catch (2013) was used to generate the two used 3D models.

3.44. Methodology
The two approaches to present the extracted information were integrated in the same interface. The
methodology to create the interface could be summarized in the following steps:

- Interface design and PowerPoint implementation.
- Simulation of a real case scenario.
- Questionnaire design.

Two approaches to present the damage information were presented in the same interface, although only the
one based on the 2D images was going to be fully implemented. A description of the followed steps to
create these visualizations is explained below.

SDA based in a 2D environment.
- Creation of the 3D model of the building using image matching techniques (Autodesk-123D, 2013)
- Opverlaying the extracted information over the original images by using a GIS software (ESRI, 2013).

SDA based in a 3D environment.
- The 3D model was created using the same image matching techniques (Autodesk-123D, 2013)
- The original images were exchanged with the classified images which contained the damage information.

- The damage information was visualized in the same 3D environment provided by Autodesk-123D
(2013)

The final step of this part of the methodology was to find and send the interface to several SDA experts

that were going to provide with their SDA expertise by trying to solve the presented real case situation.

3.4.5. Expected output
Part of the expected output was an interface where the information extracted by OOA could be presented
to the experts in the better way possible. The other expected output was a real set of per-fagade/roof damage

scores that included a certainty measurement of the classification. Furthermore, the SDA experts were asked
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to give feedback and comments on the interface which represented the last expected outcome from this

section of the methodology.

3.5.  Aggregation of the multi-perspective damage information

3.5.1. Purpose

The purpose of the last step of the methodology was to develop two decision trees (aggregation algorithms)
able to comprehensively aggregate the damage scores and the certainty measurements which were coming
from the different viewing angles and that had to be aggregated at the building level. These decision trees
were meant to reduce the ambiguity of the SDA by taking into account all the faces of a building.

3.5.2. Dataset

There wete two different datasets: i) a real set of per-facade/roof damage scores which came from the
experts’ assessment of the exercise presented in the interface, and ii) a sample of randomly generated sets
of 5 damage scores created artificially in order to test the performance of the decision tree.

Both datasets were made out of groups of 5 per-fagade/roof damage scores, from 0 to 4 (DO - D4) regarding
to the used scale EMS-98 (1998) and each damage score included a certainty measurement that the expert
assigned to his/her classification.

3.5.3. Software

R studio (2012), an open source project for statistical computing, was used in order to create an environment
where the aggregation of the information and the implementation of the decision trees as an algorithms was
possible. It was also used to generate random sets of damage scores and certainty values that simulated the

expert’s outcome in the interface.

3.54. Methodology
This stage of the methodology was divided in three parts: simulation of expert SDA per-fagade/roof
scores, implementation of the decision trees in R and the algorithms testing.

- Simulation of expert SDA per-fagade/roof scores. R was used in order to generate a table filled
with the simulated SDA expert’s outcome (damage scores and certainty measurements).

- Development and implementation of the algorithm. Two decision trees that aggregated the
damage and certainty scores had to be developed and had to be translated into an algorithm that
worked within the R studio’s environment (Figure 13.

- Algorithms test. The simulated expert’s outcome and the real expert’s outcome were ran through
the implemented decision trees in order to evaluate their outcome and to extract the conclusions
of their performance.

Extent of the damage Building EMS-98 score
Oneview=D4

>50 % view = D3 D3 — R algotithm
<50% view = D3 D2
>50 % view = D2 D2
<50% view = D2 D1

Figure 13. Tllustration of how the theoretically described algorithm has to be translated into R.

3.5.5. Expected output
The expected outcome at this final step of the methodology was: i) two algorithms that aggregated the
information from the pet-facade/roof level to the prebuilding level and ii) two sets of aggregated pet-
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building damage scores and certainty measurements; one set which came from the aggregation of the real

expert’s outcome and another set which came from the aggregation of the simulated expert’s outcome.

This methodology section has tried to explain the approach followed to accomplish the listed research
objectives. The 3D point-cloud assessment with its visual interpretation of D4 —D5 evidences. The OOA
damaged features extraction and its definition of reliable damage features and the entire, from scratch,
ruleset development. The interface design and testing to create an environment where to enhance the multi-
perspective damage assessment. And finally the aggregation of the multi-perspective damage information to
summarized the per-facade/rood damage tags into a single per-building indicator.
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4. RESULTS

In this chapter, the results of the previously described methodology are presented. The same structure as in
the methodology chapter is followed, first, the 3D point-cloud assessment part is explained, followed by
the OOA damaged feature extraction and then the interface design and testing and it finalizes with

the aggregation of the multi-perspective damage information.

41. 3D Point-cloud assessment

As it was mentioned before, this part of the methodology was meant to visually identify the buildings that
presented D4 or D5 damage evidences and to ensure that the images that were going to be the input for the
OOA damaged features extraction, were standing, not inclined facades and roofs. In this chapter the
evidences found that supported the proposed methodology are going to be presented. The structure of this
section is going to follow the same top-down structure as in the flowchart presented in the first chapter

(Figure 0).

41.1. Collapsed - non-collapsed classification

The first step of the process had to do with the differentiation between the collapsed and the still standing
buildings. This differentiation was very important since the collapsed buildings could be classified directly
as D5, the highest score in the EMS-98. A D5 implied complete destruction of the building, and hence, a
potential spot for the SAR teams to focus their search and rescue activities.

In this case, the value of the point-cloud’s z

component, which was already explained in
the methodology section, was used to find the
evidence of complete collapse. In Figure 14 it
can be seen how, when the directions of the

local  neighbourhood’s normal  changed

randomly indicating parts of the building that

were having a messed up structure, the value E=EE S ‘ .
Figure 14. Visualization of the calculated z-component in the

“Italian house 3”. The different colours represent the different
prove it. In Figure 14 the colours from green values from 0 to 1 of the z-component.

of the z-component was a good indicator to

to blue to putple illustrated those structural

problems.

In the other hand, the visualization of the same parameter in
another building’s point-cloud (Figure 15), where the structure was
still standing, the z-component clearly illustrated that the facades
were standing. The values of the z-component, now, were more
uniform and sharper, indicating that they corresponded with a
standing building (Khoshelham et al., 2013).

Figure 15. Visualization of the 2z
component in the “italian house 2”. Blues
colours representing horizontal elements,
red colours for the horizontal parts.
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41.2. Standing - collapsed roof

The second step had to be focused on one of the most important
clements of the buildings, the roofs. The roofs were perfectly
identified by the z-component’s value; in Figure 16 it can be seen
how in blue, the fagades are very well differentiated from the roofs,

that in this case, were orange-red. Figure 16. Visualization of the z-
component in the “Gronau’s factory”.
In blue the horizontal elements, in
orange the more horizontal ones

In Figure 17 an intact roof could be discriminated from a collapsed
or an affected roof by making use of that same z-component value.
An intact roof had a smooth red-orange color which indacated that all the points had a similar orientation,
however, the affected roof showed a colour transition that indicated that the roof had collapsed. A point-
cloud segmentation based on this parameter could clearly differenciate big homogeneous intact segments
from the smaller changing affected parts like the one presented in Figure 17 (left) (Khoshelham et al., 2013)

Figure 17. Comparison of two parts of the roof, one intact that kept the
homogeneous colour and an affected part where the colours shift from
orange to yellow indicating a change in the orientation.

A building with a collapsed roof, when the walls are still standing, would be the example of a D4 building,
where, one again, the SAR teams would have to focus their activities to look for trapped people.

41.3. Rubble pile detection in the building surrounding
With the surrounding of the building also easy to identify due to their horizontal orientation, it was also
straightforward to identify the presence of rubble piles which would be an indicator that, although the roof

and the majority of the walls would be still standing, some parts of the facade might have been severely
affected by the shaking.

Figure 18. Visualization of the z-component in the “italian house 2”.
The rubble pile in green was identified due to its different orientation
regarding to its surrounding.
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As can be seen in Figure 18, in this case, proceeding with a point-cloud segmentation based on the z-
component, the presence of a rubble pile in the surrounding of the building can be easily captured. The
green artefact in front of the facade was representing the mentioned rubble piles The presence of such a
rubble pile would be an indicator of a D4 building that had suffered severe structural damage.

41.4. Facade’s basic geometry assessment

This last step was meant to identify those facades that had
suffered heavy structural damage and did not show evidences of §
rubble piles in their surroundings. In such a case, many facades
tend to be severely inclined. Visualizing the z-component in the
point cloud, an inclined wall could be easily differentiated from a
non-inclined wall. In Figure 19, the same wall, but with the
facade’s point-cloud manually inclined, it could be observed how

clear this inclination would appear in the point cloud. In Figure

19, the z component is almost 0 (blue) for the vertical wall, Figure 19. Visualization of the effect of the

meanwhile, for the inclined wall, the z component is about 0.3 inclination of a wall in a facade with a
simulated inclination. Blue colour for the

) o ) horizontal and green colours for the
would make the entire building to be classified as a D4 inclined parts.

(green). An inclined wall in this case would be an indicator that

As it has been demonstrated in this section, the use of 3D point-clouds, and specially, with the visualization
of the z-component, could show the indicators to classify the buildings that would have suffered heavy
structural damage (D4) or that would had been completely destroyed (D5); besides of filtering the buildings
that would had been less severely affected and that would need a more detailed image based analysis to be
classified within the EMS-98 standards.

42.  OOA damaged features extraction
In the coming subsections the selected damage features and the description of the OOA rulesets for the
three different scenarios (roofs, concrete fagades and brick facades) are explained.

4.21. Damage features selection
After the literature review of documents such as the AT'C-20 (2005), the EMS-98 (1998), the AeDES (2007),
the meetings that took place in Italy and the emails exchanges with David Lallemant, expert on the field of
the structural damage assessment, the damage features found reliable for this SDA approach were:
Features that could be found in the fagades (Figure 20

- Cracks

- Holes

- Interaction of cracks with structural elements

Features that could be found in the roofs (Figure 20:
- Moved tiles

Figure 20. From left to right, examples of damage features found in the test dataset: crack, hole, interaction of crack with
structural element and moved tiles.
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The presented damage features were the focus of the rulesets developed in the coming step. For the
identification and classification of those features, several other non-damage features had to be classified as

well: facade, windows and columns.

4.2.2. OOA extraction rulesets

All the developed OOA rulesets for the extraction of the damage features were based on the same strategy.
The damage features were elements presented in facades and the roofs that did not fit with the general
pattern presented in them and that tended to be very well differentiated from their background. Hence, the
segmentation part of the ruleset had to be able to aggregate the homogeneous objects and highlight the
objects that did not fit with their environment and used to be related with the damage features. If this was
achieved in the segmentation, the only focus of the classification part of the ruleset was to use the given
objects characteristics, specially: area, maximum difference, relative border to -, asymmetry, rectangular fit

and compactness, to give to the objects the meaning they had in reality.

4.221. Roofs

All the roof images (Table 1) were analysed with the same ruleset. This ruleset’s aim was to identify the
moved tiles feature, being the simplest of the three. It was designed to highlight and then classify the
features that did not match with the main pattern of the image, in this case the roof tiles. The full details of
this ruleset are presented in the appendix (7.4).

The ruleset consisted in two steps:

1. Segmentation. It was done in two steps that combined two segmentation algorithms that were part of
eCognition (2013). i) The multiresolution segmentation algorithm, a bottom-up algorithm that locally
minimizes the average heterogeneity by consecutively merging pixels that fit both: the spectral and shape
homogeneity parameters (Trimble, 2011) and ii) a spectral difference segmentation algorithm whose
purpose was to merge neighboring image objects according to their mean image layer intensity values.
The neighboring image objects were merged if the difference between their layers mean intensities was
below the value given by the maximum spectral difference. The selected parameters for the given
algorithms were (Table 2:

Algorithm Parameter Value
Scale factor 75
Multiresolution segmentation Shape 0.2
Compactness 0.2
Spectral difference segmentation Spectral difference 20

Table 2. Chosen segmentation parameters for the roofs

The small shape and compactness parameters of the multiresolution segmentation algorithm were chosen
in order to be able to capture the individual tiles of the roof which were going to be merged with the coming
spectral difference algorithm. A bigger selection of parameters would have missed the individual moved
tiles. For the spectral difference parameter, a value of 20 was enough to merge the tiles into a large unit

while it kept the damaged features (moved tiles) as individual objects (Figure 21).
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Figure 21. On the left an example of the applied multiresolution segmentation on one of the
roofs. On the right, the result of applying the spectral difference segmentation on the results of
the multiresolution segmentation.

2. Classification. The images were classified into two classes: undamaged and damaged, the last one
representing the moved tiles. The area of the segmented objects was the image feature used to classify
them. Assuming that the intact roof parts were going to be merged into a large intact object, by setting
a threshold of 100000 pixels, the smaller image objects were classified as damaged and the larger objects
were classified as intact.

= classes

Figure 22. Examples of the results of the application of the roof ruleset in one intact roof (roof 2) and one affected
roof (roof 1).

As shown in the figures above (Figure 22), the identification and classification of the damage features was
solved successfully. The ruleset was tested in the two available roof images: an intact and an affected roof.
As it can be seem, the ruleset was capable to find a reliable part of the moved tiles in the affected roof and
it classified the entire roof as undamaged when there were no damage features to classify because the roof
was intact.

Part of the tiles in the affected roof could not be captured because the spectral difference algorithm merged
those objects with the undamaged ones due to being spectrally more similar to them. Although the ruleset
could have been improved, one of the aims of this study was to keep the rulesets as general as possible in
order to make them work in more images without having to adjust them.

42.2.2. Concrete fagades

All the concrete fagades (Table 1) were analysed with the same ruleset. The ruleset’s aim was to identify the
cracks and the interactions of cracks with structural elements. Concrete facades were the ones with a
higher number of images in this study. For that reason, the concrete fagade ruleset was the most complete
and complex one. The full details of this ruleset are presented in the appendix (7.4).

This ruleset, as the one for the roofs, was divided in two main processes segmentation and classification;
the last one divided in several sub-sections in order to cope with its complexity.

28



1) Segmentation. Following the same approach followed in the ruleset for the roofs, this segmentation

process was done making use of the same two algorithms, the multiresolution segmentation and the
spectral difference segmentation algorithms (Trimble-eCognition, 2013). In this case, the selected
parameters are (Table 3:

Algorithm Parameter Value
Scale factor 100
Multiresolution segmentation Shape 0.8
Compactness 0.5
Spectral difference segmentation | Spectral difference 20

Table 3. Chosen segmentation parameters for concrete fagades.

2)

The chosen shape and compactness parameters for the concrete facades were high, in comparison with
the used for the roofs, in order to capture the big parts of the fagade that were homogeneous. This
selection allowed the clear identification of small cracks and, at the same time, the algorithm was able
to generate big objects for the main and homogeneous intact parts of facade. Regarding to the spectral
difference parameter, as with the roof’s ruleset, a value 20 merged the similar objects and kept the ones
that were contrasted with their background.

Although this combination of algorithms was used with the roofs, it was in this case where the qualities
of this chosen combination of algorithms stood up. The aim of the multiresolution segmentation was
to capture the essence of the cracks and holes in the facades; these features tended to be easily captured
by this algorithm but, at the same time, it failed classifying the facade objects. The facade was over
segmented, as it can be seen on the left image in Figure 23. However, it was with the use of the spectral
difference segmentation when the objects really captured the essence of the damage. This happended
because by merging the similar objects (Figure 23), the fagade ended up been a clear big object while
the cracks, due to their difference with their neighborhooding objects, were captured as different

objects.

Figure 23. On the left an example of the applied multiresolution segmentation on one of the
concrete facades. On the right, the result of applying the spectral difference segmentation on
the results of the multiresolution segmentation.

Classification. For the concrete fagades, the classification process was more complex so the
classification process is explained dividing it in six sub-steps. To follow the explanation, several captures
of the classification process followed in the image “concrete fagade 3” (Table 15) are going to be show.

a) Windows. After the segmentation process, the first and easiest elements to be classified were the
windows. By using the maximum difference feature view, it was easy to identify the potential
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b)

d)

candidates. After that, and IF-ELSE statement that used the area of the object, helped to
unclassified the facade objects that were classified as window but they were too big to be a window.

Structural elements. The second classified elements were the columns, which, due to their elongated
shape, they were easy to classify by using an IF-ELSE statements that used the Length/Width to
discriminate between columns and other fagade objects (Figure 24).

= classes
i..4fy Column

L) structural crossing
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Ll window

Figure 24. Capture of the “concrete fagade 3” showing the results after the classification of the
structural elements and the windows

Facade. The facades represented the main part of the images. First another IF-ELSE statement
which used the relative border to window helped to get rid out of window objects that were still
missclassifed. After that, all the remaining unclassified object were classified as fagade. Finally, and
again, to refine the window object, which many times were wrongly classified as facade, a relative
border to window statement was used in the new facade objects.

Cracks. Finally, with all the non-damaged related elements classified, the cracks could be identified
and classified. The segmentation already facilitated this task by creating those thin and compact
objects. First, by using the compactness image feature applied exclusively to the facade objects, it
was possible to identify the potential cracks (Figure 25).
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Figure 25. Result of the classification of the potential cracks in the image “concrete fagade 3”.

With the spotted potential cracks the refinement process started. It was composed of two IF-ELSE
statements that made use, again, of the relative border to window and a multiresolution
segmentation algorithm that was applied only to the potential cracks to focus the second IF-ELSE
statement in the small cracks close to the windows. The refinement process’ aim was to refine the
crack objects that were close to the windows and that were, indeed, part of the window frame,
compare the windows frame between Figure 25 and Figure 20.
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Figure 26. Result of the classification when the crack refinement rules were applied in the image “concrete
facade 3”

e) Semantics. At this stage of the classification, all the objects were already correctly classified. The
semantics step’s aim was to identify two extra damage features that were related with the interaction
of two classes: the interaction between cracks and windows and/or structural elements (columns).
To classify the cracks that were crossing columns, a chessboard segmentation was applied to the
cracks and then, using the relative border to columns (the only feature that can be crossed, a window
cannot be crossed), with a threshold of: >50%, the crossing cracks were identified. To identify the
cracks that were touching windows or columns, one again, the rel. border feature view, with a
threshold of >1%, was used to identify the touching cracks (Figure 27.
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Figure 27. Results of the classification of the structural crossing and structural connexion in the image
“concrete facade 3”.
Each time a group of objects was properly classified; a merging algorithm was ran in order to create simpler

classified segments. At the end, all the objects were merged again in order to export them as a shapefile to
ArcGIS where they were ready to use by the coming steps of the methodology.

In the appendix (7.3), the classification’s results that were not presented here can be found. Although some
false positives, like the letter classified as a crack in Figure 27, and some false negatives, like the wide bottom
crack found in the other example below (Figure 28), were found, the classifications were very accurate even
in complex situations.
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Figure 28. Classification result of applying the concrete fagades ruleset on the image “concrete facade
47,
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The overall damage classification was very adequate to the level of complexity of the concrete facades. There
were simpler examples (Figure 29) where the facade, and the damage that it showed, were simpler than in
the examples presented above. In those, cases the classification’s result were very consistent with the damage
features that the fagades were presenting,
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Figure 29. Results of the classification of the images: “Concrete facade 1” and “concrete facade2”

0Additionally, some of the damaged facades were edited (concrete facade 1, 2 & 4) and the damage features
were erased. It was done in order to prove that, in case the algorithms were tested in a similar scenario where
there were not damage, the algorithm would perform properly, not identifying any false damage feature
(Figure 30). The other two examples of the classification of those edited images are in the appendix (7.3)
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Figure 30. Result of the classification in the image: “concrete facade
1 edited”

4.2.2.3. Brick fagades

All the brick fagades (Table 1) were analysed with the same ruleset. Although in this case, creating a specific
ruleset for each image could had leaded to more accurate results due to the differences in the scale, since
one of the aims of this study was to balance between the stability of the ruleset (its capacity of being applied
successfully in different images) and the amount of information that could be extracted, a single ruleset was
create to classify these images.

This ruleset was made to identify cracks, holes and interactions of cracks with structural elements in
brick fagades. The assessment of brick fagades was presented as a challenge due to its already complex
structure made out of small bricks and concrete lines in between.

The ruleset was divided in two parts: segmentation and classification.

1) Segmentation. The same approach for the segmentation was followed with the brick facades. Two
algorithms were used for the segmentation: multiresolution segmentation and spectral difference
segmentation algorithms. The chosen parameters (Table 4 are:
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Algorithm Parameter Value
Multiresolution segmentation Scale factor 25
Shape 0.2
Compactness 0.2
Spectral difference segmentation | Spectral difference 35

Table 4. Chosen segmentation parameters for the roofs

For the multiresolution segmentation algorithm, due to its similarity with the roof patters, similar
parameters to the roof were chosen. Low scale factor: 25, and low shape and compactness parameters:
both 0.2. The same reason as for the roof tiles, the individual bricks were tried to be captured with the
first segmentation algorithm in order not to lose any detail. In this case, the parameter for the spectral
difference was higher than for the other rulesets; the heterogeneity of the bricks themselves demanded
a higher value in order to merge the fagade objects and highlight the objects related to damage.

Figure 31. On the left an example of the applied multiresolution segmentation on one of the brick
fagades. On the right, the result of applying the spectral difference segmentation on the results of
the multiresolution segmentation.

The results of the segmentation in the brick facades (Figure 31) were messier than the segmentation in
the other structural type or the roof. The high complexity of the brick facades generated small object
that were not directly related to the damage but that could not be merged with the background,
otherwise, damage information was going to be lost.

Classification. The approach followed to classify the brick fagades was slightly different to the
approach followed with the concrete facades. In this case the classification started with a binary
classification: facade — damage, and, once the damage features were identified, a classification of those
damage features was carried out. The complexity of the environment where the classification took place
make the approach followed in the concrete fagade unviable. To illustrate the description of the ruleset
the image “brick facade 3” was used.
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Binary classification. Following a similar
approach to the one followed to classify

= classes

) crack
@ Facade

the roofs, the segmentation process

created a big homogeneous object which
() structural crossing
A3 structural conexion
A window

was related to the facade, and only by using
the area of that object, it was possible to
classify the facade and identify the rest as
potential damage features. After that, the
objects that were not merged by the
spectral difference segmentation
algorithm, were classified as potential
damage related objects.

Figure 32. Result of the first binary classification carried
out in the brick facades ruleset

This binary classification (Figure 32) also included a refinement process. It was meant to get rid out
of the bricks that were wrongly classified as damage. To do so, the damage features were re-
segmented with a multiresolution segmentation algorithm (scale factor = 20, shape = 0.9 and
compactness = 0.8) that tried to capture the compact and shape-based essence and the bricks. Then
with a rule that used a high rectangular fit threshold in combination with a small area, and another
one that used the contrast difference of those objects with its background, it was possible to erase
those wrongly classified objects.

Features classification. The damage classification started identifying the easiest damage features, in
this case, the holes, which due to their area, they were easy to classify. With the holes identified all
the other features classified as damage where classified as cracks, facilitating the coming
improvement process.

After merging the classified objects: fagade,
cracks and holes, the first rule was meant to
differentiate the windows from the holes. To
do so, a rule that combined the rectangular
fit of a window feature and its area, smaller
than the one of a hole object, was used to
identify windows. Although it was found
successful in many cases (Figure 33), this rule
was not able to identify all the windows or it
identified parts of the hole as windows. In
some cases, the segmentation process,
focused on 1dent1fy1ng damage features, Figure 33. Result of the differentiation between holes and

made the windows boundaries fuzzy which windows. The window on the left was successfully
obstructed their classification detected meanwhile the one on the bottom right was

misclassified with a hole.

structural crossing
() structural conexion
() window

After that, a refinement process was carried out in order to get rid of all the classified crack objects
which were, indeed, just the concrete lines in between the bricks. Since the concrete lines tended to
be small horizontal lines between the bricks, the use a threshold of 5.6 in the feature view
length/width was enough to capture and erase those longer than wider objects.
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With all the features already propetly classified, a semantic step, where the interaction of the damage
features with the structural elements was assessed. Two were the possible combinations: the
windows being touched by the cracks and the holes being touched by the cracks. For those two
rules which made use of the command relative boundary to- was used. All the cracks with more
than 0 relative boundary to windows or holes were classified as window structural touching,
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Figure 34. Final result of the classification of the image:
“brick facade 3” with the brick facades ruleset.

As it was mentioned before, the high complexity of the brick facades made their classification very

complicated, however the results of the classification were appropriate for this complexity (Figure 34). This

described ruleset had some classification problems but it worked it three different images, the two other

classified images are presented in the appendix (7.3) which represented two very different brick fagades that

not only implied spectral differences but scale differences.

4.23.

Accuracy assessment

The results of the accuracy assessment of the extracted features, where the area of the extracted damaged

features were compared with the area of the digitized ones, ate presented in the table below (Table 5. A
morte detailed illustration of the accuracy assessment done, where the FN.FP and TP and overlaid on the

image is presented in the appendix (7.5).

Concrete fagcade 1

Concrete facade 2

Concrete faga8e

Concrete facade 4

FN 28.3% | FN 32.7% FN 57.9% FN 20.2%
FP 24.6% | FP 8.6% FP 6.4% FP 59.1%
TP 47.1% | TP 58.7% TP 35.7% TP 20.7%
Split factor 1.9 Split factor 6.8 Split factor 5.6 Split factor 0.3
Missing factor | 0.6 Missing factor | 0.6 Missing factor | 1.6 Missing factor | 1.0
Correctness 65.7% | Correctness 87.2% Correctness 84.8% Correctness 25.9%
Completeness | 62.4% | Completeness | 64.2% Completeness | 38.2% Completeness | 50.6%
Roof 1 Brick facade 1 Brick facade 2 Brick facade 3
FN 53.8% | FN 40.6% FN 12.4% FN 7.6%
FP 13.2% | FP 25.5% FP 40.7% FP 25.5%
TP 26.4% | TP 33.9% TP 46.9% TP 66.8%
Split factor 2.0 Split factor 1.3 Split factor 1.2 Split factor 2.6
Missing factor | 2.0 Missing factor | 1.2 Missing factor | 0.3 Missing factor | 0.1
Correctness 66.6% | Correctness 57.0% Correctness 53.6% Correctness 72.4%
Completeness | 32.9% | Completeness | 45.5% Completeness | 79.1% Completeness | 89.8%
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Roof 2 Concrete fagade 1 edited | Concrete fagade 2 edited | Concrete fagade 4 edited
FN 0% FN 0% FN 0% FN 0%
FP 0% FP 0% FP 0% FP 0%
TP 100% | TP 100% TP 100% TP 100%
Split factor 0 Split factor 0 Split factor 0 Split factor
Missing factor | O Missing factor | O Missing factor | 0 Missing factor | O
Correctness 100% | Correctness 100% Correctness 100% Correctness 100%
Completeness | 100% | Completeness | 100% Completeness | 100% Completeness | 100%

Table 5. Summary of the accuracy assessment carried out.

The split factor, a measurement that illustrates the amount of FP compared to the amount of TP, was high,
above 1, in all the images except in concrete facade 4 where the ruleset detected an intact area as a crack and
it affected severely the total accuracy of the extraction. The missing factor compared the amount of FN
with the amount of TP. In this case the amount of missed information by the rulesets was high for the
images concrete facade 3, roof and brick facade 1. There, the rulesets had some issues missing damaged
areas.

Regarding to the correctness parameter, all the images seemed to have good results, except for those where
the percentage of FP found was higher. This meant that, except for those images, the damage information
extracted was properly correlated with the real damage found in the facade. For the completeness parameter,
where the ruleset had higher false negative than the average, the completeness value went down.

It is important to notice that the percentage of FP and FN in the accuracy assessment for the images where
there were not damage (concrete facade 1, 2 & 4) were 0 %. Since the ruleset did not detect damage in those
images and there were no damage features to digitize, the performance of the ruleset was perfectly accurate

not detecting any damage feature.

4.2.4. Demonstration of the effect of the number of rules in the stability and the amount of extracted information
in the ruleset.

There is not a single or unique approach to classify an image using OOA, there could be endless
combinations of rules for an image, and all of them could be perfectly valid. This means that a certain task
like: “identify all the cracks in the wall”, could be achieved in different ways, however, there were two factors

that had to be taken into account: the hyper-fitment and the stability.

Opver fitting is a common problem in OOA, which refers to rulesets that were tailor made for an image.
These rulesets have rules that were exclusively applicable for that specific image because the definition of
their thresholds that contained each rule were defined knowing the reliable values of the image after
searching for them in a manual approach. Moreover, stability is a ruleset’s property which is related to its
applicability in different images, not only in the one where it has been designed. A ruleset it is said to be
more stable when it could be applied to different images without tuning its parameters

A over fitted ruleset is only applicable for one image, where it would perform propetly; if that ruleset is
applied to another image, it would fail, it would be unstable. In the other hand, a balanced ruleset whose
rules’ parameters were propetly defined, would be applicable to more than one image, it would be stable.

36




The developed algorithms for this study were meant to keep the balance in between amount of extracted

information and ruleset stability. The applied rulesets in this study tried to find the balance point (Figure

35), a point where the ruleset was capable to extract most of the information from the image and, at the

same time, it was applicable to several images without tuning its parameters.
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Figure 35. Illustration of the tendencies of the amount of extracted
information and the stability of the ruleset at increasing number of

rules.

For this experiment an extra module with 10 rules was added to the concrete fagade’s ruleset (Figure 306).

This module consisted in a set of rules that hyperfitted the mentioned ruleset to the image “concrete facade
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L window with Brightness »= 95 at Mew Level: artefact

.Ml window with Max. diff. == 0.4 at New Level: hole

Figure 36. The ten extra rules added to the brick fagades ruleset to over fit

the image “concrete facade 3”

As it can be seen in the table below (Table 06), the over fitted ruleset behaved perfectly in the image for
which it was designed (concrete fagade 3), it behaved better than the balanced ruleset that had some

classification issues. Regarding to the stability of the over fitted ruleset, it was low due to the

misclassifications that it had in the image where it was not designed. On the other hand, the balanced ruleset

kept behaving propetly in the other image keeping a good amount of quality information extracted.
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Original image

Balanced ruleset

Hyperfitted ruleset

Amount of information extracted test

The ruleset is over erfitted to extract as
much information from this specific

image (concrete fagade 3)

The balanced ruleset behaves propetly
although it has some issues with the letter
that is identified as a crack, the missed
crack part in the middle of the fagade, the
cracks in the lateral columns and the

artefact classified as a window

The over fitted ruleset extracts all the
damage information from the image. All

the objects are correctly classified.

Stability test

The over tfitted ruleset is not made for
this image

The balanced ruleset properly identifies the
two main cracks in the facade. However, it
has some issues with the bottom part of
the smaller crack where some false positive
is identified

The over rfitted ruleset misses the
secondary crack of the facade and
identifies as cracks three small artefact

present on the top part of the image.

Table 6. Illustration of the effect of the number of rules within the ruleset in the amount of extracted information and
the stability.

4.3.  The interface design and testing

The results of the previously described methodology for the interface are explained in this section. The
interface, which was created in order to create an environment where the muti-perspective damage
assessment could take place and where the experts could add their SDA, is explained in 5 steps.

4.3.1.

The interface design was a very important aspect of this section. The interface was going to be sent to several
SDA experts who had no knowledge about this study, hence, the interface itself had to be self-explanatory
and it had to contain enough information to make the experts understand what they had to do. The created
interface was divided in:

Interface design and PowerPoint implementation

- Purpose and exercise explanation. It was important to let the experts know why their help was
needed and what the objectives of this study were.

- Reasoning of the study. In this part, several arguments that backed-up the objectives of this study
were presented. The intention was to let them know that they were helping to develop something
that seemed to fill the gap of the nowadays problems in the SDA.

- Description of the EMS-98. Although the selected experts already had knowledge in SDA, it was
important to refresh the concepts that stand for the EMS-98.
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- Interface instructions. Since the interface was not developed in a very appropriate environment,
some instruction of how to interact with the PowerPoint-interface were needed.

- Real case scenario. This was the actual part were the experts were going to proceed with the SDA.
The previously sections were meant to inform the experts about the study and how to interact with
the interface. Here, the outcome of the OOA damaged extraction features was presented to the
experts to proceed with the SDA.

The PowerPoint implementation was the process of creating a number of slides that simulated the designed
interface. In the appendix the complete interface is included (Appendix 7.06).

43.2.  Simulation of a real case scenario

The simulation real case scenario was the section where the experts were going to interact directly with the
SDA. The simulation was meant to select several images and their classified shapefiles and connect them in
order to be able to tell the story of how this interface would work. The simulation of the real case scenario
can be divided into: SDA based in a 2D environment (description, initial 3D model, per-view SDA and
wrap-up) and SDA based in a 3D environment (Figure 37).

As it was explained in the methodology chapter, two were the approaches presenting the damage
information to the experts, although only the one based on the 2D environment was going to be fully
implemented while the other was just a concept. For the SDA based in a 2D environment the description
was the part where the SDA experts could add the building type of the view they were watching. It was
considered important to include an indicator of the building type since the damage was expressed differently
in the different building types (1). The 3D model was meant to provide to the experts the general view of
the building and the damage it had suffered (2). The per-view SDA was the part where the extracted features
from the OOA extraction process where presented; the expert could switch on/off the created layer in order
to retrieve all the information he/she would need (3). The wrap-up aggregated all the presented views and
the expert could go back and reclassify each fagade or roof, if necessary (4). For the SDA based on the 3D
environment 3D SDA concept was presented in a video which illustrated how the SDA would be in that
environment were all the information was related to the original 3D model (5).

— = Crr
Description 1 3D model simulation 2 [ovtpoa e toge | oncks |
Td?b:ﬂ“ln‘ ™ EI ‘Warning T fallgwing 3C mogal o just an flustraton, it doasn't fit with the data presented in the foliowing 1ides 3
* [Tag the
viow

[ intecsctivel |
Do you need to go back? Just click on the image you wan: to go

Figure 37. Captures of the PowerPoint that contains the interface exercise. 1: description, 2: 3D model simulation, 3: per-view
SDA, 4: wrap up and 5: 3D SDA concept.
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4.3.3. SDA questionnaire

The SDA questionnaire was an attached txt file that was included within the interface. This txt file stored
the questionnaire that the expert had to fill in to complete the SDA and give the feedback about the interface.
The information that the experts had to provide can be grouped in the following way:

- Description information. In this part, the experts had to define the building type of the facade that
they were watching. The options were: brick facade, concrete facade or roof.

- Structural damage assessment information. This was the part where the experts had to use their
expertise in order to classify each view with the damage score that they considered. The damage
score could go from D1 to D4 for the fagades and from D1 to D3 for the roofs (Table 7. Besides
the damage score, the questionnaire also included a certainty measurement. This certainty
measurement was a number from 1 to 3 being 1: uncertain, 2: quite certain and 3: very certain
(Table 7. This extra information, that was not considered in other SDA studies, was meant to add
a quality measurement to the final per-building damage score which could indicated how certain
the expert was of its classification.

Damage score EMS-98 Certainty measurement Value

Negligible to slight damage| D1 Uncertain

Moderate damage D2 Quite certain 2
Substantial to heavy damag D3 Very certain 3

Table 7. The different levels of damage scores and certainty measurements allowed to be used in the interface

- Usability assessment. A set of 8 questions, which are presented below, were asked to the experts.
These questions tried to address the usability of the interface. With these question, the idea was to
gather the insight of the experts that would help to improve the approach of the interface by
identifying weak, missed and unclear points in the interface.

a) Although the 3D model doesn't match with the geiesented, Do you think that it is good to hawe a
overview of the situation before addressing thesssient of each one of the view?
b) Do you think that the 3D model that is preseriiefbre the 2D images has already biased your mind
to a certain EMS-98 score?
c¢) Do you find useful the overlaid information et2D images?
d) From the presented overlaid information , Whacie do you think it is more helpful? Damage, cracks
or structural crossings.
e) Can you think in other information that mightuseful for the assessment?
f) Do you think that this interface helps you toguce more reliable damage scores per-facade or per
roof?
g) Taking into account that the damage assessraeltrie for each facade and roof, Do you find useful
or a better approach to present the informatioredtity in a 3D model?, like in the last video, or Yo
prefer to work in "isolated" views of each facaade aoof?
h) Would you like to add any suggestion or comrttettwas not addressed with the questions above?
Feel free to explain what you would like to add.

4.3.4. Visualization of the extracted damage information

The results of the methodology followed to create these two visualization are the following.
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2D based approach

Although the damage assessment was based in the 2D images, this
approach also included a 3D model that gave the overview of the
damaged building to the experts (Figure 38). By using 123D Catch
(2013) to create the 3D model from the overlapping images, the result
was a realistic and dynamic model of the building. In the interface this

3D model was included as a video due to the impossibility of including

an interactive 3D environment within PowetrPoint. Figure 38. Capture of the video

presented in the interface that

Then the extracted features from the OOA extraction process that contained the 3D model visualization

were stored in a shapefile in ArcGIS were overlaid with the real

images. Four different layers were created: original view, classified image, cracks and structural
crossing. Those represented the most reliable damage features extracted that were useful for a complete
SDA. Examples of the different layers are presented below in Figure 39.

Figure 39. . Top-down and left-right: Original view, classified view, cracks view and structural interactions view

3D based approach.

The process to create the 3D visualization started similar to
the process followed in the 2D approach. A 3D model had
to be created using 123D Catch (2013) (Figure 40).

Figure 40. View of the original 3D model
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With the 3D model ready, the classified images had to be exchanged by the original ones that were stored
in the 3D model. With the classified images already in the folder of the 3D model, they could be visualized
in the 3D space (Figure 4}.

Figure 41. The two overlaid classified images on the 3D models. Grey colours for the
undamaged parts of the fagade, yellow for the holes and red for the cracks

4.3.5. Summary of the received feedback

As mentioned, one of the outcomes of the interface part were a set of real SDA and the answers of the
questions that were asked in the questionnaire.

The interface was finally tested by 6 experts on different fields related to SDA (Appendix 7.8). Their damage
scores, certainty measurements and feedback, were very valuable to understand how they proceeded and
perceived the proposed approach for SDA. In the following table (Table 8), the damage scores and the
certainty measurements are presented.

Damage scores
Expert Fagade 1 Fagade 2 Fagade 3 Fagade 4
2 2

Expert 1

Expert 2

Expert 3

Expert 4

Q[ DN Q] DN W

3
2
Expert 5 3

DN QO O O DN O

3 2
Certainty measurements
Expert Facgade 1 Fagade 2 Facade 3 Fagade 4

Expert 6

Expert 1

Expert 2

Expert 3

Expert 4

Expert 5

Expert 6

Table 8. The collected damage scores and certainty measurements from the 5 experts that collaborated on the interface
test. Damage scores, from the possible 1 to 4, orange corresponds with level 3, yellow with level 2 and green with level
1 (Table 7). Certainty measurements, from 1 to 3, green corresponds with level 3, yellow with 2 and red with 1 (Table
7).

The main conclusion extracted from their feedback were:
- The 3D model presented before the individual analysis of the facades and roof was useful for them
in order to observe the damage in their context. Besides, they all agreed that this 3D visualization
did not bias their postetior facade/roof assessment.
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- The experts pointed out that the presentation of the extracted damage features by OOA did not
add greater insight than the visual interpretation of the image itself. Except for the features that
highlighted the interaction between the damage features and the structural elements.

- There were experts supporting the two approaches to visualize the damage features. Some experts
said that the individual view of each facade were necessary to proceed with a reliable SDA, and
other experts argued that the visualization of the features directly in a 3D environment would help
them to produce more reliable damage score per-building.

4.4.  Aggregation of the multi-perspective damage information

This step of the methodology was meant to aggregate the damage and certainty information, which at this
stage was referred to each fagade and roof of a given building. The aggregation process comprehensively
summarized that information to a building level. The aggregation of the multi-view damage scores was done
in 3 step: simulation of the expert SDA pet-fagade/roof scotes, development and implementation of
the algorithms and algorithms test.

4.4.1.  Simulation of the experts SDA per-fagade/roof scores.

Due to time and data constrains, the amount of real expert SDA was limited, so, in order to be able to test
how the aggregation algorithms were going to work, a set of randomly simulated SDA had to be created. It
is important to mention that the created simulation were not perfectly realistic; they were a random
simulation, they were created just to prove that the algorithms could cope with a similar scenario.

Two tables were created in R-Studio: one table for the damage scores (Table 9) and one table for the certainty
measurements (Table 10), each table with 100 simulations.

- Simulated damage scores

For the damage scores, the table was organized in 5 columns: fagades 1 to 4 and roof. The values that could
be stored in each column went from D1 to D4 for the facades and from D1 to D3 for the roofs. Regarding
to the EMS-98, a D4 building implied parts of the roof collapsed, which, according to the developed
methodology, these kind of roofs would have been identified in the 3D point-could assessment and,
therefore, such a building would have not reached this part of the methodology because it would have been
classified as D4 in the first part of it. An illustration of the simulated damage score table (Table 9 is
presented below.

facadel facade2 facade3 facade4 roof
House 1 4 3 2 3 2
House 2 4 1 4 4 1
House 3 1 2 2 1 1
House 4 2 3 3 3 3
House 5 2 2 4 4 3

Table 9. First 5 randomly assigned damage scores for the 5 views taken into account

To simulate the damage scores the code presented in the appendix (7.7) was used. To generate the random
sets of scores the function “sample” was used.

sample(x:y,n,replace = TRUE)

x:y => Defined the range of possible numbers that could be introduced in the column
n => Referred to the number of values that had to be created
replace =TRUE => Specified that a value could be repeated within each sample
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- Simulated certainty measurements
For the simulation of the certainty measurements the same approach was followed, although in this case all
the columns could have the same range of values from 1 to 3: 1:uncertain, 2: quite certain and 3: very certain.
An illustration of the simulated table is presented below (Table 10).

facadel facade2 facade3 facade4 roof
House 1 1 3 3 1 1
House 2 3 3 3 2 2
House 3 2 2 3 2 1
House 4 1 3 3 1 1
House 5 1 3 1 1 1

Table 10. First 5 randomly assigned certainty measurements for the 5 views taken into account.
To simulate the certainty measurements the code presented in the appendix (7.7) was used:

Creating this simulated expert’s outcome, a conscious simplification of the reality was made: no weighting
was applied to the damage scores. It implied that the presence of a D3 facade did not imply that the adjacent
fagade had to be, most likely, in between D2 and D4, which is what happens on the field. On the field an
entire building, of the same building type, is affected by the same forces producing similar damage in its
facades and roof.

4.4.2. Development and implementation of the aggregation algorithms

This step was a key point in the methodology because, up to now, there was no approach where the damage
information collected from each fagade and roof a building, would have been understood and then
aggregated into a single per-building damage score. In order to keep the process simpler two algorithms
were created: one to aggregate the damage scores and another to aggregate the certainty measurements.

- Damage scores aggregation algorithm.
First, the reasoning behind the algorithm had to be described and then it had to be implemented in R-Studio.
The created algorithm followed a top-down approach which first addressed the higher levels of damage and
then it went down looking for lower damage scores. This algorithm was meant not to underestimate the
damage evaluation of a building, for that reason a higher weight was given to the D4 elements which had
the priority in any possible situation. The created algorithm can be summarized in the following table (Table
11).

Per-facade/roof damage score Per-building damageme

> 50% of the facades are D3 D3
< 50 % of the facades are D3 D2
> 50% of the facades are D2 D2

Table 11. Description of the algorithm created to aggregate the per-facade/roof damage score in the building level

The implementation of the algorithm in R-Studio was done using a set of IF-ELSE statements. The code
used is presented in the appendix (7.7):

- Certainty measurements aggregation algorithm.
For the aggregation of the certainty measurements of the per-facade/roof classification, a simpler approach
was followed. The aggregated certainty measurement had to represent the certainty that led to the final per-
building damage score, and for that, all the certainty measurements had to be taken into account. The
equation that aggregated the set of values is presented below:

( (X certainty measurements) * 100)/15




The presented equation scaled the total certainty of the classification in a percentage that could be easily
interpreted. The code used to integrate that operation in R-Studio is presented in the appendix (7.7)

443. Algorithms test
The two aggregation algorithms were run through the date frames making use of a repetition function in R-
Studio. The outcome of the aggregation process was stored in two data-frames: aggregated damage scores

and aggregated certainty measurements. A illustrations of how the scores were transformed are presented
below (Figure 42 & Figure 43).

Damage score

aggregation algorithm

Damage scores
facadel | facade2 | facade3 | facade4 | roof Aggregated damage score
House 1 4 3 2 3 2 House 1 4
House 2 4 1 4 4 1 House 2 4
House 3 1 2 2 1 1 House 3 2
House 4 2 3 3 3 3 House 4 3
House 5 2 2 4 4 3 House 5 4

Figure 42. Illustration of how the first 5 sets of damage scores were aggregated into a single per-building damage
score

Certainty aggregation
algorithm ’X
Certainty measurements
facadel | facade2 | facade3 | facade4 | roof Aggregated certainty
House 1 1 3 3 1 1 measurements
House 1 60%
House 2 3 3 3 2 2 House 2 86%
House 3 2 2 3 2 1 House 3 66 %
House 4 1 3 3 1 1 House 4 60%
House 5 1 3 1 1 1 House 5 46 %

Figure 43. Illustration of how the first 5 sets of certainty measurements were aggregated into a single per-building
damagce score

In the appendix (7.7) the aggregation of both complete tables (Table 17 & Table 18) is presented, including
the code used in order to proceed with the entire simulation.

As it has been illustrated above, the algorithms were able to aggregate the multi-view damage related
information into a building level. The transformation done in the certainty measurements was minimum,
the algorithm just calculated the mean of the certainty measurements and it presented it as a percentage.
Therefore, the visualization of the overall aggregation process (Figure 44) did not presented any patterns.
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Figure 44. Graphical representation of the distribution of the aggregated
certainty measurements
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In the case of the aggregation of the damage scores, the visualization of the overall aggregation did show a
reliable pattern. As can be seen below (Figure 45), most of the buildings were classified as D4. Part of this
effect was related with the random nature of the simulated scenatio, which made that most of the rows
contained at least of facade classified as D4. The other part of the effect had to do with the importance that
was given to the D4 facades in the aggregation algorithm, The algorithm was designed to classify the entire

building as D4 as soon as, one of its facades was classified as D4.
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Figure 45. Graphical representation of the distribution of the aggregated
damage scores.

The results of the aggregation process of the real expert outcome were the following (Table 12).

Expert Aggregated damage score Aggregated certainty measurements
Expert 1 2 86 %
Expert 2 73 %
Expert 3 66 %
Fxperd 7%
Expert 5 53 %
Expert 6 2 40 %

Table 12. Result of the aggregation of the real expert outcome.

As it can be seen, three of the expert, according to the damage aggregation algorithm, understood that the
building was a D2, one understood that it was a D1 and other one understood it was a D3. Regarding to the
aggregated certainty measurement, all the experts proceed with low uncertainty, except experts 5 and 6 who

classified the entire building with more perceived uncertainty.

The results chapters has described objectively the outcomes of the developed methodology: the evidences
found in the 3D point-cloud to classify entire buildings as D4 or D5, the list of reliable damage features, the
rulesets to extract them, the accuracy assessment, the illustration of the effect of the number of rules within
the ruleset, the whole interface and its testing outcome and the developed aggregation algorithms and their

R-studio environment where they were tested.
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5. DISCUSSION

This discussion chapter in meant to explain the problems and limitations found during the application of
the proposed methodology, and to explain more in detail the conflictive points that have been reached. This
chapter was divided in the same four big sections described in the results.

5.1. 3D point-cloud assessment

It was clear that the visual proofs presented in the results section demonstrated that the assessment of 3D
point-clouds can provide enough evidences to identify the features that would classify an entire building as
D5 or D4. However, in that section, only examples of what can done were presented. In fact, the 3D point-
cloud assessment carried out, only used the visual interpretation of the z-component to point out the
presence of those evidences in the point-cloud, there were not automatic techniques applied. For future
studies, this part of the methodology should be revised and understood more in depth.

5.2.  OOA damaged features extraction

5.2.1. Damage features selection

The selected damage features that were going to be extracted by OOA were found reliable and representative
of the damage that could be seen in the facades and roofs of a buildings. However, this damage catalogue
was limited to the basic damage features that could be found in-the-field. The complexity of the damage
features that a building could present are related to several factors such as: building type, earthquake’s
shaking directions, soil type, etc. The most conventional damage features that could be found were the
selected ones: cracks, holes, their interactions with the structural elements in the facades and moved
tiles on the roofs, however, many other features like spalling walls, deformation of columns or different
types of cracks, such as dislocation cracks, were not included in the catalogue. To keep a basic damage
features catalogue was decided in order to not to include too many features in the rulesets, that were going
to increase their complexity, and at the end, their presence on the building were less representative and more
building type specific.

It has to be noted that the selected damage features for the OOA extraction were the ones that could be
present in the building from D1 to D4. Another set of damage features more characteristics of D5 and D4
buildings, such as rubble piles or inclines walls, was already addressed in the 3D point-cloud assessment

part, reason why they were not part of the mentioned damage catalogue for the OOA feature extraction.

5.2.2.  OOA extraction rulesets

The three different developed rulesets were designed to capture the previously defined damage features.
The results of their extractions (Appendix 7.3) were satisfactory for the three cases, taking into account the
level of complexity of the images were they were tested. It is important to notice that the each one of the
three ruleset was applied on different images and they performed according to the plan without any
parameter tuning. The discussion of the OOA extraction ruleset is done according to their two main bodies:

segmentation and classification.

a) Segmentation.

In the three rulesets: roofs, concrete fagades and brick fagades, the approach followed for the segmentation
was the same. A multiresolution segmentation was applied to capture the damage features and it was

followed by spectral difference segmentation whose aim was to merge the similar object generated in the
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previous segmentation and highlight the damage features that, now, were
perfectly differentiated from other non-damage related objects. This
approach was proved to capture the essence of the damage in the images
but it also showed how in certain situations, part of the damage elements
were merged with the non-damage related objects. This situation was
found in the roofs, where some of the moved tiles were merged with the
intact roof (Figure 21), and especially in the bricks facades, where in order

to capture the bigger cracks, many smaller and thinner cracks were

merged with the facade and at the same time some artefacts (Figure 46)

Figure 46. Green arrow pointing
out an object that captures a
objects for the ruleset. damage feature, the red arrow
points a no damage related object

of the facade remained as independent and potential damage related

Although many of these situations were found after the segmentation processes, the key point was to have
found that the combination of that a multiresolution and a spectral difference segmentation algorithms was
as very useful approach to capture the damage. It can be said that the combination of this two algorithms
was meant to highlight the inhomogeneous elements in the facades and roofs, elements which tend to be
related to damage (Dell'Acqua, 2013).

b) Classification.

The classification process followed the segmentation step and it met the requirements of providing a
meaning to the objects that were created after the segmentation. The three sets of rules, were able to identify
the reliable damage features in all the images where they were tested. However, due to the complexity of the
images, and the aim of keeping a single rulesets per facade building type and roof, some conscious
concessions had to me made. These simplifications had a direct effect on the final classification where, as it
can be seen in the appendix with the final results of the classification (Appendix 7.3), the three algorithms
failed somewhere misclassifying some damage elements, missing damage elements or wrongly classifying as

damaged objects that were not damage related. Illustrations of this errors are:

- The moved tiles that were wrongly classified as “intact roof” in the image “roof 1”(Figure 49).

- The letter in the concrete facade of the image “concrete facade 3” that was identified by the
algorithm as a crack when it was just part of the decoration of the facade (Figure 48).

- The elements found on the brick fagade that were identified as cracks by the algorithm when they
were, in fact, just a plaster artefact in the image “brick facade 2” (Figure 47).

. crack

Figure 47. Example of missed moved tiles ] .
Figure 48. Example of a Figure 49. Example of a plaster

letter classified as a crackina artefact classified as a crack in a brick
concrete facade facade

48



Some of these errors could be found in the final classification results, however, the weight of these errors
was low in comparison with the fact that a single ruleset was able to achieve those reliable classifications in
different environments without the tuning of its parameters. Besides, roofs and concrete facade do not have
that many errors as the brick facades, it is important to remember that the nature of the bricks facade was

already very complex due to their elaborate brick configuration.

Moreover the classification of the damage = classes

.4y Column

@ crack

@ Facade

(I structural crossing
({_) structural conexion
O window

features, it was also important the

interpretation and the meaning that those
elements had. The identification of the

interaction of the cracks with the other
elements was an important step to clearly
identified problematic parts of the fagades

where the damage elements were crossing or

connecting with structural elements (Figure Figure 50. Example of how the concrete ruleset was able to
50). identify a crack that was crossing a column

The bricks fagades, as it has been mentioned before, were more complex than the roofs, where only one
damage feature had to be classified, or the concrete facades, where the facade configuration itself facilitated
the classification of the damage features. Besides that, another challenge for the bricks facades showed up,
this challenge had to do with the different scale of the images were it was tested. The brick ruleset was tested
in three images, two of them from Italy (brick facades 2 & 3) and one from Gronau (brick facade 1). The
two images from Italy had a similar scale while the image from Gronau was taken
from much closer, which increased the scale of the picture and the elements (the
bricks) seem to be bigger (Table 15)

This issue was the reason why many of the small object that were identified as
crack in the images “brick facade 2 &3” could not be erased by just simply using
the area of those object to get rid out of them. When this was tried, the artefacts
in the Italian brick fagades could be erased but it also erased the real crack objects
in the Gronau’s facade. In Figure 51 the red arrow points out to the part of the
crack that would be missing after applying that rule to erase the artefacts in the Figure 51. The red attow

italian brick facades. points out to the patt of
the crack that is missing

5.2.3. Accuracy assessment

The accuracy assessment showed the relation between the area of extracted features and the area of
reference dataset that was digitized. For that, several statistical measurements where calculated and their
meaning was already explained in the previous chapter. However, the weight and reliability of the accuracy
measurements were relative for this study.

For this study, where the importance was to identify and classify the objects which were related to damage
features in the facades and the roofs, and accuracy assessment based on the comparison of the areas was
not very meaningful. Indeed, the problem was that there was not a proper accuracy assessment technique
that really represented the accuracy of the damage features extraction whose value was the meaning. Since
the damaged features extraction was meant to highlight the damage and therefore, to facilitate the SDA of
the experts when they were dealing with each one of the facades, it was complicated to really capture the
accuracy of the extracted features by comparing their area with the reference dataset.
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As an example of the complexity of the accuracy assessment the already used example of the letter is used
(Figure 52): in the image “concrete fagade 3” there was one letter in the facade that was wrongly classified
as a crack. The area of that crack, counted as a False Positive, and had a number of effects on the calculated
statistical measurements: the split factor and the correctness decreased. However, that false positive did not
have such an importance for the end-users who were carrying out the SDA for that facade, none of them
made any comment regarding to this in their feedback.

= classes

... 4§ Column

(D structural cressing
() structural conexion

Figure 52. Example of the concrete fagade where the ruleset detect a letter as a
crack (red arrow) which counted as a false positive for the accuracy assessment.

This accuracy assessment was done because it was understood that the extraction of the selected damage
features had to be compared with the real damage features presented in the images, however, more research
would be needed in order to design an accuracy assessment that could capture the essence of this extraction

process which was, indeed, more related with the semantic meaning of the extracted features.

5.3.  The interface design and testing

The interface was created to show to the experts on SDA a simulation of how this study proposed to present
the extracted information in the previous step by creating an environment where the multi-view SDA was
enhanced and to see if it would help them to carry out more reliable SDAs. The interface achieved these
tasks and it was successfully used by several experts who were able to go through the interface and provide
with their assessments on the simulation that was presented to them. However, the interface would need

more improvements and a more proper environment needs to be developed in the future.

Many assumptions were made in order to create this interface and they have to be further discussed:

- In the field, the visible fagades that contained damage features were registered, but some of the
facades of those building could not be captured due to fencing issues. For this reason, the simulation
of a real scenario had to be made with fagades of different buildings that were assumed to be part
of one building. Besides the 3D model, that was meant to complement the real case scenario, did
not match the selected 2D images for the same reason.

- The building that was evaluated was be made out of 4 fagades and one roof. This is a reality that
can be found in the field, but it is also very likely to find bigger buildings that would need more
than one image to cover each of their fagades. It is understood that this was a simplification of the
reality, but, due to the endless scope of possibilities that could be thought of, this decision had to
be made and kept for the rest of the study.

Besides the assumptions presented above, some other points have to be discussed. i) The ancillary

information provided with the interface in order to explain the interface, was found useful by the experts to
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understand what they had to do. ii) Regarding the two approaches for the visualization of the damage
features, although the interface was developed based in the 2D images, the experts coincided in the potential
of the visualization of the damage features in the 3D space where they would be able to understand the
damage in its context. This would also overcome some issues found by some experts that pointed that the
use of images where the facade was not completely visible was a constraint for them to understand the
extent of the damage and, hence, a constraint to provide accurate damage scores. This means that in future,
for the studies related to the visualization of per-facade/roof damage features, the information should be

presented directly in a 3D environment.

A summary of the comments obtained from the expert was presented in the results section, however, in this
section, the focus was to proceed with a more extensive discussion and argumentation of their feedbacks.
The main points of discussion were: i) the low importance given to the overlaid information of the damage
features, if) the problems related to the extension of the views presented in the interface, iii) the use of the
EMS-98 for a per-facade/roof SDA and the lack of an algorithm to aggregate those per-view EMS-98
automatic SDA.

i) For the experts, such an interface, where some extra damage information was overlaid on the raw imagery,
would not be too useful to improve or to generate more reliable damage scores, as it was assumed in the
methodology. A comment was that they only needed the raw imagery in order to classify the image.
However, it has to be noted that the testers of the interface were already very well trained experts in the
tield of the SDA, which means that they had done many in-the-field surveys were the only use of their
knowledge was enough for the damage assessments. A possible comment would be that this interface could
be used to help to less experience personal to produce as reliable SDAs as the personal that already have
expetrience on the field.

il) Another comment which was found in two of the six feedbacks was that the presented views in the
interface did not cover the entire facades and hence, they could not understand the total extension of the
damage on the facades. Therefore, they said that their final per-view classification could be wrong due to
the lack of extension understanding. This point was related to the fact that, in order to reduce the complexity
of the images towards their OOA damaged features extraction, the images where cropped to focus the
analysis in the actual facade and roof areas. In future studies, the interface should present the entire image
with the overlaid extracted damage features, even if the OOA extraction process is done in a shrunken
version of the original image.

iif) In the feedback of the interface, there were also some comments regarding to the use of the EMS-98 for
per-fagade and per-roof SDA. The experts commented that the EMS-98 is a scale whose aim was to generate
per-building damage scores and, hence, it would not be too valid to produce per-fagade/roof damage score
because the description of the features that addressed the EMS-98 were meant to be checked in the entire
building. However, as mentioned in the introduction, the EMS-98 has been used in many remote sensing
studies besides its known limitations for vertical (or oblique) single view imagery where only one side of the
building, not the entire building, was used to proceed with the damage mapping. For this reason, and because
in the documentation of the EMS-98 (1998) it was possible to differentiate the characteristics that described
the different damage levels in between the ones referred to fagades and the referred to roofs, for this study
the chosen approach was focused on classify each facade and roof within the EMS-98.

Besides, one of this experts pointed out that there was not an algorithm to aggregate the per-fagade/roof
EMS-98 damage scores into a per-building level. Indeed, this study proposed one algorithm to aggregate

this information because this issue was noticed in advance.
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iiif) One of the experts mentioned that she/he was surprised by the
imagery presented in the interface because he/she was expecting
more oblique kind of imagery. Indeed, the imagery presented in the
interface was taken with an 8 m pole and a camera attached to it
that was meant to simulate the UAV flight. However, the images
taken with this technique were similar to the kind of image that
UAV could take when its main goal is to map the facade. The
illustration below (Figure 53) presents an example provided by the
PhD candidate in the University of ILa Sapienza Ms. Martina

Mormile, that proved that the imagery present in the interface and  Figure 53. UAV image of a facade in Italy
used in this study simulated the imagery that could be taken with a (2012)
UAV.

self-efficient to carry out a fully automatic SDA. Such a scenario would not be far from the current reality,
although due time constraints it could not be included in this thesis. However, it is possible to show a very
simple translation table for the fagades (Table 13) that would translate the presented features in the fagades
to the EMS-98 (Table 14). Indeed, after the aggregation of the fagade damage scores, according to the
proposed algorithm, the per-building damage score would coincide with the average response from the
experts: D2 (it was possible to make this assumption without considering the roof because even if the roof
was a D3, the final score would have been D2). To include the roofs would be slightly more difficult since
the difference in between D1 and D3 would be related only the amount of moved tiles and that would need
further analysis.

Presented feature EMS-98
No damage features
Simple cracks D2
Cracks crossing structural elements D3
Holes

Table 13. Simple translation of the presence of certain damage feature in the facades to the EMS-98 classification.

Intetface view Presented feature EMS-98

Cracks with interaction with D3

structural elements

Simple cracks D2
Simple cracks D2
No damage features D2

Table 14. Example of the application of the proposed translation rules on the facades presented in the interface.
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54.  Aggregation of the multi-perspective damage information

The aggregation of the multi-view information regarding to the damage and the certainty of the classification
was done successfully. It was possible to first create a set of randomly generated simulation of the outcome
of the interface to counteract the lack of real expert outcome, then develop two different algorithms to
comprehensively aggregate that information, and finally, the algorithms were tested with that simulated

outcome and the real outcome, which allowed to infer some conclusion of their performance.

5.4.1. Simulation of the experts SDA outcome

It was known that the approach to simulate the SDA outcomes was not too realistic, the main simplification
was that the in the generation of the score, each fagcade had the same probability of having any of the 4
possible damage scores (D1, D2, D3, D4) independently of the score of the adjacent facades. This was a
simplification because, in-the-field, the same building with the same structural types, would experiences the
same shaking and, hence, all the fagades would be supposed to show similar damage features. However,
although it was known, the main aim of the simulated dataset was to recreate a dataset to see if the algorithms
that were created to aggregate that information had a proper performance.

5.4.2. Development and implementation of the aggregation algorithms (decision trees)

The two developed algorithms were new on the field of SDA. The damage aggregation algorithm was the
first on trying to comprehensively aggregate the information obtained from the different available views of
the buildings, and the certainty aggregation algorithm added a new dimension in the SDA that allowed to
infer conclusions about the reliability of the final damages scores.

The damage aggregation algorithm was developed to summarize damage information, however, it would
have to be tuned in order to be applied for different end-users requirements, such as safety assessments or
economic loss assessments. Besides the aggregation of the information, the algorithm was also meant to
overcome the already mentioned issue with the underestimation of the damage and the remote sensing
techniques (CAR, 2013). This was one of the reason to give such an importance to the D4 elements,
however, the main reason was that it was understood that in case of presence of one D4 element, it could
affect to the whole structure of the building which would made the entire building a D4. The rest of the
damage levels (D1-D3) were applied symmetrically through the algorithm since their presence do not have
such a severe implication on the structure as the D4 and, thus, they do not affect the other parts of the
buildings It is important to notice that, all these were assumptions made for this study, more discussion
should be done on this to develop an aggregation algorithm that would capture the reasoning and thinking
of the SDA experts on the ground when they use the EMS-98 to classify the affected buildings.

The approach for the aggregation of the certainty measurements was easier, it only had to aggregate the
certainty measurement to provide a hint in the reliability of the final damage score produced, so it does not
need further discussion. However, a decision that was taken and that had to do with the aggregation of the
certainty measurements was that the value of the certainty measurement did not have and an effect on the
value of the per-building damage score. This implied that even if a building was classified as D4 but the
aggregated certainty value for the whole classification was very low, the final D4 score would not change.

5.4.3. Algorithms test

The purpose of this test was to prove that the algorithms could work propetly in a real scenario, where there
would be hundreds of damage scores to aggregate.

In the results was already shown that this two algorithms performed well in a simulation with 100 sets of
damage scores and certainty measurements. For the aggregation of the simulated damage scores the effect
of the high importance given to the D4 facades, in combination with the issue already mentioned about the
probabilities of having a D4 within the 4 facades per-building, triggered the effect seen in Figure 45 where
most of the buildings were classified as D4 and only a few as D3 and D2. Such a strong effect would not
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be observed with a real big set of damage scores, because the distribution of the D4 scores would not be
random, but the effect of the weight given to the D4 scores would be there and it would reduce the
underestimating effect of the remote sensing techniques.

A more important conclusion could be retrieved from the aggregation of the real expert’s outcome presented
in the Table 12. There, it could be seen that, even though all the experts received the exact same interface
with the exact same imagery, the SDA still has that strong subjectivity factor that made the experts
aggregated final score go from D1 to D3. This subjectivity factor was even more obvious in the Table 8
were the experts classified each of the facades and roofs with very different damage scores.

It is important to notice that when the fully automatic approach was applied to the interface exercise at the
end of the previous section (5.3), the final result was D2, which would have coincided with the average final
aggregated expert damage score: D2 (Table 12). This would mean that the proposed translation code in
between the damage features and the EMS-98 scale (Table 13) would provide with realistic final damage
scores.

5.5. General discusion of the results

In a nutshell, all the discussion points presented above can be summarize as follows:

- 3D point-cloud assessment. Allowed to spot the buildings that would be classified as D4 or D5
and it passed the buildings that needed a deeper and more detailed SDA based on the OOA damage
feature extraction. However, this section had to be more studied in order to make it more automatic

- OOA damaged features extraction. Proved that OOA was able to extract the damage features
that were reliable for a complete SDA and it performed according to the expectations in a number
of different scenatios.

- The interface. It was able to present the information to the experts and it set the basis for an
environment where to carry out comprehensive SDAs. However, the interface would have to be
improved and enhanced in order to incorporate the expert’s comments.

- The aggregation of the multi-view information. The algorithms created in order to aggregate
the per-view damage and certainty information seemed to performance according to their
expectations. More research and more sophisticated algorithms should be developed in order to
adequate their behaviours to the process that the surveyors follow on-the-field.
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6. CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

This study had the major objective of developing a new methodology able to produce more reliable and
comprehensive damage scores per-building by making use of the imagery that an UAV could provide. The
3D point-cloud assessment was proved to be able to visually point out the necessary evidences that would
classify an entire building as D4 or D5. The literature review and the meetings with experts on the structural
damage assessment field helped to create a reliable set of basic damage features where to focus the OOA
damage extraction. The OOA damaged features extraction, with its three rulesets, showed how this state-
of-the-art technique was able to deal with very different types of fagades and roofs and complete the required
extraction of information from the images. The developed interface succeeded in developing an
environment where a more comprehensive understanding of the damage in a buildings was possible,
although, it would still needed some improvements in order to incorporate all the experts comments and
make it more usable. And finally, the algorithms created to aggregate the damage and certainty information
were proved to be able to summarize the information obtained from the interface into the per-building level
which accomplished the major objective of this research. The answers for the research questions were:

1. How to organize the information flow? The information flow, from the raw UAV imagery to the
improved per-building damage scores, was organized in the 4 steps described in the methodology: 3D
point-cloud assessment, OOA damaged features extraction, interface and aggregation of information.

2. What are the products that have to be produced from the raw UAYV imagery? Two were the
products that had to be produced out of the raw UAV imagery per-building: 3D point-clouds and
facade and roofs images.

3. What are the main damage features that should be extracted by OOA? After the undertaken
literature review the selected damage features were: cracks, holes, interaction of cracks with structural
elements and moved tiles.

4. How to segment the images to highlight the damage features? The combination of a
multiresolution segmentation and a spectral difference segmentation was found as an appropriate
segmentation approach to highlight the damage in the facade and roofs

5. What must be the aim of the OOA rulesets: accurate feature extraction or stand out the
damage features in the image? After the studied done developing the OOA rulesets, the approach
followed was more focused on highlighting the damage features, rather than in accurately extract their
geometry.

6. How to create an OOA ruleset that works in more than one scenario? The top-down approach
followed in the classification section of the rulesets and the proper selection of image features was
the key point to develop the versatile rulesets.

7. Which is the best way to present the extracted damage information to the experts? This study
chose to present the information of the damage by using 2D images of the facades and roof. However,
according to the experts’ feedback, a fully integrated 3D environment would provide better results.

8. How to integrate the per-view SDA score and the certainty of the classification into a single
per-building score? Two algorithms that tried to simulate the cognitive process followed by the
ground-surveyors were developed in order to integrate this information.

9. How to add a measurement of the certainty in the final damage score? The approach to add
that information for the final damage score was to include a certainty measurement to each of the
per-fagade/roof classification which were aggregated to the building level by the aggregation
algorithm described in the results chapter.

10. How to test the usability of the interface? Some experts in the field were contacted in order to ask
for their collaboration. These experts went through the interface and completed the exercise which
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11.

6.2.

gave a sense of how they did, besides all the feedback the provided by asking the questions of the
questionnaire

How the performance of the two aggregation algorithms can be tested? A simulated scenario
was created in R-studio to simulate the kind of information that the algorithms would have to analyze
in a real situation

Recommendations

The recommendation for future research are:

1.

The 3D point-cloud assessment needs some enhancement in order to become a semi- or automatically
classification approach where those mentioned D4-D5 evidences could be identified.

From the 3D point-clouds and the relative positions of the camera, once the building has been tagged
as suitable for the next step of the methodology, the OOA extraction, a technique that automatically
identifies the best facade and roof images for the OOA damaged features extraction would be needed.
An extra ruleset capable to automatically identify the building type of the image, so that a given image
could be directly derived to its appropriate ruleset would help to improve the flow of the methodology.
More fagade and roof images would be needed in order to develop an even stronger set of rulesets.
Investigate about a more proper way to evaluate the semantic accuracy of the OOA damaged feature
extractions.

More research would be needed in order to develop a method that could integrate as is due the 2D
extracted damage features into a 3D point-cloud.

The algorithms developed to aggregate the multi-view damage and certainty information would have to
be enhanced in order to adequate their performance to more realistic cognitive processes.
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7. APPENDIX

7.1.  Images inventory

Concrete fagade 1

Brick fagade 3

Concrete fagade 2

Concrete fagade 3

Concrete fagade 4

Concrete fagade 1 edited

Brick fagade 1

Concrete fagade 2 edited

Brick fagade 2

Concrete fagade 4 edited
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Table 15. Inventory of the images used in this study

7.2. 3D models inventory
Italian house 1 Italian house 4

Italian house 2 Gronau’s factory

Italian house 3

Table 16. Inventory of the 3D models used in this study
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7.3.  Classification results inventory

Concrete facade 2 edited

' Legend

[ Facade
- Window

Concrete facade 4 edited

Figure 54. Classification results of the application of the concrete facade ruleset (concrete facade 2 & 4 edited)




Brick facade 1

Original view

Legend

|:| Facade
- Crack

Brick facade 2

Original view

Legend

l:l Facade

- Crack

- Hole

l:l Structural conexion
|:| Window

Figure 55. Classification results of the application of the brick facade ruleset (Brick fagades 1 & 2)
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74. Rulesets code

CONCRETE FACADE RULSET

Classes:
Column
crack
Facade
structural crossing
structural_connexion

window

Process: Main:
fast_run
segmentation
multiresolution segmentation: 100 [shape:0.8 compct.:0.5] creating "New Level'
spectral difference segmentation: at New Level: spectral difference 20
classification
windows
assign class: with Max. diff. <= 0.36 at New Level: window
if: window at New Level: if Area >= 2000000 Pxl
then: then
assign class: window at New Level: Fagade
else: else
assign class: window at New Level: window
merge region: window at New Level: merge region
Structural_elements
if: if Length\Width >= 1.2
assign class: window with Length\Width >= 1.2 at New Level: Column
facade
if: if Rel. border to window >=1
assign class: Facade with Rel. border to window >=1 at New Level: window
assign class: unclassified at New Level: Facade
assign class: Fagade with Rel. border to window >= 0.9 at New Level: window
merge region: window at New Level: merge region
crack_extraction
potential_cracks
assign class: Facade with Compactness >= 3 at New Level: crack
Crack_refinement
if: crack at New Level: if Rel. border to window >= 0.4
assign class: crack with Rel. border to window >= 0.3 at New Level: Facade
multiresolution segmentation: crack at New Level: 50 [shape:0.5 compct.:0.5]
if: crack at New Level: if Rel. border to window >= 0.4
assign class: crack with Rel. border to window >= 0.3 at New Level: Facade
merge region: crack at New Level: merge region
semantics
crossing
chessboard segmentation: crack at New Level: chess board: 40
assign class: crack with Rel. border to Column >= 0.5 at New Level: structural crossing




merge region: structural crossing at New Level: merge region
touching
windows
assign class: crack with Rel. border to window >= 0.001 at New Level: structural_touching
columns
assign class: crack with Rel. border to Column > 0 at New Level: structural_touching
agegregation
merge region: Column at New Level: merge region
merge region: crack at New Level: merge region
merge region: structural crossing at New Level: merge region
merge region: structural_touching at New Level: merge region
merge region: Facade at New Level: merge region
merge region: window at New Level: merge region

BRICK FACADE RULSET

Classes:

Column

crack

damage

Facade

hole

structural crossing

structural_connexion

window

Process: Main:
fast_run
segmentation
multiresolution segmentation: 25 [shape:0.2 compct.:0.2] creating "New Level'
spectral difference segmentation: at New Level: spectral difference 35
binary_class
assign class: with Area >= 300000 Pxl at New Level: Facade
assign class: unclassified at New Level: damage
damage_refinement
multiresolution segmentation: refinement of the damage feature
assign class: damage with Rectangular Fit >= 0.87 and Area <= 4500 Pxl at New Level: Facade
assign class: damage with Max. diff. >= 0.33 and Max. diff. <= 0.35 at New Level: Facade
Features_classification
assign class: damage with Area >= 4500 Pxl and Asymmetry <= 0.61 at New Level: hole
assign class: damage at New Level: crack
merge region: Facade, unclassified at New Level: merge region
merge region: crack at New Level: merge region
merge region: hole at New Level: merge region
assign class: hole with Rectangular Fit >= 0.85 and Area <= 100000 Pxl at New Level: window
cracks_refinement
assign class: crack with Length\Width >= 5.6 at New Level: Facade
assign class: crack with Area <= 153 Pxl at New Level: Facade
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semantics
touching
windows
assign class: crack with Rel. border to window >= 0.001 at New Level: structural_touching
holes
assign class: crack with Rel. border to hole > 0 at New Level: structural_touching
agegregation
merge region: Column at New Level: merge region
merge region: crack at New Level: merge region
merge region: structural crossing at New Level: merge region
merge region: structural_touching at New Level: merge region
merge region: Facade at New Level: merge region
merge region: window at New Level: merge region
export vector layers: at New Level: export object shapes to ObjectShapes

ROOF RULESET
Classes:
damaged
Intact

Process: Main:
fast_run

classification
assign class: with Area <= 100000 Pxl at New Level: damaged
assign class: unclassified at New Level: Intact
export vector layers: at New Level: export object shapes to ObjectShapes

segmentation
multiresolution segmentation: 75 [shape:0.2 compct.:0.2] creating 'New Level'
spectral difference segmentation: at New Level: spectral difference 25
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7.5.

Accuracy assessment inventory

Concrete facade 1

r,f"

o ‘Y{——-——j

Legend

| | False negative
[ True positive
- False positive

Concrete facade 2

~ 7

| T~

Legend

| l False negative
E True positive
- False positive

Figure 56. Illustration of the results of the accuracy assessment (Concrete facade 1 & 2)
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Concrete facade 3

Legend
| ' False negative True positive - False positive

Concrete facade 4

Legend
! | False negative D True positive - False positive

Figure 57. Illustration of the results of the accuracy assessment (Concrete facade 3 & 4)
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Brick facade 1

Legend

False negative
- True positive
- False positive

Brick facade 2

Legend

False negative
- True positive
- False positive

Figure 59. Illustration of the results of the accuracy assessment (brick facades 1 & 2)
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Brick facade 3

Legend

\:] False negative
- True positive
- False positive

Roof 1

@

Legend

[:] False negative
- True positive
- False positive

Figure 60. Illustration of the results of the accuracy assessment (brick fagade 3 and roof 1)
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Interface’s PowerPoint

7.6.

Structural damage
assessment

The bridge between classic remote sensing and the ground-based surveys-

Explanation of the exercise.

Note: We already assume that you are familiar with the terms that are going to be used in the coming slides.

The purpose of this exercise is to proceed with a per-facade / per-roof structural damage assessment.

A set of images are going to be presented and you are going to be able to use the original images + some
EXTRA information. This extra information has been generated by an image analysis technique called Object-
oriented Analysis or Object-based Image Analysis (OOA or OBIA).

By the end of the nxu_d_wo%oc are going to generate a set of damage scores. These damage scores will be
aggregated into a per-building damage score that takes into account the different realities of a damaged
building + includes ement of the certainty of you classification.

The objective of this study is to develop a technique that n_duﬁm more comprehensive damage scores by
making use of the multi-view UAV imagery availabl We that these damage scores are
more comprehensive because we all the perspectives of the .E__a_:auﬁ analyzed.

Note. The information analyzed in this process have already went trhough a 3D point cloud
assessment where: collapsed buildings, collapsed walls & roofs and severely inclined wall
have been detected and classified.

This is an example of how the information extracted from our image analysis p isp d the
experts.

The principal aim of this concept prototype is to test its usability. You must know that due time
constrains, this prototype has been done in a non-very appropriate environment. In the future, this
environment is going to be changed.

At the end of this exercise, you will have to answer a few questions where you can tell us What would

you change?, How you would improve this tool?, etc.

This simulation tries to simulate a real case scenario, however, due to data constrains, the 3D model that
is presented here doesn’t match with the data that has been analyzed.

The reasoning behind this study.
Four are the milestones that lead to this study:

1. Vertical imagery only provides information from the roofs > A complete structural damage
assessment (SDA) cannot be done because the information from the facades is missing.

2. Oblique imagery stands as a solution to this problems because the facades are visible -——> Most of the
times a single image is used to classify the building, the damage observed in one facade are
extrapolated to the entire building, which assumes a high uncertainty.

3. The complexity of the d: ge p d on the building limits the automatic approaches that try to
identify the damage features -——> OOA has been proved as a technique that has been able to cope with
the complexity of the situation and has extracted the specified damage features from the images.

4. Some oblique studies have tried to integrate the multi-perspective assessment ---> Their approach is
rather manual.

00A segmentation examphe
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A few notes before start.

Your evaluation of the images must be done on the DAMAGE basis. This is a
structural DAMAGE assessment study, NOT A SAFETY assessment, so although the
elements of focus remain the same, their meaning is slightly different.

Each one of the facades or roofs has to be classified regarding to the EMS-98 scale.

Grade 4: Very heavy damage (heavy structural
damage, very heavy non-structural damage)
Serious faihure of walls: partial stmctural failure of
roofs and floors.

Now, you have some time to refresh your knowledge about this scale.
You might miss the level DS, it's not here becouse our method makes sure that the collapsed building ore
identified beforehand, in a 3D pointcloud assessment

Clavafication of damage ts marensy building:

..... 1. Neglightde to ight damage (0 Srucearnl
dounarge, HEM wea-struc i o] damage)

Fall of seml geeces of laster caly.
Faid of loowe stoses fiom npper parts of balding i
ey few cases

3 Mederate dumage (slight serucenral
dnnage. moder ate non-ractarl damage)
Conchs i sy wlls
Fld of taaly lurme pmces of plates
Poctial collagre o chimoeys.

3: Substantiad to heavy damage (mederate

rlvﬁ
dawnige)
Large s exteasive cracks @ most walls
Foof Wes detach Chamoeys Gachuwe o the 1001
3o fadue of adnidial cos-sruchal elanents
ons, o

4 Very hemy damage (heavy struemral
damage. very hesvy mon-serucearal damage)
Sexions Ddwee of walls. parsal srvcrveal Dshuee of
s20fs ané doer

How does the interface work?
This presentation has been made in a way that looks like an interactive interface.

o Like any other presentation, to go from slide to slide you have to use the arrows in your keyboard.

0 Inthe slides with the “interactive sign”( Ev you can use the mouse to click in the images
or boxes to access to extra information within the same slide
e 'Add building type

o There a some steps where you have to add some information: E . When click in, an
attached *.txt file will pop out. You have to fill in the information for each image; and don’t forget,
save and close it EACH TIME you have added something, otherwise the changes won’t be stored

o Each interactive slide has a number which is related to the part of the txt file that you have to fill in.

o Recommendation, when you open the txt file, make it as wide as your screen, otherwise, due to
change on the screen side the structure of the text could be messed up.

If power-point is not in presentation mode yet, you must do it now, otherwise the interface will not work.

START
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Interactive!

Add building type

Description

[ts1]

.
View 4

View S

3D model simulation

‘Warning, the following 3D model i just an illustration, it doesn’t fit with the data presented in the following slides

Structural damage assessment. VIEW 1

[original view [ classified image [ cracks [ structural crossings | Back to end

[ T P - | (6] || Tag the
W Faceee [ vove [T v patveg view
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Structural damage assessment. VIEW 2

[original view | classified image | cracks [ structural crossings |

Back to end

H
4

:

Structural damage assessment. VIEW 3

| original view | classified image | cracks | structural crossings |

Legend
e o T susud oceara
B Frcaee [ vetew [ wudurd_vacveg.

Back to end

HE
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Structural damage assessment. VIEW 4

| original view | Classified image | cracks [ structural crossings |

(9]

Structural damage assessment. VIEW 5

Tag the
Legend
| O R 100 arucust croaseg view
B racaee [ vreew [ #usurd macheg
_gi—gg Damage | Back to end
(o]
Tagthe
Legend view

W crvses [ <o
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[ interactvel ]
Do you need to go back? Just click on the image you want to go

Example of the integration of the extracted 2D information into the 3D models

The exercise has finished.

Click there to answer to a

few questions about your
experience with the
“interface”
Txt file

Thank you very much for your collaboration, all your comments and suggestions will be taken into account to
improve the usability of this interface.
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7.7. R-Studio code

#Creating the datasets(it is a simulation of 1 expert classifying 100 buildings)

#dataset for damage scotes

damage_scores <- data.frame(facadel=c(sample(1:4,100, replace=TRUE)), facade2=c(sample(1:4,100,
replace=TRURE)), facade3=c(sample(1:4,100, replace=TRUE)), facade4=c(sample(1:4,100,
replace=TRUE)),roof=c(sample(1:3,100, replace=TRUE)))

dam = damage_scores

head(dam)

#aggregation of the damage scores
dam.agg = rep(-1, 100)
for(iin 1:100){
dam_agg 100=(if(4 %in% dam]i,]) dam_agg 100=4 else (if(rowSums(dam[i,|]==3)>=3) dam_agg 100=3 else
(if(rowSums(dam|i,]==3)<3 && rowSums(dam|[7,]==3)>=1) dam_agg 100=2 else (if(rowSums(dam[i,]==2)>=3)
dam_agg 100=2 else (if(rowSums(dam[i,]==2)<3) dam_agg 100=1 else dam.agg=1)))))
dam.agg[i] = dam_agg 100
H
plot(dam.agg)
as.data.frame(dam.agg)

#Dataset for certainty measurements

certainty_scores <- data.frame(fagadel=c(sample(1:3,100, replace=TRUE)), facade2=c(sample(1:3,100,
replace=TRURE)), facade3=c(sample(1:3,100, replace=TRUE)), fagade4=c(sample(1:3,100,
replace=TRUE)),roof=c(sample(1:3,100, replace=TRUE)))

cer=certainty_scores

head(cet)

#aggregation of the information for the certainty measurements

cer_agg test=(sum(cer[21,])*100/15)

cer.agg = rep(1, 100)

for(i in 1:100) {
cer_agg 100=(sum(cer[i,])*100/15)
cer.agg[i] = cer_agg 100

H

plot(cer.agg)

cer.agg
as.data.frame(cer.agg)
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56
57

58

59
60
61

62
63
64
65

66
67

68
69
70
71

72
73
74
75

76
77

78
79

80
81

82
83
84
85

86
87

88
89
90
91

92
93
94
95

96
97

98

99

100
Table 17. Simulated damage scores and certainty measurements table.
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House | Aggregated House | Aggregated House | Aggregated House | Aggregated
damage score damage score certainty value certainty value
1 4 51 4 1 60% 51 67%
2 4 52 4 2 86% 52 73%
3 2 53 4 3 67% 53 40%
4 3 54 4 4 60% 54 73%
5 4 55 2 5 46% 55 73%
6 2 56 4 6 67% 56 73%
7 4 57 2 7 60% 57 67%
8 2 58 4 8 93% 58 60%
9 4 59 4 9 87% 59 73%
10 4 60 4 10 73% 60 67%
11 4 61 4 11 87% 61 67%
12 4 62 4 12 80% 62 67%
13 4 63 4 13 60% 63 60%
14 4 64 2 14 40% 64 60%
15 2 65 2 15 47% 65 80%
16 4 66 4 16 60% 66 73%
17 2 67 3 17 73% 67 47%
18 4 68 4 18 53% 68 67%
19 4 69 2 19 73% 69 93%
20 4 70 4 20 67% 70 67%
21 3 71 4 21 73% 71 67%
22 4 72 2 22 67% 72 67%
23 4 73 4 23 47% 73 53%
24 4 74 4 24 73% 74 67%
25 4 75 4 25 80% 75 87%
26 2 76 4 26 53% 76 73%
27 4 77 4 27 73% 77 60%
28 4 78 4 28 80% 78 60%
29 4 79 4 29 73% 79 60%
30 4 80 4 30 60% 80 67%
31 4 81 4 31 47% 81 53%
32 2 82 2 32 67% 82 60%
33 4 83 4 33 53% 83 80%
34 4 84 2 34 53% 84 60%
35 4 85 2 35 67% 85 67%
36 4 86 4 36 60% 86 67%
37 4 87 4 37 87% 87 67%
38 4 88 4 38 73% 88 73%
39 2 89 2 39 73% 89 53%
40 4 90 2 40 73% 90 80%
41 2 91 4 41 93% 91 60%
42 4 92 4 42 47% 92 73%
43 4 93 4 43 67% 93 73%
44 4 94 4 44 87% 94 67%
45 4 95 4 45 47% 95 53%
46 4 96 2 46 60% 96 73%
47 4 97 4 47 80% 97 47%
48 4 98 4 48 40% 98 60%
49 4 99 4 49 73% 99 73%
50 2 100 4 50 47% 100 67%

Table 18. Aggregated values for the damage and the certainty
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7.8.  Brief presentation of the experts that collaborated in the interface

Greene, Marjorie.
Special Projects Manager at the Earthquake Engineering Research Institute

Mormile, Martina.
PhD candidate at the University of La Sapienza, Rome. Main focus in photogrammetry and UAVs.

Pomonis, Antonios.
Structural engineer specialized in earthquake engineering at the Cambridge Architectural Research Ltd.

Lemoine, Guido.
Senior Scientist at the Joint Research Center in the European Commission.

Rossetto, Tizina.

Professor of Earthquake Engineering at the University College London

Khoshelham, Kourosh.
Assistant professor at I'TC Faculty of Geo-Information Science and Earth Observation of the University of

Twente
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