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Abstract—This study investigates the extra benefit provided adverse meteorological conditions that limit its operational use.
by the joint use of synthetic aperture radar (SAR) polarimet- |n contrast, radar sensors ensure all-day and almost all-weather
ric diversity and ascending/descending orbit passes to quantify ,pcenations, together with a wide area coverage. In particular,

postearthquake damage that occurred over the area of Amatrice, an . e :
Italian city significantly damaged by the 2016 Central ltaly earth- e Synthetic aperture radar (SAR), due to its fine spatial resolu-

quake. First, the sensitivity of PoISAR features derived from SAR tion imaging capabilities, can be very useful to observe damage
scenes collected under ascending/descending orbits to the damageaused by earthquakes [1]. SAR methods are mainly based on
is investigated. Then, the damage assessment is performed using a&ijngle-polarization (SP) measurements and consist of exploit-
processing chain that consists of extracting dual-polarimetric SAR ing the information and features derived from interferometric

features to detect damage and, then, applying a fuzzy clustering . .
scheme, to partition the feature outputs into damage levels. This cOnerence and/or the normalized radar cross section (NRCS)

processing chain is first separately applied to Sentinel-1 SAR scenesmeasured on image pairs collected before and after the earth-
collected under ascending/descending orbits; then the processingquake [3], [4]. In [3] and [5], the 1995 Hyogoken—Nanbu (Kobe)
outputs are merged using two different approaches. To discuss earthquake is analyzed using C-band European Remote-Sensing
the quality of the estimated damage maps, ground information - q,¢qjite ERS-1 SAR imagery collected before and after the

collected by surveys performed by a trained team is used. Ex- . e
perimental results show that the joint use of ascending/descending arthquake. Experimental results show that within the damaged

orbit passes improves the estimation of damage levels (upto % areas, identified using ground survey data collected after the
with respect to the estimation performed using the orbiting passes earthquake, both the coherence and the backscattering intensity

separately. decrease. In [6], an approach based on the joint exploitation of
Index Terms—Change detection, classification, earthquake, Pixel-based and feature-based information is proposed to detect
PoISAR. damaged areas. Experiments performed using Environmental
Satellite (ENVISAT) Advanced SAR (ASAR) imagery collected
|. INTRODUCTION over the city of Bam, Iran, during the earthquake occurred in

ATELLITE remote sensing plays an important role to ob2003, show that the joint use of the two sources of information
Sserve changes induced by earthquakes. During a seisipievides the best performance.
event, fast and noncooperative assessment of damage is a vitap improve the performance of SAR-based methods in ob-
step to postdisaster emergency response and to reduce the imgeising earthquake damaged areas, SAR measurements are often
of the disaster, while helping postdisaster reconstruction acti@dgmented with optical data [1], [2], [7], [8]. The 2009 Central
ties [1], [2]. Within this context, remotely sensed imagery are dfaly earthquake is analyzed in [9] using very high resolution
paramount importance due to their synoptic and noncooperat{W1R) TerraSAR-X HH-polarized SAR imagery and optical
capabilities. Among the remote sensing instruments, optigaeasurements acquired by QuickBird. The damage analysis,
sensors are very often used [1]. However, optical radiationpgerformed on a building basis, points out the benefits of SAR-
severely affected by cloud cover, solar illumination, and oth@bservations to classify buildings calling for different damage
levels. In [1], the joint use of SAR and optical measurements
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undertaken using very high resolution (VHR) postearthquakeéth imagery collected under ascending and descending orbits
TerraSAR-X Staring Spotlight Imagery and original buildingroviding typically different information [19]. This means that,
footprint maps obtained from a combination of postearthquakeleast in principle, it is worth expecting that joint use of the two
Laser Imaging Detection and Ranging (LIDAR) data and ipasses may contribute to a better observation of built-up areas
situ observation, show that the method can distinguish betwesince details that appear in a given pass may not observable (or
collapsed and standing buildings, with an overall accuracy thfey can appear distorted) in the opposite pass. In the context of
approximately 9%. In [7], X-band TerraSAR-X SAR imagery earthquake damage assessment, only few studies addressed the
and optical measurements collected by GeoEye-1 are joinjiynt use of ascending/descending passes. In[17], the 2016 Cen-
used to observe damage related to the earthquake occurrettahltaly Earthquake is analyzed using Sentinel-1 DP dataset col-
Haiti in 2010. Two operational classifiers and ground-baséetted in both ascending and descending passes. Results pointed
information are used to discuss the accuracy of the damage mays. that imagery collected under ascending and descending
Experimental results show that 8%@ccuracy is achieved whenpasses carry on complementary information. In [20], ascending
the classifiers are applied at city block scale and consideriagd descending COSMO-SkyMed HH-polarized imagery are
three damage levels. properly combined to enhance the detection of collapsed build-
Nowadays, the increasing number of spaceborne missiang. The ascending and descending datasets are integrated using
equipped with multipolarization SAR triggered new addedwo models based on discriminant analysis and fuzzy logic.
value products in the urban domain. Within this context, seve@esults confirm that the combination of ascending/descending
studies have been proposed to exploit full-polarimetric (FPasses improve the detection performance.
SAR measurements to detect damage due to earthquake [10This study explores the extra-benefit arising from the joint
[11]. However, the operational use of FP SAR is still limitedise of polarimetric diversity and ascending/descending orbiting
to experimental campaigns; while simpler polarimetric corpassestoimprove the estimation of damage levels in earthquake-
figurations, e.g.; the dual-polarimetric (DP) SAR [12], [13]affected urbanized areas. The polarimetric information is used
are often preferred as standard imaging mode, such as in thedesign robust and effective change detection approaches;
case of the Copernicus Sentinel-1 mission that routinely colleghile ascending and descending orbiting passes are exploited
DP SAR imagery. Only a few studies have been proposea enrich the level of information related to the observed
to exploit DP SAR measurements to observe urbanized arsasne. The processing scheme is designed as follows: 1) dual
damaged by earthquakes [14], [15], [16], [17], [18], whiclpolarimetric change detection features [16], [17] are used to
demonstrate that the extra information provided by polarizdetect the changes that occurred after the earthquake; 2) an
tion diversity results in more accurate estimations of damagedsupervised classifier based on Fuzzy c-means clustering is
areas. In [14], the 2015 Gorkha (Nepal) earthquake is addresaddpted to associate changes in a proper class of damage; 3)
using DP ALOS-PALSAR 2 L-band SAR imagery and a metrithe ascending and descending damage maps are properly com-
based on the interferometric coherence is applied to both d@red and contrasted with the ground truth obtained by in situ
and cross-polarized channels to detect damaged buildings. Tieasurements.
cross-polarized channel is found to achieve an accuracy aroun&xperimental results, obtained processing a set of DP
35.1%. In [15], collapsed buildings are identified using DFSentinel-1 SAR imagery collected over the Central Italy area
ALOS-PALSAR 2 L- and Sentinel-1 C-band SAR imagery. Byffected by the 2016 Earthquake, show that the joint use of
using both intensity and coherence features, the cross-polariasdending and descending datasets processed using the DP ap-
channel allowed to identify collapsed building with an accuragyroach improves the estimation performance reaching an overall
around 84%. In [16] and [18], the sensitivity of the interchannelaccuracy up to 78.
coherence to earthquake-induced damage is investigated using
DP SAR imagery collected by Sentinel-1 over the 2016 Cen-
tral Italy earthquake. Experimental results demonstrate that DP
information improves the detection of the damaged area withOn 24 August 2016, at 01:36 Greenwich Mean Time (GMT),
respect to single polarization SAR imagery. In addition, DB moment magnitude scale Mw 6.0 earthquake struck a large
features enable to the use of just a pair of SAR scenes (collecpedition of the central Apennines fold and thrust belt, between
before and after the event) to implement the change detectibe towns of Norcia and Amatrice. The main event was followed
approach. It must be explicitly pointed out that a fair comparisdiy a second earthquake (Mw 5.4) about 1 h later. This seismic
among the accuracy of the SAR-based damage maps estimaemglience caused the death of nearly 300 people and widespread
by state-of-the-art methods is not straightforward since typicaltiestruction of entire villages. The epicenters were located from
each method calls for a specific level of building aggregatiothe Istituto Nazionale di Geofisica e Vulcanologia (INGV) close
Most of the methods deal with a damage analysis at city blotk the city of Accumoli in the Rieti province, where the area
level, i.e., the damage level refers to an aggregated of buildostly affected by the earthquake extended for about 40 km
ings [7]. Other methods, in particular the ones developed falong with the North West-South East (NW-SE) direction. Most
VHR SAR imagery, can provides damage analysis at buildiraf the collapsed buildings are located in the older western part
scale [2]. of the city of Amatrice, see the correspondent Google Earth
The observation of built-up areas through side-looking radarsage shown in Fig. 1(a), where the ground information on
is significantly affected by the geometry of the imaging systethe levels of damage, which consists of 472 samples, is also

Il. TESTSITE AND DATASET
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TABLE |
SENTINEL—1 SAR DATASET

Resolution

Acq(;::;tlon (rangex azimuth) Ac?::;f;zmn Polarization iﬁ:?i%l:n‘i
(m)
22 August, 2016 233 x 13.92 Ascending  DP (VV+VH) = 34°
3 September, 2016 233 x 13.92 Ascending DP (VV+VH) ~ 34°
21 August, 2016 2.33 x 13.92 Descending ~ DP (VV+VH) =~ 41°
2 September, 2016 2.33 x 13.92 Descending  DP (VV+VH) ~ 41°

Fig.2. Blockdiagram of the proposed approach wligre, andUzad stands
for output obtained combining PolSAR featurés«) related to ascending and
descending orbits (a, d) before and after the fuzzy clustering, respectively. To
validate the accuracy of the estimated damage levels, external ground informa-
Fig. 1. Google Earth image related to the older western part of the city pn is used.
Amatrice: @) the pixels correspond to the ground truth obtained by in-situ
measurements, where each color is related to a degree of darbite; $ame
pixels are smoothed using a1%5 average moving window.
of the ground information is reduced to the classes that are

depicted in Fig. 1(a). In addition, the ground truth data, which
. . L . is intrinsically a point-wise measure, was smoothed to be more
anr_lolialtzed.hThlskgroSund mformatlondfzg?)wde;l by the :CNG ompliant with SAR resolution and the derived features obtained
Quick Earthquake Survey team (Q ) and comes rom, averaging pixels with a predefined moving window. The

macroseismic survey performed immediately after the event oothed - : ;
) ground truth, using\ax N average moving window,
the damaged area [21], [22]. The QUEST performed a fi ? th N = 15, is shown in Fig. 1(b).

campaign, where different municipality areas (or part of them,The satellite dataset consists of four single look complex

were §imultaneously i_nspected to estimate their mgcrqseis C) DP polarized SAR imagery collected before and after the
'E&ggg vg;ueTT]cclordmg tr?. tﬂ? European rl:/la(;:roselsm::r: SC. grthquake by the Copernicus Sentinel-1 mission over the area
( )[23]. The latter, which focuses on the damage a ecting Amatrice (Lazio, Italy) in ascending and descending orbits,

residential building stocks, classifies buildings into six cIassaﬁth anincidence angle of around2dnd 4%, respectively (see
of vulnerability and distinguishes five damage classes (fr ble I) ’

negligible damage up to the destruction of the building). During
the field survey, each building was labeled according to the
vulnerability and the degree of damage. As previously discussed
in [18] light levels of damage can be hardly recognized in In this section, the methodology adopted to generate dam-
SAR imagery. Hence, to allow a fairer intercomparison betweage maps from the fusion of multipolarization SAR imagery
ground information and SAR-derived damage, the granularidgquired in ascending and descending orbit is described (see
of ground information is reduced. Damage that, according Eg. 2).

the EMS98 scale, belong to classes 1 and 2 (i.e., light damageThe first step is to preprocess the SAR dataset by: 1) coreg-
is merged into a single class. Damage that correspond to classtating separately ascending and descending imagery; 2) per-
4 and 5 (i.e., heavily and completely destroyed buildings) ferming radiometric calibration and; 3) speckle-filtering SAR
grouped into a single class. This implies that the granularitymagery with a 55 pixel boxcar filter. The second step is

I1l. PROPOSEDMETHODOLOGY



9512 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

to apply polarimetric change detection methods on a pair a€quisitions collected with the same geometry over the same
DP SAR imagery collected before and after the earthqualszene butattwo differenttimes (before and after the earthquake).
Then, the change detection features extracted from ascendfhe power difference between @nd G can be maximized

ing and descending dataset are geocoded. The third stefyisolving the following eigenvalue problem [17]:

to quantify damage levels by jointly exploiting the output of

the multipolarization features and ascending/descending orbits Copw = Aiw (5)

using an unsupervised fuzzy clustering image segmentatigih 1, being theith eigenvalue. Note that, sind8cp is no

approach. longer Hermitian and positive definite (HPSD), the eigenvalues
can be also negative. Hence, the following metric is considered
A. Change Detection Using DP SAR Features to detect earthquake-affected urbanized area [17]:
In this section, DP change detection approaches developed 12
in [16] and [17] to detect changes occurred after an earthquake A== Z Al (6)
in the scene collected under ascending and descending orbits are 2 i=1
briefly described.

: , . In this study, the metric (6) is used to detect the levels of
The observation of damage induced by the earthquake j0,246 in DP SAR imagery. Lowvalues (theoretically. — 0)
the urbanized areas is performed using two DP metrics. The, o, hacted over urbanized areas unaffected by the earthquake:

first metric exploits the reflection symmetry [16], [24], [25]y e |argera values are expected to correlate with stronger
i.e., a property that is always satisfied by natural distribut mage.

scenario; while it is not satisfied by man-made targets. Under
the assumption of reflection symmetry, the coherence betweéan

co- and cross-polarized channels vanishes [25] Damage Classification

i . The output of the two change detection metrics need to be
(SvvSvu) = (SunSpyv) = 0. (1) Jinked to the discretized levels of damage. In this study, the

Following this theoretical rationale, a metric, based on the amplfitage segmentation fast fuzzy c-means clustering (FFCM) is
tude of the interchannel correlation, is proposed in [16] to deté¢ged to convert the changes observed by the metrics into levels

earthquake-induced damage in DP SAR imagery collected o@édamage. Fuzzy c-means clustering (FCM) is one of the most
urbanized areas popular image segmentation algorithms that allows one piece

o of data to be assigned to two or more clusters. This method,
r= ’<Zm,z%,y>’ 2) developedin[27]andimproved in [28], is based on minimization

wherei stands for the complex SAR imagefy;, y} = {v, 7} ©f the following objective function:

and| - | stands for modulus. N C
This metric is expected to exhibitlower values when measured Im = Z Z uii || — ¢l?, 1<m < oo (7)
over natural scenario; while larger values apply over areas that i=1i=1

include man-made targets (e.g.; the urbanized area) since R@erer, > 1 is a constant that controls the degree of fuzziness,
call for large deviations frpm the reflection symmetry propert)[%, is the degree of membership @f in the clusterj, z; is the
Damaged or collapsed building are expected to reduce the de\g sy-level value of theéth pixel of the interest image; is the

tion from the reflection symmetry behavior resultingimlues centroid of thejth cluster, and| - || is the norm. The membership
closer to the ones that characterize natural scenarios. Hence¢th@tion u;; represents the probability of a pixel belonging to

bigger is the damage, the lower are the expectealues. This 5 gpecific cluster, which depends on the distance between the
means that, assuming as a reference case the metric (2) evalugted and each cluster center. To partition the image, an iterative

using the pre-event imageryfe), one can link the variability otimization of the objective function (7) is performed, which
of r to the damage occurred in the built-up area according to th§nsists of updating the membership functign

following feature:
1

AT = Tpre - rpogt- (3) ul] - C H . H % (8)
Low Ar values (theoretically\r = 0) are expected over ur- L=t (“‘”’L‘C@O
banized areas not affected by the earthquake; while deviatiqitsere
from Ar = 0 are expected to correlate with increasing levels of N o om
damage. ¢ = 2 im1 Uiy Ti ©)
The second DP metric is based on the methodology proposed ZZN: 1 Uit
in[17]and[26], which consists of analyzing the “change matrix” . . .
Cep that is defined as follows: is the cluster center. The iteration stops when
k+1 k
Ccp=C2-C 4) max;; { “EjJr - uz('j)‘} <€ (10)

whereC; andC, are the covariance matrices which, obtainedvhere ¢ is a termination criterion whose values that range
using a 55 average moving window, refer to two DP SARbetween 0 and 1, whereéss the iteration step.
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Fig. 3. Excerpt of the total scattering power (SPAN) related to the Sentinel-1 SAR imagery collected over the area of Amatrice, Italy under astending a
descending passes (first and second row, respectively), and before and after the earthquake (first and second column, respectively).

FCM results to be very expensive to converge in terms of The second combination (see Fig. 2) consists of the arithmeti-
computational time. Hence, an improved FCM version is usethl mean between outputs of the FFCM classifier
namely FFCM, which consists of decreasing the number of

distance calculations by checking the membership value for Upoy = Uz + Usa (12)
each point and eliminating those points with a membership value 2
smaller than a threshold value. wherelU,,, andU,,, are the output of the FFCM for ascending and

descending orbits, i.e., the average of the two classified maps.
Note thatU,, is rounded to the nearest integers toward infinity.
C. Combination of Ascending and Descending Orbits

In this section, the combination of the DP processing outputs IV. EXPERIMENT

obtained from ascending and descending datasets is discussegh this section, first, the sensitivity of the backscatter to
Two simple approaches are presented that combine the outpHEs orbiting passes is discussed; then the PolSAR damage
of the features before and after the FFCM partitioning in getection features are show for both the ascending and de-
straightforward way. scending orbits and their sensitivity to damaged areas is dis-
The first combination (see Fig. 2) consists of summing up th@ssed. Finally, the damage maps estimated combining ascend-
DP features evaluated using ascending and descending datasgtand descending passes are discussed against ground survey
information.

Tad = Ta + Tq (11)
A. Sensitivity of the Total Backscatter to the Orbiting Passes

wherer, andz, (withx = {Ar, 1}) arerelated tothe DP feature The squared-modulus associated to the co- and cross-
outputs obtained from ascending and descending orbits, respemlarized channels, i.e., the SPAN, is displayed in the ascend-
tively. Then, the damage mdp,,, is obtained by applying the ing [first row (a-b)] and descending [second row (c-d)] cases
FFCM classifier to the output of equation (11). and both before [first column (a—c)] and after [second column
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Fig. 4. Polarimetric features evaluated over the area of Amatrice. The figure is organized in a matrix format: the first and the second rows stanthfper$AR i
collected in ascending and descending mode, respectively. The first and the second columna\netarda, respectively. (a)Ar,; (b) 24; (C) Arg; (d) Ag.

(b-d)] seismic event in Fig. 3. Note that the area out of thHeelong to the city area resulting in a lower level of urbanization,
city of Amatrice is masked out using the building footprintall for a complementary scattering behavior when observed in
extracted from OpenStreetMap (OSM). The SPAN imagetiie scenes collected under ascending and descending passes.
clearly show that the upper-left part of the city area resulithe ROIs labeled a&’;—E3 call for the largest backscattering

in the largest backscattering, since it is the area calling fander descending pass. The opposite behavior is achieved within
the highest urbanization. The center- and the rightmost pére regions labeled a8,—F5, where the largest backscattering

of the image call for a lower backscattering since buildings obtained in the ascending case. The R@}s-F;, which

are very spread with vegetated areas. This behavior applesong to the area calling for the highest level of urbanization,
for both ascending and descending passes (a—c). As expechee such thabs—E; (Es—FEg) call for the largest backscattering
after the earthquake event, the radar backscattering reducesiarittie descending (ascending) passes. Similarities also applies
the decreasing rate is more pronounced in the more dendedyween the backscatter resulting from scenes collected under
urbanized area (i.e., the upper-left part of the image). Theascending and descending passes. Most of these similarities are
is also a remarkable sensitivity of the SPAN to the orbitingresent in the rural areas, and remarkable cases can be identified
passes. The scene collected in ascending pass exhibits an overdlhe highly urbanized area, such as i, and Ey;. This
backscatter larger than the descending one both in the pre- andlysis points out that the combination of scenes collected
in the postevent cases. It can also be noted that the south-eastader ascending and descending passes is informative especially
part of the city, which calls for a lower level of urbanizationin the densely urbanized area since it contributes to better catch
does not show significant differences in SAR response betwessrattering details associated to blocks of buildings.

ascending and descending passes. All this matter suggests a

joint exploitation of polarization diversity and orbiting passes tgQ . .

improve the estimation of damage levels. Note that a differeﬁt Sensitivity to PoLSAR Metrics to Damaged Areas

incidence angle applies for the ascending and descending casé®ISAR change detection features are displayed in Fig. 4,
thatalso plays arole. To better investigate complementarities amdere the two columns stand fdr- (3) anda (6), respectively;
similarities in the total backscatering behavior under ascendingpile the two rows stand for features evaluated using the ascend-
and descending passes, region of interests (ROIs) are seleaigand descending metrics, respectively. The area out of the city
in the imagery of Fig. 3. The ROIs labeled &s—F5, which of Amatrice is again masked out using the ground information
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Fig.5. FFCM classification output evaluated over the polarimetric outputs of Fig. 4. The figure is organized in matrix format: the first and thersestamdiro
for SAR imagery collected in ascending and descending mode, respectively. The first and the second columns refer to polarimeftic deaureespectively:

@Uar,: (0) Usy; (€ Uar,; (d) Ui,

of Fig. 1. The images show that the two metrics, both in thenlarged version of the area that includes the RQland Ay is
ascending and the descending cases, resultin the largest chaagastated im\r; [see Fig. 4(c)]. However, it must be explicitly
in the upper-left part of Amatrice. This agrees with the grounabted that those changes are non-negligible and they can be
information of Fig. 1. Moreover, the two metrics show a differerttardly compared with.; [see Fig. 4(d)], sincé\r and A call
sensitivity according to the orbiting pass. The largest differenéar different ranges of values. By contrasting the outputs each
between the two metrics is achieved in the descending pass, setric under the two passes [see Fig. 4(a)—(c) and Fig. 4(b)—(d)]
Fig. 4(c) and (d). In facti 4 reveals changes larger tham; in it can be noted that\r exhibits the largest sensitivity to the
the highest urbanized part of the city. It must be however notedbiting pass.
that, since the two metrics span completely different range of
val he different sensitivity does not necessarily will result
ir? (;Ji?fz,retn(taddet:cfec; (S:I?:lss of dyamages. y C. Dgnnge Classification and Ascending/Descending Orbits

Even in this case, to better investigate complementarities agi(amb' nation
similarities in the change detection PolSAR features, ROIs areln this section, experimental results obtained processing the
selected in the imagery of Fig. 4. The ROIs labelediasA;, SAR dataset augmented with auxiliary external ground infor-
which belong to the city area resulting in a lower level ofnation are discussed. First, the levels of damage are quantified
urbanization, call for a complementary behavior when observading an unsupervised classifier based on the FFCM applied to
in the scenes collected under ascending and descending pasBeswvhole SAR scene. Then, the damage maps obtained from
The ROls labeled ad;—Aj3 call for the largest changes underscending and descending orbits are properly combined using
descending pass. The opposite behavior is achieved within {fié¢) and (12). Finally, to analyze the accuracy of the estimated
region labeled asl, where the largest changes are obtained Iavels of damage, the ground information map [see Fig. 1(b)] is
the ascending case. The ROIs—A 1, which belong to the area used.
calling for the highest level of urbanization, are such thatAg The first experiment consists of generating the range maps
(A7—A4p) call for the largest changes in the descending (ascendsing the FFCM that is applied separately to the ascending and
ing) passes. To better visually inspect changes that occurredi@scending orbits. The FFCM outputs are depicted in Fig. 5,
the two metrics in both ascending and descending passeswdiere 3 levels of damage have been selected, according to the
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Fig. 6. FFCM classification output evaluated over the polarimetric outputs of Fig. 4. The figure is organized in matrix format: the first and thexsestamdiro
for the outputs of equation (11) and (12), respectively. The first and the second columns refer to polarimetridieand®, respectively: (/A ,; (b) Uy

© Unryys () Ui,y

ad’

c " 5 TABLsEAlqu I processing the descending pass (Fig. 5(c))] the damage level 3
ONFUSIONMATRIX BETWEEN THE -BASED ESTIMATIONS AND THE : B H H :
FILTERED GROUND INFORMATION EVALUATED OVER THE CITY OF AMATRICE, IS qu_lte narrow in the urbanized area and the rural area I_S mostly
WHERE 1, 2,AND 3 STAND FOR Low, MEDIUM, AND HIGH DAMAGE dominated by damage of level 2 and 3. T)henaps obtained
under ascending and descending passes [see Fig. 5(b) and (d),
Feature — 1 UA;%> . 1 PAz(%> . OA (%) K (%) respectively] only show slightly changes in terms of damage
Uar. 765 77 565 161 41 936 M2 96 levels. It can be also noted that in some areas the features, which
Uary 0 4L7 348 0 145 771 | 342 3.6 in Fig. 4 result in a different sensitivity to the orbiting passes,
Usr,, 211 161 719 64 101 943 | 637 16.4 I h q | . - .
Oar 0 763 586 0 257 962 | 587 231 ca for.t e same damage class. This is nqt surprising since the
Uy, 82 139 437 165 56 971 | 406 74 FFCM is separately applied to the two orbits.
Ux, 47.4 17 38.7 7.2 7 100 35.8 5.77 T . ivel | h f f the d .
Us., 158 254 92 71 41 918 | 778 36.2 0 quantitatively analyze t. e performance o the detection
Un,y 412 224 498 99 84 100 | 452 10 methods, the ground information of Fig. 1 is used. Note that the

latter is smoothed using/é x N average moving window, with

N = 15 to cope with the different spatial scales that result for
ground truth presented in Section Il. By visually inspecting ththe SAR-derived maps (that contain information on aggregated
images produced by FFCM, differences can be observed bbthcks of buildings) and the point-wise ground truth. Note that
in the outputs of the features (s@&e andA images in the first N =15 is chosen since it gives the best result in terms of overall
and second column of Fig. 5, respectively). As suggested by #hecuracy with the SAR-derived maps. The quantitative analysis
previous sensitivity analysigyr results in the largest sensitivity consists of calculating the confusion matrix whose synthetic
to the orbiting pass resulting in different damage levels in bogfarameters are: overall accuracy (OA), user accuracy (UA),
the urbanized and the rural areas of Amatrice according to theducer accuracy (PA), and kappa coefficient (K) [29]. OA
orbiting pass selected. Ther map related to the ascending pasmeasures how all the reference classes are correctly mapped,;
[see Fig. 5(a) results in adamage level 3thatis quite spread in th# is the probability that a value predicted to be in a certain
urbanized area and practically absentin the rural area that mosthss really belongs to that class, i.e., it is the ratio of correctly
calls fordamage level 1. When dealing with themap obtained predicted values to the total number of values predicted to be in



FERRENTINO et al.: ON THE COMBINATION OF DUAL-POLARIZATION SENTINEL-1 ASCENDING/DESCENDING ORBITING PASSES 9517

that class. PA is the probability that a value in a given classiisterms of omission and commission errors, that are about 0.5.
correctly classified, i.e., the ratio of correctly predicted elementherefore, if we consider the worst resolution of SAR data, the
to the total (true) number of elements in that class, and tpessible inaccuracy of the in situ survey, and - of course - the
K coefficient provides an overall analysis of the classificatispatial filtering of the GT itself to match SAR features, we can
performance with respect to a reference random classifier. easily understand the quite low accuracy of the proposed method.
The parameters listed in Table Il quantitatively confirm that
Arresultsinthe largest sensitivity to the orbiting passes and they V.. CONCLUSION
also point out that the descending pass calls for an accurac¥

worse than the ascending one for both the features. It canrn r;hlf\tswdl)ll, t?e dj?r:m usi;Ldue::;jpglanzarEE S,A;Eitmea- i
be also noted thaf\r is not able to detect “level 1” damageSu ements coflecte asce ga esce g Orbit pass I

. . . ploited to quantify post damage of the Central Italy earthquake
under the descending pass. The third class of damage is V\é%at occurred in 2016. First, a processing chain that consists

identified by both the metrics and both the ascending and o‘?_using DP SAR features to be ingested in an unsupervised

scending passes. To summari2e,performs better thahwhen L .
the scenes collected under the ascending pass are used;whilgrr% y c-means classifier, is |.ntroduced to quz_:mtn‘y the levels
performance ot is slightly better than thé\r one under the of damage. Then, the ascending anq descending damage maps
descending pass. are properly.comblned and. the es’qmated dqmage maps are
The second experiment is to discuss the accuracy of t%%”tTasged ‘.N'thc;[hg gr((j)lénd |_nfo|rrriaSt|XrF12._Experlmenltlal rejults,
damage maps obtained by jointly exploiting ascending and _tal_ne using &—ban .entm;e—. m(}agerydcg ecte dgver
scending passes. The FFCM outputs are depicted in Fig. 6, th?%c'ty of?matrr:ce n Lzzm (Itafy)hln ascen "?jg an esr?enh Ing
the two rows refer tdJ,,, (11) andU,,, (12), respectively; phass,hcop |.rmt esofun neszlo t egrc(;pose ;pproag. , S "owmg
while columns stand forAr and & metrics, respectively. By t at the joint use of ascending and descending orbits allows

visually inspecting the damage maps one can note a remarka'mgrovmg _th_e results in terms_ of overall accuracy. In details: .
) The joint use of ascending/descending passes always im-

sensitivity of the detected damage levels to both the feature prove the OA with respect to the single orbiting pass.

and the orbiting pass. A visual comparison of the detected e o
map with the filtered ground information of Fig. 1(b) shows 2) Thetwg features exh|b|td|fferen.t.sen3|t|V|tyto the damage
according to the processed orbiting pass.

that the approach (11) results in the best performance for bot
the features although misclassifications appear in both the ver ) ;:rgrigi:;?jture outperformslr when the two passes are

left-hand-side of the image and in the central part, i.e.,.areas tha}‘) The combination of the orbiting passes performed on the
are nondensely urbanized. The featur@ppears to provide the feature’s outputs [i.e. eq. (11)] outperforms the combina-

best performance especially in the densely urbanized area. To

guantitatively discuss the estimation accuracy, the confusion maz3 t_;_?]n Frfr];grime? 33':19 ;fcﬁto?;pgtsvﬂfa’ (r}Z)]I. rbanized
trix is evaluated by contrasting pixel-by-pixel the map of Fig. 6 ) Thema provementis obtained overdensely urbanize

) . areas.
with the ground truth map of Fig. 1(b). The output parameters of . . L
the confusion matrix (listed in Table 1) show a non-negligible Even though different orbit data fusion increases the accuracy

improvement in terms of OA. With respect to the- feature, of damage classification with respect to single pass approaches,

the OA reaches up te 64% (i.e., -~ 15% with respect to the some studies need to be performed in the future, in order to

use of the single orbiting pass) when the first approach is usf'endj a more suitable integration method, with the purpose to

(11) to combine the orbiting passes. When the combinationel)s(,plon also the information about the urban texture that plays

performed according to (12), the OA degrades dowr &% an important role as revealed by our work.
witnessing that the combination of the DP feature’s outputs
performs better than the combination of FFCM outputs. With
respect to the. feature, the OA reaches up to78% (i.e., [1] S. Stramondo, C. Bignami, M. Chini, N. Pierdicca, and A. Tertulliani,

4~ 37% with respect to the use ofthe single orbiting pass) when “Satellite radar and optical remote sensing for earthquake damage detec-
h h(11)i d. Again. th bi . fDPf , . tion: Results from different case studiesit. J. Remote Sens., vol. 27,
the approach (11) isused. Again, the combination o eature’s o 20, pp. 4433-4447, 2006.

outputs performs better than the combination of FFCM output®] L. Gong, C. Wang, F. Wu, J. Zhang, H. Zhang, and Q. Li, “Earthquake-

with the latter resulting in a OA that decrease dowr-to45%. induced building damage detection with post-event sub-meter VHR
. . TerraSAR-X staring spotlight imageryRemote Sens., vol. 8, no. 11,
Insummary, we can state that the combination performed by (11) |, sg7_908, 2016.

is always better than the FFCM output combination. As farasthig] C. Yonezawa and S. Takeuchi, “Decorrelation of SAR data by urban

accuracy performance, based on the ground truth data collection, damages caused by the 1995 Hyogoken-Nanbu earthqueke, Remote
iti h noting that the in situ survey is not free from errors Sens. vol. 22, no. 8, pp. 15851600, 2001.
Itis worth noting tha In Situ survey | 4] E.J. M. Rignotand J. J. van Zyl, “Change detection techniques for ERS-1

Pierdicca et al. [30] showed that reference data (i.e., the ground SAR data,1EEE Trans. Geosci. Remote Sens,, vol. 31, no. 4, pp. 896-906,
truth) cannot be completely reliable. By adopting the triple_ Jul. 1993.
I ) tion techni tFP)1 y dd y FI) g.f. ti P {"51] M. Matsuoka and F. Yamazaki, “Use of satellite SAR intensity imagery for

co oc_a lontechnique, they compare am.agec assiiication wi detecting building areas damaged due to earthquakesthg. Spectra,
two different ground surveys for the L'Aquila 2009 earthquake. vol. 20, no. 3, pp. 975-994, 2004.
They found that the satellite product, in that case study derivdfll P- Gamba, F. Del’Acqua, and G. Lisini, “Change detection of multitempo-
by VHR ical d h bl h f ral SAR data in urban areas combining feature-based and pixel-based tech-

y optical data, can have accuracy comparable to that of g es 1EEE Trans. Geosci. RemoteSens, vol. 44, no. 10, pp. 2820-2827,

one ground surveys versus the other ground surveys, especially Oct. 2006.
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