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The unique perspectives and viewpoints offered by omnidirtional camera technology
has the potential to help improve the outcomes of technical pst-earthquake

reconnaissance missions. Omnidirectional imagery can be sed to virtually “walk
through” damaged streets post hoc with a 360, immersive view. A common
reconnaissance mission aim is to accurately collect damageata; however, there are
time challenges for surveyors in the eld. The manuscript gdores the potential for
using omnidirectional imagery to improve damage surveyingrstly by comparing results

from damage surveys completed in the eld with results obtaied using omnidirectional
images collected during a mission and surveyed by an expeneed engineer virtually
and secondly by comparing damage assessment obtained throgh omnidirectional
imagery collected on the ground with the EU Copernicus damagassessment maps. The
omnidirectional imagery data was collected during two sepiaate Earthquake Engineering
Field Investigation Team post-earthquake reconnaissancenissions, namely the area
affected by the 2016, 7.8 Muisne Earthquake in Ecuador and th area struck by the
2016, 6.2 Amatrice earthquake in Italy. Notwithstanding ta diverse geographic scale,
terrain and urban context of the two reconnaissance missios, the results consistently
show signi cant capabilities for this technology in the idati cation of construction

typologies, number of stories, aggregated “low” and “high'damage grades, and failure
modes. The work highlights potential issues with correct ienti cation of disaggregated

lower damage grades (e.g., European Macroseismic Scale (EBA98) damage grades
0-3). Challenges identi ed in the virtual survey process @uded poor image quality,
insuf cient photo sphere captures, and obstructions such & trees, walls or vehicles. The
omnidirectional imagery represents a substantial improveent in damage assessment
accuracy in respect to satellite imagery, especially for Weer damage grades, while it is
an essential tool for comprehensive surveys in reduced acas zones with high levels of
damage.

Keywords: earthquake, reconnaissance, omnidirectional ima gery, damage, data collection

INTRODUCTION

Post-earthquake engineering reconnaissance missiongaplemportant role in learning about the
performance of structures and infrastructure under seisloégaling, the social impacts of disasters,
disaster management processes, and the science of seiemis EERI, 200}t Technical missions
are organized by national or international organizatioosts as the Earthquake Engineering Field
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Investigation Team (EEFIT) (e.grossetto et al., 201)tar the  Berland and Lange, 2017; He et al., 20Previous studies report
Earthquake Engineering Research Institute (EERBRI, 2003t  the accuracy of virtual surveys to be good when compared to
They bring together multidisciplinary teams to deploy to thestreet surveysY(in et al., 2015; Berland and Lange, 2)iwhich
a ected areas after damaging earthquakes. is promising, although this surely depends on the types of data
In-situ  structural observations oer an important collected. Challenges are also highlighted in previous egjdi
contribution to the understanding of how structures behdve including the lesser level of smaller or intricate detailaikable
during seismic shaking, and may include records of thgBadland et al., 2010; Clarke et al., 2010; Curtis et al.,)2010
mechanisms of structural failure and the scale and extent gjaps in the chains of OD image2yndle et al., 2011; Guo, 2013;
damage to structures at a global and component level, inetudi Mooney et al., 2014; Vanwolleghem et al., 20&fhd levels of
observations of undamaged structureSréene et al., 2004; virtual surveyor biasNlooney et al., 2014 although this is a
Spence, 20)4 However, the extent of observations is oftenchallenge for street survey data too.
limited, con ned to street level and constrained by the shor Chains of OD images may be used to improve statistical
period of time that a team is in the eld. Particularly limitdd  structural damage data by increasing sample sizes and atiowi
the collection of damage statistics—important for undensliag  robust sampling techniques to be used across an earthquake
the overall e ects of the earthquake, and for the developmena ected area, however, the uncertainties associated with th
and validation of fragility and vulnerability functiongkpssetto validity of information inferred using this remote methods a
et al., 2014)—as the collection of unbiased and representativevell as the challenges with collecting detailed data, neduakt
data during a reconnaissance mission is challengimy€lli and  investigated.
D'Ayala, 201pdue to restricted schedules that lead to surveys of This study tests the capabilities of this technology in
small and unrepresentative samples. enhancing the outcomes of post-earthquake reconnaissance
Imaging technology is being increasingly employed as dataissions, by comparing it to traditional Rapid Visual Survey
gathering or data enriching tool as it enhances missio{RVS) data collection and to damage data obtained through
capabilities and ensures the safer deployment of engineers satellite imagery. Results from in- eld testing during twosea
a ected regions Bardet and Liu, 2010; Dong et al., 2010f studies, the 2016 Muisne earthquake in Ecuador and the
particular interest to this study is the use of omnidirect#@(OD) 2016 Amatrice earthquake in Italy, are presented and the
imagery, a spherical photograph providing a 36@ew around bene ts and challenges of using omnidirectional cameras in
the photo location. this context are discussed. While the focus of this studynis o
Chains of omnidirectional images can be collected usinduilding performance, these technologies also have the patenti
aordable and portable OD cameras and the development ofo investigate geological, seismological, and socio-eoano
online platforms to host these images means that photo chainmpacts in post-disaster contexts.
can be viewed easily, in a manner similar to the one used
for instance by Google Street View (20418&p provide an
immersive “walk through” of a landscape. Their use in variouMETHODOLOGY

elds of academic research is constantly increasing. Ugirigal

surveying techniques and algorithms, OD photo chains hav&h® methodology comprises the comparison of building and
been used in: urban search and rescrieang et al., 2006 data damage data observed through OD imagery with the ones

collection of built environment characteristics a ectingaith- ~ OPtained via diverse methods in two di erent studies comptete
related behaviorsi(ilson et al., 201 damage data collection of In di erent post-earthquake contexts. The rst took place
ood a ected buildings Qiakakis et al., 20)7denti cation of following the Muisne, Ecuador earthquake in 2016 and focuses
land use typesghang et al., 20)7classi cation of environmental ©N comparing damage data from a series of rapid visual
indicators Clarke et al., 20)9studies on the extent of tree cover SUTVeys (RVS) conducted in the eld, to those conducted
(Berland and Lange, 20);7determination of cycling Badland virtually along the same routes_ using chains of OD images. The
et al., 201)) car, or pedestrian safety'iq et al., 201} surveys §econd Was_completed foIIovylng the Central Italy ear_thquakes
of neighborhood crimeRundle et al., 2011: Mooney et al., 2014IN 2016. This study rst calibrates the use of OD imagery
He et al., 201Yor health indicators Qdgers et al., 20)2and Wlt.h RVS .data and subsequently compares virtual surveys
assessment of seismic vulnerability of structurgétgre and USing OD imagery to the damage data reported from satellite
Wieland, 2013; Stone et al., 2017 imagery. Both studies use the same camera equipment, a
The academic literature reports many bene ts with the usdic0h Theta S, and visualize the imagery using the Mapillary
of this technology. Firstly, the cost of virtual surveys rovePlatform (Mapillary, 2018) In both cases, the following
street surveys is signi cantly lesB4dland et al., 2010; Clarke characteristic were assessed: construction typologiesbeum
et al., 201pRundle et al., 2011; Odgers et al., 2012; Less et of stories and level of damage. The correct attribution of th
2015 Berland and Lange, 2017; He et al., 20Secondly, the 'St tWo parameters allow classi cation of buildings in geiaér
remoteness of the surveyor is cited as a key bene t in studid¥Pologies of exposure as de ned in the most common seismic

that may have an element of danger, hazard or other challeng%aSSi cation systems such as HAZUSpplied Technology
in the eld (for example inclement weatherRgndle et al., 2011; council, 2010, EMS-98 Grinthal, 1993 and GEM taxonomy

1Available online at: https://mapstreetview.com/ 2Available online at: https://www.mapillary.com/.
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(Brzev et al., 20)3 These provide a rst direct correlation rapid visual surveys completed on the ground. The method
between typologies and their relative seismic vulnerabilitused comprised of two data gathering exercises and a direct
and hence their expected level of damage in a destructivmparison between resulting datasets. First, RVS took place
event. For the damage classi cation the EMS-98 damage scal®ng routes in three aected towns: Pedernales, Manta, and
(Grunthal, 1993 has been used in this study, as this is thePortoviejo covering over 500 buildings. The survey codldct
reference scale for much of the EEFIT past reconnaissandata on the number of stories, construction typology (either
work and for European o cial damage assessment. GreateRC, timber/bamboo, or other), and European Macrosesimiascal
detail about the two case studies is provided in the followindEMS-98) damage grades(tnthal, 1999 for each building.
subsections. At the same time as the surveys were taking place, chains of
The context of the two EEFIT missions in which the OD omnidirectional images were taken along the same routes, on
camera was used to collect and analyze damage data, di eredfioot, at approximately twelve-meter intervals. The OD images
the characteristics of the earthquake, the local topograpite/, were later uploaded to the Mapillary online platform (Mapillary,
urban context, the types of buildings in the a ected area arel th 2018¥ and a virtual surveyor was tasked with collecting the same
scale of damage caused. Hence, the analysis of both casgs brinformation for the same routes.
complementarity to the assessment of the e ectiveness of ihe O  Virtual damage surveying involves remote users “walking
camera deployment in a wide range of conditions. through” the streets on a computer or using virtual reality
The rst case study uses data collected during the 24 M&ay headsets, and assessing levels of damage much in the same way
June 2016 EEFIT mission in Ecuador following the 2016 Muisntghat engineers complete street surveys in the eld. The virtua
earthquake. A magnitude 7.8 earthquake struck Ecuadorsale surveyor was an experienced engineer who had never visited
coast (sed-igure 1) on the 16th of April 2016 at 18.58 local Ecuador. They were given a brie ng on the main construction
time, causing 700 fatalities, 30,000 injuries and widespreaypologies found on the mission and the EMS-98 damage grade
damage to the coastal region. The earthquake was regiss¢redsystem. Calibration exercises were completed on two bugin
a depth of 19.2 km, with reported maximum Modi ed Mercalli where the author and the virtual surveyor discussed theltgsu
Scale of VIII USGS, 201§aand peak ground acceleration of each would record, discussing the reasons for the decisions
1.55¢ (nsituto Geo sico, 201p The most prevalent building until agreement was made. The virtual surveyor worked foln 30
typologies in the a ected region are reinforced concrete (RCyurveying all of the buildings. They were interviewed at thd e
frame construction with unreinforced block or brick masgnr of the exercise to understand the main challenges facedaguri
in Il walls and buildings of timber and/or bamboo construoh,  the process.
including vernacular structural typologies such bahareque

(Franco et al., 2097 For further details of the event and the Cgge Study 2: Comparing Virtual Damage

EEFIT mission's ndings, please referftoanco et al. (2017) . .
The second case study uses data collected during the %urvey Data With Satellite Imagery

October 16 October 2016 EEFIT mission to Central Italy D@mage Data

following the 2016 Amatrice earthquake. At 3.36 am locaktjm The workin Italy focused on the ability of OD imagery to proeid

on 24th August 2016 a Mw 6.2 earthquake struck the centréd enhanced understanding of damage with respect to the
part of the Italian peninsula, with epicenter in the Apenninesd@mage maps provided by the European Copernicus Emergency
range, near the village of Accumoli, causing 295 fatalie@ Management Serviceppernicus EMS, 20).6Copernicus EMS
injuries and leaving more than 2,000 people homeless. Aaogrdi Provides timely geospatial information derived from remote
to the USGS ShakeMap (sEigure 2), the event was attributed satellite sensing and completed by availablesitu open data

an epicentral MCS (Mercalli-Cancani-Sieberg) intensity>of | Sources for emergency response to a wide range of natural
(USGS, 2016bThe worst a ected region had a radius of 20 km damaging events. According to the legend provided, both
around the epicenter, including a number of mountain townslan buildings and transportation routes are assessed on a sdalerof
small villages across the regions of Umbria, Lazio and March8@mage grades, from negligible to collapse.

The building stock of these urban centers mainly consists of Very narrow lanes, built on steep slopes and often inaccessibl
historic rubble masonry structures, with a modest proportiondué to the presence of debris and rubbles obstructing the
of reinforced concrete (RC) buildings. The performance & th road, characterize the historic urban settlements visdadng
former was very poor and collapses were widespread. This evdf Central ltaly mission. Site conditions were considered
was the rstin a sequence of three major earthquakes within &nsafe by the Civil Protection and “red zones” (i.e., zones
months; the data presented herein was collected just befere tWith very limited or no access) were established in most
second main shock. For further details of the event or thelEEF Of the town visited: in Amatrice and Pescara del Tronto,

reconnaissance mission, please refezfd-IT (2018) the team was escorted by re ghters and only allowed
to walk through, keeping a secure distance from collapsing

_ ] buildings. OD imagery was collected during the walk through,
Case Study 1: Comparing Virtual Damage but there was no chance to Il in RVS forms. In Accumoli
Survey Data With Street Survey and Arquata del Tronto, the safety conditions allowed for
The study focused on determining whether virtual damage
surveys conducted using OD imagery were comparable t®vailable online at: https:/Awww.mapillary.com/
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A USGS ShakeMap : NEAR THE COAST OF ECUADOR
Ape 16, 2016 235827 UTC M 78 NOITWIBSM Depth: 18.3m 10ws2000532

FIGURE 1 | (A) ShakeMap and(B) Regional Seismicity event characterization of the Muisnealthquake 2016 (USGS, 20164).

A USGS ShakeMap : CENTRAL ITALY B
Aug 24,2016 013633UTC ME2 N&2.71 E1318 Depihc 10.00m 1D:2016082401263)

a5

FIGURE 2 | (A) ShakeMap and (B) Regional Seismicity event characterization of the AmatecEarthquake 2016 JSGS, 2016h).

RVS forms and OD data gathering. Hence, rst a calibration Independence between the RVS and the OD virtual
exercise was completed comparing about 70 street surveys wighrvey was ensured by separating the two tasks among
results from virtual surveys using OD imagery in these twahe team members, however the “virtual surveyor” had
towns. The next step compared damage grades determinadhlked through the real sites, while collecting the imagery,
by satellite imagery and those determined through virtuahence having su cient knowledge of typologies and damage
survey using OD imagery collected during the walk-throughscoring procedures. Total independence of assessment was
300 buildings were compared building-by-building in the fou instead assured between the OD imagery and the Copernicus
towns. EMS maps.
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A B
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FIGURE 3 | Comparisons of proportions of building types identi ed for(A) Pedernales,(B) Portoviejo, (C) Manta, and (D) Overall.

RESULTS AND DISCUSSION through remaining foundations or the local knowledge of

. . . assistants or people on the street. Nonetheless, this also
Comparing _Street SF‘rYeyS_ With Virtual presents diculties as eld observations collected in this
Surveys Using Omnidirectional Imagery manner may be biased. In Manta, timber buildings were not

With regard to the Ecuador EEFIT mission, the comparison ofdenti ed accurately in the OD imagery survey, probably due
surveyed proportions of dierent construction types (broadlyto a fashion for obscuring timber elements with facades or
categorized as either timber, reinforced concrete (RCheot nishes, to give the appearance of RC structure. On the ground,
or unknown) are presented irFigure 3 for the three towns this practice was more obvious as surveyors could view the
of Pedernales, Portoviejo and Manta, as well as an aggtegaiglumns more closely, or see timber structure on the undiersi
result. The OD imagery survey results consistently reportenorof overhangs potentially not visible on the nearest photo
unknowns, due to the di culty in identifying constructionytpes.  spheres.

This is particularly present for the lesser damaged buildings The results for the number of stories are givenFigure 4
where cladding and nishes are more likely to remainintact.  Generally, the results compare well, however, there are clear
For Portoviejo and Manta, the proportions of eachissues with unknown heights of demolished buildings in the O
construction type are comparable whereas in Pedernalegagery survey, which were correctly captured by the ground

the number of unknowns is much larger. This is likely tosurveyors, especially in Manta where most demolished ki
be due to the vast number of demolished buildings, forcould be viewed prior to the earthquake in Google Street View
which ground surveys had a better chance of ascertainingy B. this back-checking was used in the ground survey result
the number and construction type of the removed buildingonly due to methodological limitations).
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FIGURE 4 | Comparisons of proportions of number of stories identi ed fo (A) Pedernales,(B) Portoviejo, (C) Manta, and (D) Overall.

In addition, the virtual surveyor reported that any additian quality and stretches of street with photo spheres spaced too far
story with light metal roof structure constructed on top ofia apart (hence no good view of certain buildings) as major issue
RC frame were ignored unless masonry walls had been raised upWhen the damage grades are aggregated into “Low” and
to the new roof level, whereas in the ground survey all ssorie “High” damage, corresponding to EMS-98 damage grades 0-3,
regardless of material, were recorded. This discrepanciddm and 4-5 respectively, the results compare well Esgere 6). In
overcome with appropriate calibration exercises betweenrgitou Pedernales, however, di erences appear due to the high number
and virtual surveyors. Moreover, in the RVS, the number obf demolished structures. The lack of available information
stories recorded was the maximum for each individual stueet  how many demolished buildings were found in an empty block,
and sometimes buildings had extra oors but set back awaymnfro where all buildings had been removed, penalized the virtual
the road. In some circumstances, the highest story may not beurveyor, while the ground surveyors had the advantage of
visible or clear in the nearest photos spheres leading tomadit  observing the bases of columns or details in the ground to
discrepancies. identify separate buildings, or employ the knowledge of locals

The nal comparison between survey results is betweempresent in the eld. Again, poor image quality or the lack of
recorded EMS-98 damage grades. These are the most di cutegular photo spheres close enough to each other were cited
data to collect and is likely to attract a signi cant propomio as constraints to reliable assessment by the virtual sorvey
of surveyor bias and error. It can be particularly challemgio  Additionally, buildings were often obscured by objects sash
assign the lower damage grades as it is di cult to visuallptoae  trees, walls or vehicles, making judgements di cult for atul
both the structural and non-structural damage criteria (inthal,  surveyor, whereas ground surveyors can often exclude these
1999. Additionally, clues of light damage may not always beobstructions by nding an alternative view point.
observed in RVS or in relatively low-resolution photo spheres This nding highlights a potential need for a new damage
The results inFigures § 6 show that it was di cult to identify  scale that may be used for virtual surveying, aggregatithe dir
the lower damage grades accurately in the virtual survelnén  no damage together, but still distinguishing it from signira
with comments from the virtual surveyor who cited poor imagedamage and partial or total collapse, in line with building

Frontiers in Built Environment | www.frontiersin.org 6 September 2018 | Volume 4 | Article 51


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Stone et al.

Damage Data Using Omnidirectional Imagery

A B
Comparing overall damage grades - Comparing overall damage grades -
Pedernales Portoviejo
50% 70%
0,
40% 60%
50%
30% 40%
20% 30%
N q 20% N -
10% N 0 N N
| 10% N BN S q
s N ol | I
0 1 2 3 4 5 0 1 2 3 4 5 D Unk
BRVS NOD imagery BRVS NOD imagery
C D

35%
30%
25%
20%
15%
10%

5%

0%

Comparing overall damage grades -
Manta

22222227
722222272

N
I N I

4 5 D Unk

(=}
—
353
w

ERVS SOD imagery

35%
30%
25%
20%
15%
10%

5%

0%

Comparing overall damage grades -

BRVS NOD imagery

All

72222222222

S 3
N I [N ,
4 5

3 D Unk

FIGURE 5 | Comparisons of proportions of overall EMS-98 damage grade&enti ed for (A) Pedernales,(B) Portoviejo, (C) Manta, and (D) Overall (D denotes
demolished buildings, and Unk denotes Unknown).

tagging practices, for safe access and demolitidppl(ed is investigated for the case of the Central Italy EEFIT roissi
Technology Council, 2005 This would remain helpful from Firstly, the OD data is validated with the available RVS data.
a disaster response point of view, but would lose some detail Figure 7 shows the distribution of building types obtained
when developing fragility functionsRpssetto et al.,, 201Yb with RVS and OD imagery for the two towns of Arquata del
Signi cance of the economic losses associated with therlow@ronto and Accumoli. The proportion of buildings attributedt
damage grades when compared to the higher damage grades issath of the two typologies [load bearing masonry and reirgdrc
open issue in seismic risk assessment, as itis highly depeaden concrete frames (RC)] shows very good correlation. Thisiéstd
the building stock and magnitude of the seismic event com®d  the fairly homogenous building stock of these towns and tharcle
(Martins et al., 2011 di erence in appearance of the two typologies. The attribution t

Overall, the di erences between RVS and virtual (using ODtypologies becomes less straightforward if, within the mago
imagery) survey results are reported Table 1, indicating the class, the attempt is made to determine di erent types of fabric
degree of variation between the two datasets. i.e., rubble stonework or brickwork, as they are often plasteor

. ) . . to identify the presence of strengthening or retro tting dees.

Comparing Virtual Surveys Using Satellite Figure 8 shows the results for the proportion of buildings
Imagery and Omnidirectional Imagery with di erent number of stories for each town. Buildings have
The comparison of RVS and OD based post-earthquake survdgen categorized as “unknown” if they had collapsed, while the
data discussed in the previous section has shown some o#tegory “others” includes buildings classied in the RVS as
the inherent limitations of the OD technology, namely the buildings with vertical addition. Discrepancy in this classuks
image quality and the extent of overlap of the photospherefrom the di culty in distinguishing such additions from the
This notwithstanding, according tdable 1, damage statistic other stories using the OD imagery.
comparison leads to a maximum di erence of 9%. In this section, As a nal step of validation of the OD based survey with the
the di erence in damage distribution obtained with OD datachn RVS survey, damage data is compared. Given the homogeneity
data from the satellite-imagery based Copernicus EMS platfor@f the building stock together with the di erence in damagedev
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FIGURE 6 | Comparisons of proportions of aggregated EMS-98 damage grdes identi ed for (A) Pedernales,(B) Portoviejo, (C) Manta, and (D) Overall (D denotes
demolished buildings).

TABLE 1 | Maximum differences between virtual and ground survey redis for all (Yamazaki et al., 2004; Tong et al.,, 2012; Hancilar et al.,
buildings. 2019, especially since resolution, frequency and extent of globe
Data collected Maximum difference in surface coverage have increased, while costs have reduced, to
overall results (%) the extent that imagery is in some cases open source. Damage
detection is usually carried out through changes in pixdatand
Construction type 14 pictometry Saito et al., 20)0in the immediate aftermath of
Number of stories 3 the strong motion, at large territorial scale to inform ergency
EMS-98 grade 9 management decisions/igt et al., 200). Moreover, several
Aggregated “high” and “low” damage grade 5 studies are available in literature investigating the ussatéllite

imagery for detecting structural damagded(l'Acqua and Gamba,
2012. Obligue imagery has been identi ed as a more useful data
distribution at each of the four sites, and conversely tHatieely ~ source that provides multi-perspective information, overéogn
modest number of RVS forms completed, the comparison ofhe constraints of aerial nadir views, however its use is ciliye
damage distribution between RVS and OD data is carried odimited by costs, availability, and extent of coveraget(ivel
over the whole data set of 100 RVS forms. The EMS-98 damaggal., 201k
scale is used, where level D1 and D2 are compounded in the Figure 9 shows the comparison between damage data
category light damage. obtained from aerial-imagery based maps and the OD imagery
Table 2shows that the di erences in damage level attributioncollected on site. A total dataset of 300 buildings were eyed
are in line with the di erences identi ed in the Ecuador surye across the four towns, matching the buildings mapped by
over a signi cantly larger dataset. These values can bibatéd Copernicus EMS with the walk-through itineraries covered
to surveyor bias rather than the specic limitations of the during the ground survey. The recorded damage grades for OD
technology. and Copernicus EMS are comparable, with the “highly damaged”
The use of high resolution satellite imagery for seismi@rade inthe OD survey corresponding to “moderately damaged”
damage detection has steadily increased in the past two deca@nd “highly damaged” as graded by Copernicus EMS.

Frontiers in Built Environment | www.frontiersin.org 8 September 2018 | Volume 4 | Article 51



Stone et al. Damage Data Using Omnidirectional Imagery

FIGURE 7 | Comparisons of building types identi ed by means of Rapid Visal Survey (RVS) forms and OD imagery f¢A) Arquata del Tronto, and(B) Accumoli.

FIGURE 8 | Comparisons of number of stories between Rapid Visual Surye(RVS) forms and OD imagery fofA) Arquata del Tronto, and(B) Accumoli.

Generally, as expected the largest discrepancy in damage StaBLE 2 | Maximum differences between RVS and OD imagery proportiorer
occurs for the lower levels of damage, whereby the aeriakgur building damage.
records no-damage vis a vis signi cant proportions of light or

. . Building grading Maximum difference in
signi cant damage observed through virtual OD survey. Less results (%)
obvious is the case of underestimated collapses in the town of
Amatrice Figure 10A) and Pescara del Trontd-{gure 10B. In  No damage 1.14
the case of Amatrice the misclassi cation is between highalge  Light damage 3.41
including partial collapse and collapdeigure 11, showing the  Signi cant damage 6.82
itinerary of the OD survey in Pescara del Tronto and theHigh damage 0.00
overlaying of the two mapping exercises, highlights how iresas Collapse 1.14
of extensive collapse and poor access, the aerial mapping Stilknown 7.95

produces the greatest coverage, whereas the southeasteof en
the town, which su ered a landslide and was inaccessible by.roa
Inaccuracies in classi cation among damage levels in tagec the damage conditions of Arquata del Tronto were moderate.
appear to be random, perhaps attributable in some case to thi&esides few exceptions of complete collapse, correctly ddtect
small size of the building stock, meaning that only very fexefs  from the aerial view, most of the other buildings were a ected
cover one particular building, making the attribution of dage by considerable structural damage, although no partial ¢alto
highly uncertain. collapse had been taken place. This particular damage conditio
The case of Arquata del TrontoFigure 10Q is instead is dicult to detect from aerial view, as it mainly involves
signi cant to demonstrate the extent of structural damagecracks in walls, but easy to ascertain through OD as the
underestimation that a ects the use of satellite images whestructural damage is clearly visible in the photosphere. Rinall
capturing lower damage grades. At the time of the assessmettie comparison inFigure 10D refers to Accumoli, which at the
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time of the assessment had very moderate damage. None of thoderate damage, proving that a more detailed assessment can
buildings mapped by Copernicus EMS is classi ed as collapsdge obtained from the ground survey when the damage extent
and this information was proven correct when compared tois less widespread. Moreover, Copernicus EMS assigned high
the OD imagery. However, there was a considerable extent damage to a number of buildings with signi cant roof damage,
mismatch in terms of lower damage grades detected betweevhich could not be detected from the OD photo, given the very
the aerial view and the ground survey. The majority of thesmall ratio of street width to building height in the town amab
buildings mapped as negligibly damaged was instead a ected lsygni cant visible damage on the facades.

FIGURE 9 | Comparison of building damage identi ed by Rapid Visual Suey
(RVS) and OD imagery for all sites in Central Italy 2016 eartiake.

A representative example of this mismatch can be observed
in Figures 12A,B The building marked in blue irFigure 12A
is classied as undamaged by the aerial survey, whereas the
picture taken with the OD camera taken on site demonstrates the
real condition of the building which, although no damage was
visible from above, there was extensively damage to thetstalc
walls. SimilarlyFigure 12Cshows a portion of the aerial map
of Accumoli, where a residential building, marked in blus, i
classi ed as moderately damaged, wher&ggure 12D shows
partial collapse of the fagcade although the roof is undamaged.

Table 3shows the maximum di erences between the two sets
of damage distribution for the total sample of 300 buildings,
where positive values indicate overestimate of the damage
class by the aerial survey in respect to the OD. Although
by coincidence, the dierence in signi cant damage amounts
to 0% overall, in Arquata del Tronto this damage level is
underestimated by 25%, while in Amatrice is overestimated by
13%. The best agreement between the two surveys is for the

Pescara del Tronto,(C) Arquata del Tronto, and(D) Accumoli.

FIGURE 10 | Comparisons of damage distribution identi ed by means of Coprnicus maps (Aerial) and Ground eld investigation (OD imagy) for(A) Amatrice, (B)
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FIGURE 11 | Correlation between Copernicus aerial map and ground surye(OD imagery) -Pescara Del Tronto. Copyright: 2016 Coperrus Emergency
Management Service.

FIGURE 12 | Arquata del Tronto(A) aerial view of the City Hall Building from Copernicu¢B) photographic record. Accumoli(C) aerial view of residential building from
Copernicus; (D) photographic record. Copyright: 2016 Copernicus Emergeng Management Service.
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TABLE 3 | Maximum differences between aerial and OD imagery propoas for estimations of damage and loss when time and accuracy are

building damage. critical.
Building grading Maximum difference (%) . oD i'magery 'proved to .be very gseful in ir!tegrating
in results information provided by aerial maps (i.e., Copernicus EMS
maps) which tend to capture accurately well the higher damage
No damage 31.89 levels while proving to be coarser in capturing more modest
Light damage 19.27 damage grades. This is due to the technical limitations of
Signi cant damage 0.00 the satellite optical radius, the distance and the atmospheric
High damage 1.00 conditions at the time of the image capturing, which are all
Collapse 7.97 in uencing factors a ecting the level of accuracy of the outpu
Unknown 5.65 When consideration is given to the reasons in support of

the use of satellite images, (i.e., to aid the emergencyitgictiv
of search and rescue in the aftermath of a natural disaster)
then the already achieved level of information provided can b
class of high damage, which has a di erence of 1% overall, anghnsidered su ciently detailed. When, on the other handgeth
with a maximum of 5% overestimation in Amatrice. The grettesmain aim is to carry out damage assessment of buildings, the
di erence at town level are in Accumoli and Arquata del Tronto |eye| of information provided by satellite imagery proves not
between buildings classi ed as undamaged, while they sderetg pe su cient thus requiring further enhancement. Ground
minor or light damage. Such mismatch, globally up to 32%jnyestigation methods such as rapid visual survey forms are

reaches 75% in Accumoli. among the most common approaches used, since they do not
require speci ¢ technical requirements nor experts to berteai
CONCLUSIONS beforehand. However, OD imagery proves to be the fastest

and often only method to gather data when safety conditions
The use of omnidirectional imagery has several shortcosingon site are very strict. These cameras can be mounted on
which have been exposed in the eld and post-mission analysipoles and brought around to capture images while authorized
These include poorimage quality, the lack of photos close ghou personnel (i.e., Civil Protection or Army) is active on sitethe
to each other, and objects obscuring the view. The quality dmmediate aftermath of disasters. Such evidence can progale
the image could be improved with the use of more advancetime information required for subsequent authorized tearies.
(and expensive) cameras (the model used for this experiment weagging teams or teams assessing buildings for reconnass@
the cheapest available on the market). The lack of photos or thearry out damage assessment to buildings and infrastresttor
need for additional viewpoints could be improved by decregsinresearch and knowledge transfer purposes.
the distance between images. This will increase the datagso
burden of devices in the eld but will increase the abilities AUTHOR CONTRIBUTIONS

the virtual surveyors to observe buildings and make the iregu

judgements. The optimal distance between images is repgriedlis gesigned, conducted and analyzed the case study in Ecuado

between 10 and 12m, however on more obstructed streets (e-gp and DD designed, conducted and analyzed the case study in
tree-lined), this could be reduced to allow more chance @fuls 5, Al authors contributed to the drafting of the manut.
images to be taken. Ideally, this distance should consider t

size of the building units, and as such on the Central Ital§&0
Earthquake mission photos were taken as frequently as evary sFUNDING

to improve coverage.

Despite these challenges, the comparative results here shofg4ding for this research was provided from: EPSRC Centre for
strong link between RVS surveys and virtual OD imagery sysve Doctoral '_I'rammg G_raqt No. EP/GO_37698/1, and the 2016 HEFI
When quantity of data is important, virtual surveys could o er Reconnaissance Mission to Amatrice, Italy Earthquake Rdsearc

an e ective and safer option. With advances in online tools Grant, NERC /P01660X.

such as Mapillary and Humanitarian Open Street Map, “citizen

engineers” and volunteers could analyze large amounts @& daACKNOWLEDGMENTS

to rapidly provide a qualitative assessment of damage levels t

di erent types of buildings post-earthquake. There are otheThe work employs data collected on the EEFIT Ecuador 2016
agencies or organizations that would be able to use theatetle mission formed of Guillermo Franco (Lead), HS (Deputy Lead),
images in their post-disaster response too. Large amounts dbrge Lopez, Fiona Hughes, Bayes Ahmed, Sebastian Kaminski,
resources are mobilized post-disaster to assess the nedtls onand Nina Jirouskova. The ground surveyors were Jorge Lopez,
ground and these images may help to direct these assesstmentSebastian Kaminski, HS, and Guillermo Franco. The virtual
the worst hit areas. In addition, groups using the GRADE (Glob surveyor was Camilo De La Barra Bustamente.

rApid post-disaster Damage Estimaté&)nusekera et al., 20L.8 The EEFIT mission to Ecuador received enormous and generous
methodology would bene t signi cantly from OD imagery soon support: for a complete list of acknowledgments seeliico et al.,
after a disaster, as it would enable faster and more accura#®17.
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The EEFIT mission to Central Italy was led by DD, and the teanand VP (the co-author), who also collected the OD imagery
was subdivided into four groups, looking at di erent aspects ofrequired for the relating part of this study. The RVS data was
the earthquake aftermath. The sub-team looking at the stma¢  collected by all members of the mission.

damage to residential and cultural buildings and infrasttwes  The complete list of acknowledgments for the Central Italy
(road and bridges) was formed of Paolo Perugini, Andrea fimta EEFIT mission is reported in the nal report (sé&&=FIT, 201R
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