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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses nationwide. Headquartered at the University at Buffalo, State University
of New York, the Center was originally established by the National Science Foundation in
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of information between researchers located
in various institutions across the country. These are complemented by, and integrated
with, other MCEER activities in education, outreach, technology transfer, and industry
partnerships.

This report investigates multi-sensor pixel-based image fusion methodologies, combining ‘before’
and “after” images from two different high-resolution optical satellites (Quickbird and IKONOS),
to assess neighborhood damage extent and severity. The 2003 earthquake that struck Bam, Iran is
used as a case study. Three different pixel-based methodological approaches were used to investigate
damage-related changes: spectral comparison, textural comparison and edge-based comparison. The
results showed that all three damage detection methods successfully identified building collapse
within neighborhoods of Bam. This is Volume III of a five part series of reports that investigate the
use of remote sensing techniques for resilient multi-hazard disaster response.
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PREFACE

This preface introduces a five volume series, documenting scientific research conducted by
MCEER researchers at ImageCat, Inc., investigating remote sensing techniques for resilient
disaster response.

Volume [: INTRODUCTION TO DAMAGE ASSESSMENT METHODOLOGIES

Volume II: COUNTING THE NUMBER OF COLLAPSED BUILDINGS USING AN
OBJECT-ORIENTED ANALYSIS: CASE STUDY OF THE 2003 BAM EARTHQUAKE

Volume III: MULTI-SENSOR IMAGE FUSION TECHNIQUES FOR ROBUST
NEIGHBORHOOD-SCALE URBAN DAMAGE ASSESSMENT

Volume IV: A STUDY OF MULTI-TEMPORAL AND MULTI-RESOLUTION SAR
IMAGERY FOR POST-KATRINA FLOOD MONITORING IN NEW ORLEANS

Volume V: INTEGRATION OF REMOTE SENSING IMAGERY AND VIEWS™ FIELD
DATA FOR POST-HURRICANE CHARLEY BUILDING DAMAGE ASSESSMENT

The report series embraces MCEER’s stated mission of pursuing the discovery and development
of new knowledge, tools and technologies that equip communities to become more disaster
resilient in the face of earthquakes and other extreme events. Accordingly, the research
documented here is multi-hazard in nature, spanning international earthquake, flood and
hurricane events. In all cases, the research is undertaken with the underlying goal of improving
resilience, in particular the rapidity and resourcefulness ot disaster response activities. Further, it
is aimed at meeting stated User needs in the immediate aftermath of disasters, such as a rapid
estimate of the number of collapsed/damaged structures, and the delineation of flood inundation
zones.

These volumes represent a significant milestone in post-disaster damage assessment, constituting
the culmination of seven years’ research activities. During this time, we have witnessed the
‘Coming of Age’ of remote sensing technologies and analytical techniques within the disaster
response arena. Technology push in the form of new sources of high-resolution imagery and
increasingly advanced and analytical techniques has driven the development of new capabilities
attuned to meet the needs of responders. This has been coupled with heightened User pull from
sectors including the re/insurance industry, and with the onset of recent catastrophes such as
hurricane Katrina, opportunities for operational implementation.

Research collaborations established by ImageCat, Inc. with multi-hazard researchers from the
US, Italy and UK, underpin this report series. Through sharing and exchanging a wealth of
experience and expertise, the teams of scientists and engineers have advanced the knowledge
boundaries of remote sensing damage detection. Particular highlights include:



v' The ability to rapidly count the number of collapsed buildings, where a building is treated as
an ‘object’ within the digital image, rather than a group of pixels (Volume II in collaboration
with the University of Bologna)

v The fusion of pre- and post-disaster imagery captured by different high resolution sensors to
facilitate flexible damage mapping irrespective of which sensor passes first over the disaster
zone (Volume III)

v' The use of cloud-penetrating to assess flooding extent throughout storm-ridden areas
(Volume IV in collaboration with University College London)

v" HAZUS-compatible post-hurricane damage assessment based on remote sensing imagery,
when access to the disaster zone is precluded (Volume V in collaboration with Texas Tech
University).

In June 2006, MCEER launched its Remote Sensing Institute (RSI), which will serve as a
platform for developing and operationally implementing innovative multi-hazard techniques,
strategies and products for rapidly assessing post-disaster impacts, modeling and quantifying the
built environment, and monitoring recovery. The RSI will continue to embrace fundamental and
applied research activities to develop innovative new approaches to short- and long-term disaster
management. Commercial products and services developed by MCEER researchers and
available through RSI include: near real-time flood, surge, hurricane, earthquake and tsunami
damage assessment through remote sensing-based damage scales and advanced image analysis
techniques; and forensic GPS-registered damage assessment using the in-field VIEWS™ data
collection and visualization system.
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ABSTRACT

Volume III of this five volume damage detection report investigates multi-sensor pixel-based
image fusion methodologies, combining ‘before’ and ‘after’ images from two different high-
resolution optical satellites (Quickbird and IKONOS) to assess neighborhood damage extent and
severity; the 2003 Bam (Iran) earthquake is employed as a case study.

Since the advent of high-resolution optical satellite imagery, a number studies have explored its
use for multi-temporal damage detection (for details see the literature review in Volume I of this
report series). Operationally, a significant challenge facing its implementation for post-disaster
relief is the timeliness with which reliable damage information is distributed. One obvious way
of improving timeliness and thereby resilience is to increase the rapidity of imagery acquisition
after the event occurs. When detecting damage using satellite imagery, previous research has
shown that the most accurate method of assessing changes is using a pair of ‘before’ and ‘after’
event scenes. Ideally, for ease of processing, these images would be collected by the same
satellite. However, from a practical standpoint, the speed of response may be maximized by
combining pre- and post-disaster images acquired by different sensors.

Conducting multi-temporal change/damage detection using images from different satellites poses
significant technical challenges due to variations between their spatial, spectral, system and
platform specifications. A review of previous studies integrating imagery from different sensors
is initially presented. A series of pre-processing and processing steps are then introduced to
counteract fundamental non-damage related differences between the images. These include: pan-
sharpening, co-registration and resampling and histogram matching. Vegetation exclusion and
roof\ inclusion masks are also presented, as they counteract both multi-sensor and non-disaster
multi-temporal differences.

Having taken steps to mitigate multi-sensor effects, three different pixel-based methodological
approaches are used to investigate damage-related changes:

1) Spectral comparison: Detects building collapse in terms of fundamental changes in
DN values between the before and after imagery, testing the hypothesis that building
collapse in Bam creates a reduction in reflectance within optical bands of the
spectrum, where bright roofs of intact buildings are replaced by darker piles of rubble
comprising the constituent materials.

i1) Textural comparison: Detects building collapse in terms of changes in the degree of
homogeneity displayed by urban features, testing the hypothesis that chaotic piles of
rubble associated with collapsed buildings will exhibit poorly-defined edge structures
and high textural variability, which produces a statistically measurable difference in
textural indicators

1) Edge-based comparison: Detects building damage in terms of changes in the
frequency of edges associated with intact versus collapsed structures, testing the
hypothesis that collapsed buildings show fewer edges in the post-earthquake image,
as distinct building boundaries are replaced by an indistinct and chaotic pattern of
debris.
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Validating the results against a visual inspection-based assessment of building damage from
Yamazaki et al. (2004b), the processing steps undertaken to mitigate multi-sensor effects were
largely successful. Further, all three damage detection methods successfully identified building
collapse within neighborhoods of Bam.

Specifically, the results suggest that for the spectral comparison the working hypothesis can be
accepted that a lower spectral response is associated with the debris of collapsed structures
versus the homogenous roofs of non-damage buildings. For the textural analysis, the working
hypothesis is rejected that chaotic piles of rubble associated with collapsed buildings exhibit
poorly-defined edge structures and high textural variability. Alternative hypotheses are proposed
that there is reduced chaos and lower dissimilarity, lower entropy and higher correlation within
neighborhoods sustaining extreme building damage. For the edge-based comparison, the working
hypothesis is accepted that collapsed buildings show fewer edges in the post-earthquake image,
as distinct building boundaries are replaced by an indistinct and chaotic pattern of debris.
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SECTION 1
INTRODUCTION

1.1 Rationale and Literature Review

Volume III of this five volume damage detection report series documents research conducted by
MCEER researchers at ImageCat, with the objective of developing a multi-sensor pixel-based
image fusion methodology, combining before and after images from different satellites to assess
neighborhood damage extent and severity. The 2003 Bam (Iran) earthquake is employed as a
case study.

In the aftermath of a major earthquake, the rapid assessment of urban damage extent and severity
is valuable because it may be used operationally for a range of applications, including:

e Identifying affected areas for assessing resource requirements

e Highlighting the hardest-hit locations for prioritizing the deployment of emergency teams
and resources

e Establishing provisional indicators of damage and casualties, in order to communicate the
scale of the disaster and to obtain support from national and international organizations
including Governments and aid agencies.

There is growing recognition of the important role that remote sensing technology has to play in
providing a quick-look post-disaster damage assessment. As noted in Chapter 2, this is a function
of technology push and User pull (Adams, 2005). In the case of User pull, a remote sensing-
based approach to damage detection offers a resilient assessment of the post-disaster situation,
through rapid situation assessment and the implementation of a resourceful technique that is not
affected by ground-access issues.

In the case of technology push, a considerable volume of research has been conducted during the
1990°’s and since the start of the new millennium, to develop techniques for rapid semi-
automated multi-temporal damage assessment. As discussed by the literature review within
Volume I, following events dating back to the 1995 Hyogoken-Nanbu (Kobe) earthquake,
moderate resolution optical satellites have been successfully used to provide a broadscale
indication of damage extent (Adams, 2004; Adams and Huyck, 2006; Adams et al., 2004a;
Eguchi et al., 2000a, 2000b, 2003b; Estrada ef al., 2001b, 2003; Huyck ef al., 2002, 2004a; Kaya
et al., 2004, 2005; Kohiyama and Yamazaki, 2005a, 2005b; Kohiyama et al., 2003; Matsuoka
and Yamazaki, 1998, 2000b, 2002; Ozisik and Kerle, 2004; Tralli, 2000; Turker and San, 2003;
Yamazaki, 2001). The utility of SAR systems for damage assessment has also been investigated
(Aoki et al., 1998; Archiniegas et al., in press; EDM, 2000; Matsuoka and Yamazaki, 2002,
2003, 2004a, 2004b, 2005, 2006; Mansouri and Shinozuka, 2005; and Mansouri et al., 2004,
2005).

Since the advent of high-resolution optical satellite imagery, a number studies have explored its
use for multi-temporal damage detection at a Tier 2 Neighborhood scale within the tiered
reconnaissance framework (see Volume I). Although progress has been made using multi-



temporal high-resolution imagery, a number of operational barriers persist, which have limited it
use within the disaster response community. Operationally, one significant challenge is the
timeliness with which reliable damage information is distributed. This is largely a function of the
frequency of imagery acquisition, which is in turn determined by a number of factors including:
satellite overpass schedules; flexibility with acquisition specifications (for example, can the
system point); occurrence of obscuring effects such as cloud; and processing/delivery speed. One
obvious way of improving timeliness and thereby resilience is to increase the rapidity of imagery
acquisition after the event occurs. Practically, this may be achieved by increasing the number of
orbiting sensors, or improving the ability to manipulate the acquisition specifications of existing
Sensors.

Effectively utilizing such an expanded imagery set is, however, also highly dependent on the
availability of robust image processing algorithms. Robust processing is demanded because it
may be necessary or advantageous to combine pre- and post-disaster images captured by two
different sensors. Figure 1-1 provides a schematic illustration of the benefits offered by ‘multi-
sensor’ analysis, over and above traditional single-sensor studies. Niemeyer and Canty (2003)
emphasize the importance of flexible techniques which are robust. For example, new systems
have a limited historic archive, so in many cases, multi-temporal damage assessment would
require a ‘before’ image from an alternative sensor. Equally, there may simply be no pre-event
archive for a given sensor, or the catalogue may comprise older images that are deemed
unreliable. Combining images from two different sensors also presents an opportunity to
improve accuracy levels by minimizing the effects of other non-disaster-related sources of
change. To minimize seasonal sources of change between the images, the ‘before’ image is
ideally either dated close to the disaster, or captured at a similar time of year. The most recent
‘before’ image may have been acquired by a different sensor to the first available ‘after’ scene.
Flexibility in the choice of sensor could also help by mitigating other common sources of
variability, such as atmospheric calibration, look angle and sun illumination (see, for example,
Neilsen et al. 1998).

Conducting multi-temporal change/damage detection using images from different satellites poses
significant technical challenges. In the case of high-resolution optical systems, the actual change
detection process (such as differencing or correlation) that is applied to single source before and
after data remains the same when images from different sensors are used. However, new
challenges are encountered during the pre-processing and processing stages leading up to this
point, due to differences between the spatial, spectral, system and platform specifications of the
various sensors. These differences create new sources of compatibility issues between ‘before’
and ‘after’ data, in addition to familiar effects such as seasonal change and random variations in
ground surface features detectable in high-resolution coverage (such as the movement of
vehicles). For example, Quickbird acquires panchromatic and multispectral imagery at
0.6m/2.4m and IKONOS at Im/4m. This poses a complex challenge of how to compare
individual pixels that cover slightly different areas of the ground surface. Also, the wavelengths
spanned by the blue, green, red and near infrared bands are slightly different. This requires a
technique to accommodate subtle differences in the spectral return for each and every ground
surface feature. Another source of variation is the processing routine employed to account for
atmospheric effects. This may alter the brightness of each pixel value. These differences are
listed in Section 1.2.



sagewi] 3uIs() SISA[BUY [BUODIPER.L], SNS.IIA

*(92.1n0S-3[3UIS) I}I[[9}BS-ISUIS & WO.1J

‘(32anoS-nnIA) A15ewi] NI[AIBS-HINA] JO UOISN ] [NJIIINOSIY Y} YSNOIY [, PAIJJ(O U0NINI

Igewre(q uvqa) prdey 210\ YSNOIy ], IUSIISIY I9)SESI(-1S0J PIIURYUY JI0J [BIIUINOJ Y} JO uonejudsdaday] snewdayds [-1 3an3i

IUDINISNY
J9)SESIP-1S0 ] []

pasueyu

sIsATeue 901n0s 9[3uls ym paredwoo

JUQJUOD UOIBULIOJUI PAJURYUD apiaoid ue) e
03eI10A00 pajIwuI|

9ARY SIOSUIS SUNSIXD JO MU AIYM SUOIBMIS
3uIp1oA® ‘OAIyoIe 210J2q, d[qeasn spuedxy e
0J1[[9)eS IYjOU. WOLJ

A1a3ewr yaim 31 00e[dor UBD ‘S[IR] JIOSUIS B J| e
JIOA0D PNOJO JO JUIAD Ul Aouppunpa.r sopiaoid

u S9OINOS [BIOADS WOIJ A1dFEWI JO 10U o

sayares ojdnnw Aq paxmdeo se
‘Ap1dp.r 210w J|qe[TRAR A10TRWI JUIAJ-)SOJ e

JUIUSSISSY ISVUWID (T JIISVSIP-ISOJ
J0f Sjfouag 224mos-ynp [PUOIPPY

BOJIR PIJOQJJE 2INUD Jnoy3noIy) d3ewrep uo
soA1poadsIod pa[IeIop PUB MOIAIOAO SOPIACI] e
oFewep Jo juswissasse pazipiepuels spoddng e

uonenIs 19)Sesip

-150d JO P10931 9JBINOJL PUB 9ANR[QD)
JUAD JO SAep G- urym ‘Ajprdex

Pa309[[00 9Udds 19)sesIp-1sod Jo A1oTew] e
BOIR PIJOJJJL AU} O} SIANSSI

$S9008 AQ pajrwl J0uU ST uonIsiboe vleq o

JUWISSISSY ISV
J2ISVSIP-1SOJ 40f Sirfauag 224n0s-2]5u1g

Buiss820.d 924nos-ijjAjl MoN

Vv 9)j|93es g a}||9)es

.

910394,

A9}V,

|HAuISSasSeaneIeuBnIAPEISesIf)

Buissad0lg 224n0s-3jbuis jeuonipe. |

Y 9}ljiojes Josuasg

— -

V 93j193es

olojog, oweysuwyy

A9}V,




A multiplicity of terminology surrounds the use of data from different sources to gain enhanced
output. A discussion of definitions is found in Pohl and van Genderen (1998). Terms such as
‘data integration’, ‘data fusion’, ‘image fusion’, ‘image merging’, ‘image integration’, ‘cross-
sensor’ and ‘multi-sensor’ are all commonly used. ‘Cross-sensor’ has a connotation of examining
the differences between two sensors, perhaps in relation to calibrating them (see, for example,
Boccippio et al. 2000). Multi-sensor analysis suggests the use of two or more sensors in one
study, generally with the aim of utilizing them to enhance data analysis or to create a new
solution. As such, this definition is deemed appropriate for the current study.

The term ‘data fusion’ is defined as the process of dealing with data and information from
multiple sources to achieve refined/improved information for decision making (Hall, 1992), and
has been applied broadly to encompass the fusion of different types of information, for instance
fusing raster imagery with digital elevation data, or vector data with raster (Ware 2003, Gens
2004). Data integration is generally linked with GIS applications (Pohl and van Genderen, 1998).
Considering that the present study is concerned with the fusion of images captured by different
sensors, the procedure may be better represented by the term image fusion, defined as ‘the
combination of two or more different images to form a new image by using a certain algorithm’
(Pohl and van Genderen, 1994).

In general terms, data fusion encapsulates a diversity of procedures, offering the potential to
create novel synergistic solutions where, by definition, the whole is greater than the sum of the
parts. Table 1-1 cites a range of examples from the literature, and briefly describes the degree to
which they have been used for disaster response activities. In summary, statistical methods to
detect change involving multi-sensor information have been used, such as the multiplication of
images, ratios, summation, and some normalization routines (for a review, see Pohl and van
Genderen, 1998). Other examples include Price (1987), Ehlers (1991) Mouat ef al. 1993, and
Mangolini et al. (1993). In most cases, problems were encountered during processing, due to the
amount of difference between the two images to be analyzed. Factors affecting compatibility for
the change detection process ranged from viewing angle, illumination, and shadow to cloud
cover.

Applications of these techniques range from flood mapping (Kuehn et al. 2002), topographic
mapping/updating (Hellwich et al. 2007), and land use studies, to forestry (Kosaka et al. 2005).
However, comparatively few of the documented integration processes or multi-temporal change
detection methods have been applied in a post-disaster damage assessment context. Resolution or
pan-sharpening is the most commonly used technique, although its prior implementation is
limited to the enhancement of individual scenes (e.g. Zhang 2004; Guo and Pinliang, 1989; Pohl
and van Genderen , 1998). Huyck ef al. (2004a) and Stramondo et al. (2006a, 2006b) explore the
potential of integrating optical and SAR imagery after the 1999 Marmara and 2003 Bam
earthquakes. Huyck et al. (2005) conduct a preliminary study into the integration of high-
resolution pre- and post-disaster optical imagery of Bam acquired by different sensors. However,
this work is exploratory, and serves to highlight challenges associated with the integration
process, which form the basis of the present study.
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1.2 Approach

Given the pressing need for more robust semi-automated multi-sensor damage detection
algorithms, a series of pixel-based methodologies are explored here using Quickbird and
IKONOS imagery captured before and after the 2003 Bam earthquake. Table 1-2 identifies
general multi-sensor variations between Quickbird and IKONOS imagery, with suggested
procedures to account for these differences.

Table 1-2 General Multi-Sensor Differences Between IKONOS and Quickbird Imagery, and
Suggested Procedures to Account for the Variation

Multi-sensor difference between IKONOS | Suggested procedure to account for

and Quickbird difference used in this study.

Wavelength difference Needs an approach which is less reliant on
subtle spectral differences. Feature extraction
(i.e. edge detection) suggested.

Atmospheric effects — i.e. cloud / haze Difficult to account for in pre-processed
imagery. Masking if warranted.

Resolution Needs a re-sampling strategy to create a
comparable pixel size.

Time of day when image was acquired — Masking — explore shadow spectral signature.

different shadows

Time of year when image was acquired - Masking such as an NDVI approach to

vegetation difference exclude from analysis.

Difference in look angle Acquire near nadir imagery: only slight

difference. Requires co-registration of images

Building on these considerations, as well as findings from prior research conducted by ImageCat
researchers at MCEER (see, for example, Adams et al. 2004a, 2004b, Huyck and Adams 2004,
Huyck et al., 2004b, Huyck et al. 2005, Womble et al. 2006) three different approaches are
investigated to detect change/damage at a Tier 2 Neighborhood scale. As shown by the
methodology flow diagram in figure 1-2, these comprise:

1. Method 1: Spectral comparison
2. Method 2: Textural comparison

3. Method 3: Image primitive comparison through edge-detection

The spectral comparison examines the fundamental spectral response associated with intact and
damage structures within the red, green, blue (and near-infrared for masking) bands of the pre-
and post-event images, before going on to investigate differencing and classification techniques
to extract change. Prior research following disasters including the 1995 Kobe, 1999 Marmara
and 2001 Bhuj earthquake suggests that the spectral characteristics of buildings changes when
damage is sustained (Chiroiu et al. 2002, 2006, Eguchi et al. 2002, 2003a, 2003b, Huyck et al.
2004a, Matsuoka and Yamazaki 1999, 2000b, Saito and Spence 2004, 2005, Saito et al. 2004).
Potential issues were anticipated to come from the difference in sensor acquisition specifications,



as well as temporal differences causing shadow and illumination differences. This initial
comparison seeks to determine specific changes accompanying adobe structures in Bam.

The textural comparison explores whether differences in texture measures from Quickbird and
IKONOS imagery can be attributed to change due to building collapse. Prior research by Adams
et al., (2004a), Gusella et al. (2005a, 2005b) and Huyck et al. (2005) indicates that texture
measures such as dissimilarity successfully distinguish between extreme - versus non-damaged
states. This technique should rely less on specific spectral differences between the images, and
more on the relationship of neighbouring pixel values. The edge detection method examines the
use of edge detection filters, to ascertain if the occurrence of edges significantly varies between
Quickbird and IKONOS inputs from pre and post earthquake imagery. As well as relying less on
spectral properties, in theoretical terms, edge frequency may be expected to change with building
collapse, since a single distinct structural boundary comprising perpendicular edges is replaced
by piles of rubble that visually are characterised by less sharply defined edge gradients. However
the direction of change in the number of edge pixels is difficult to predict as edges may be more
frequent, but smaller. This will be interesting to investigate.

The following sections describe the pixel-based image processing and analysis techniques
involved in the spectral comparison Method 1 and Results 1 (Section 2 and Section 3), textural
Method 2 and Results 2 (Section 4 and 5) and edge-detection Method 3 and Results 3 (Section 6
and 7). In each case, the methodology employs a pair of multi-sensor IKONOS and Quickbird
images of Bam, which are subject to the pre-processing steps described in Section 1.3. As a key
component of methodology development, the research described in the following sections seeks
to identify potential sources of non-compatibility between the multi-sensor input images, and
incorporate techniques that accommodate the major sources of multi-sensor noise (see table 1-4).
Data fusion techniques to promote compatibility are considered at each step of the pre-
processing and methodological processing sequence. Discussion and key findings are reserved
for Section 8, with directions for future research outlined in Section 9.

The pixel-based image pre-processing and processing techniques described here were conducted
using Geomatica 10 and ENVI software (RSI, 2002). Visualization and accuracy assessments
were conducted using ArcGIS.

1.3 Datasets and Pre-Processing
1.3.1 Imagery

Imagery from before the 2003 Bam earthquake was captured by the Quickbird satellite on the 3™
September 2003, and provided courtesy of the EERI Learning from Earthquakes Program. An
IKONOS image was available from the 27™ December 2003, one day after the earthquake struck.
Validation datasets with which to compare damage assessment results were obtained from
Yamazaki ef al. (2004b) and USAID (2004).
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The imagery specifications are shown in table 1-3a and table 1-3b. The ‘before’ dataset was
delivered by DigitalGlobe as separate RGB multispectral and panchromatic bands. The
panchromatic band has a pixel resolution of 6lcm at nadir, and the multispectral band a
resolution of 2.44m. The IKONOS image was delivered in pre-pansharpened format, and was
therefore subject to the in-house pansharpening regime employed by Geoeye. The algorithm for
this operation is unfortunately not available leading to a black box situation in terms of input.
The pan-sharpened image has a 1m spatial resolution, integrating 1m panchromatic and 4m
multispectral bands. Both images were subject to pre-delivery processing steps conducted by the
data provider, including proprietary geometric correction to projection and datum UTM zone
40N WGS84 and radiometric correction to 8 bit range for Quickbird and an 11 bit range for
IKONOS.

From preliminary visual assessment, a number of differences are evident between urbanized
regions of the ‘before’ and ‘after’ scenes. When studied in more detail these are due to a range of
sources. Damage to buildings is evident, through changes in the color and configuration of
individual structures. However there is, in addition, considerable variability between the general
brightness and colors of ground surface features throughout the two scenes. This variability may
be distinguished in figure 1-3a and figure 1-3b from, for example, the general increase in
brightness across the ‘after’ image, and the more pronounced visual distinction between
vegetated and built environments. As noted in Section 1.1, variability between these datasets
emanates from three main sources:

a.) Multi-sensor: different spatial, spectral, system and platform specifications of the sensors

b.) Multi-temporal: temporal effects such as seasonal differences in vegetation cover, as well
as acquisition characteristics such as different viewing angle, different illumination angle,
different overpass time

c.) Disaster-related: a special case of temporal effects, capturing disaster impacts within the
urban environment such as building collapse.

Table 1-3 is color coded to show the relationship between aspects of the imagery specification
and their potential importance as a source of multi-temporal or multi-sensor variability. Disaster-
related differences are a special case of temporal effects, present due in this case to the use of
pre- and post-earthquake datasets.

The present study explores whether a new comparative methodology can be devised using pre-
and post-disaster images of Bam that addresses multi-sensor differences, with the overarching
goal of developing a truly flexible and rapid approach to earthquake damage detection. The
hypothesis is tested that significant non-damage-related changes between the IKONOS and
Quickbird imagery are systematic and scene wide, and can therefore be negated out of the
analysis.

Before the damage detection analysis can be undertaken, pre-processing of the available datasets
is required. As shown in table 1-4, pre-processing by the data provider has already taken place
prior to imagery delivery. These processes, however, together with fundamental differences
between the sensors, are responsible for a number of multi-sensor variations between the Bam
images.
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Table 1-3a Quickbird Pre-Earthquake Image Specifications and Pre-Processing Conducted by
Data Provider. Potential Sources of Multi-Sensor Difference Addressed in this Research are
Highlighted in Blue, and Multi-Temporal Differences in Yellow.

Quickbird Before Earthquake image Panchromatic Multispectral

Product level LV2A (Standard 2A) LV2A (Standard 2A)

Date of image 03/09/2003 03/09/2003

Pixel size 0.6m 2.4m

numRows 9896 2474

numColumns 15024 3756

Projection and datum UTM zone 40N WGS84 | UTM zone 40N WGS84

Pan-sharpening by data provider No No

Radiometric level corrected by data provider | Yes Yes

Multispectral bands used and wavelength - Red = 630-690

range Green = 520-600
Blue = 450-520

Bits per pixel 8 8

Sun angle azimuth 145.3 145.3

Sun angle elevation 53.0 53.0

Satellite azimuth 188.1 188.1

Satellite elevation 79.3 79.3

In-track view angle -9.8 -9.8

Cross-track view angle -0.0 -0.0

Off Nadir view angle 10.2 10.2

% Cloud cover 0 0

Table 1-3b IKONOS Post-Earthquake Image Specifications and Pre-Processing
Conducted by Data Provider

IKONOS After Earthquake image

Pansharpened

Product level

Standard geometrically corrected

Date of image

27/12/2003 07.01 GMT

Pixel size Im

numRows 1004

numColumns 1004

Projection and datum UTM zone 40N WGS84
Pan-sharpening by data provider Yes

Interpolation level Cubic convolution
Radiometric level corrected by data provider | Yes

Multispectral bands used and wavelength Red = 632-698

range

Green = 506-595
Blue = 445-516

Bits per pixel 11

Sun angle Azimuth 161.1391
Sun angle elevation 35.29197
Satellite azimuth 177.3888
Satellite elevation 67.21973
Scan Azimuth 359.97
% Cloud cover 43%

% component cloud cover 9%
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Table 1-4 Specific Multi-Sensor Variations Between Quickbird and IKONOS Identified for the Pre-
and Post-Earthquake Imagery of Bam, Together with Implications for the Methodological
Approach Used in this Study

Quickbird ‘before’ IKONOS ‘“After’ Implications for present analysis

No pan-sharpening Pan-sharpened e JKONOS combines detailed spatial and spectral
information within a single image. For Quickbird the
spatial and spectral information is split between separate
panchromatic and multispectral images.
e Pan-sharpening prior to data delivery precludes use
of detailed radiometric adjustment.
e Use of different pan-sharpening algorithms creates
fundamental spectral variations.

60cm pixels Im pixels e FEach pixel covers a slightly different area of the
ground surface.
8 bit data 11 bit data e The IKONOS image shows differences between the

brightness and colors of each pixel in greater detail.

Proprietary radiometric Proprietary radiometric e Differences not known because technical details of
correction correction the algorithms used are unavailable.

Red, green, blue Band Red, green, blue Band e The recorded colors of ground surface features are
wavelengths wavelengths slightly different due to subtle variations between red,
green and blue wavelengths.

1.3.2 Pre-Processing

The methodology flow diagram in figure 1-2 shows the full pre-processing sequence employed
here, comprising:

Pansharpening

Co-registration and resampling
Image layer stacked

Images subset to area of interest
Histogram matching

Vegetation exclusion mask
Roof inclusion mask

NounhkWwde=

Specific pre-processing steps of pan-sharpening, co-registration and resampling and histogram
matching are highlighted because they accommodate differences arising from the use of multi-
sensor data. The vegetation exclusion and roof\ inclusion masks are also highlighted, as they
counteract both multi-sensor and non-disaster multi-temporal differences.

Step 1 Pan-sharpening: The image-fusion pan-sharpening technique offered by PCI Geomatica
software was applied to the Quickbird ‘before’ image. This was used in order to improve multi-
sensor compatibility with the IKONOS “after’ image that was delivered in pan-sharpened format.
This process also optimizes visual interpretation by combining the detail of the higher resolution
panchromatic band with the information content of the red, green and blue spectral bands.
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For optimum visualization, a 2% linear contrast stretch was applied to the pansharpening results
in figure 1-3. Across the scene, general patterns of spectral response a similar, with the vegetated
regions standing out against urban development and open space. However, obvious differences
remain between the IKONOS and Quickbird images, in terms of the brightness of the
landsurface cover and degree of contrast between vegetation and other landuses. These variations
are important sources of non-disaster related difference between images, and as such, affect the
ability of change detection methodologies to identify earthquake-related damage. Consequently,
subsequent pre-processing steps see to moderate the effects.

Urban area
- adobe
buildings

The city [ S : _ egetation
of Bam [H : : {(date palm

b) IKONOS ‘a

Figure 1-3 (a) Pre-Earthquake Quickbird and (b) Post-Earthquake IKONOS Imagery
Delivered in Pan Sharpened Format, with Linear 2% Stretch
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Step 2 Resampling and co-registration: One of the most important aspects of a remote sensing-
based change detection methodology is the ability to compare ‘like with like’ in terms of the
geographic location of ground surface features. There are several potential sources of differences
between the position of ground surface features in this multi-sensor image pair. First, the spatial
resolution of the images is different (60cm versus 1m). Second, there may be a spatial offset due
to error margins surrounding the georeferencing process. Thirdly, the difference between look
angles means that building roofs do not correlate exactly with each other. Steps were taken to
address these multi-sensor differences.

A resampling process was undertaken in ENVI to match the pixel size within the pan-sharpened
pre- and post-event scenes. A resize function with a nearest neighbor algorithm was applied to
the IKONOS image, achieving an output pixel dimension of 60cm. It should be noted that no
more information content was achieved by this procedure, only a comparable pixel size.

Accurate registration and georeferencing are critical as ‘misregistration causes artificial colors or
features in multi-sensor data sets which falsify the interpretation later on’ (Pohl and van
Genderen, 1998). Geometric corrections have already been carried out prior to the receipt of
standard level Quickbird and IKONOS products used here. These include correction of spatial
distortions due to systematic sensor and platform-induced effects. Theoretically, geographic
locations within the two Bam images should correspond, since they have been geometrically
corrected and georeferenced to a common projection and datum. However, initial testing
indicated that ground surface features remain slightly offset.

Part of this offset may be due to topographic effects, and should in theory be counteracted by
ortho-rectification. The purchase of pre-orthorecified imagery is costly and often delays delivery
time, which is unacceptable in a post-disaster situation. In the case of Bam, a trial
orthorectification was instead conducted following imagery delivery, using the only readily
available DEM (Digital Elevation Model). Application of a 90m SRTM DEM to this relatively
flat and homogenous landscape produced only a minor improvement in spatial correspondence.
Given the cost of purchasing orthorectified imagery from the satellite provider, the limited
success using 90m DEM data, the increase in processing time, and the lack of more detailed and
publicly available elevation models for locations around the World, ortho-rectification is not
included here as a key processing step.

Instead, to mitigate the offset between the ‘before’ and ‘after’ images, a general co-registration
process was undertaken. This performs a scene-wide transformation on the images, to ameliorate
geographic offset. The Quickbird image was used as a base image as it originally had higher
spatial resolution. The IKONOS image was warped using 12 well-spaced ground control points
(GCPs). Control points were found that were strong candidates, such as road junctions and
building points. Roof points could be matched as the imagery was fairly nadir looking (i.e. the
base of the building was indistinguishable from the top of the roof). However, it is noted that
small error margins may have been introduced here because of the slight difference in viewing
angle between the two acquisitions. This was deemed an important procedure since building
roofs are the areas that will be compared by change detection.

Although the resulting RMS error was acceptable at 1.09, there remains, on average, a ground
displacement of ~60cm (<1 pixel) between the ‘before’ and ‘after’ images.
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Step 3 Image layers stacked: The ‘before’ and ‘after’ images were subsequently incorporated
into a single layer stack for Bam. The purpose of doing this was to ensure the two datasets were
aligned and accelerate further processing by analyzing on both images at once rather than
separately.

Step 4 Images subset to area of interest: The original images obtained for Bam covered a
relatively wide geographic extent, including the foothills of surrounding mountainous regions
and the south-eastern satellite settlement of Baravat. Eliminating areas of secondary importance
from around the periphery of the image increases the interpretability of the primary area of
interest, by minimizing extraneous differences between their spectral characteristics. The full
extent of the layer stack was reduced to the area of interest in figure 1-3, with the additional
benefit that the efficiency of subsequent image processing steps is optimized.

Step 5 Histogram matching: Following the subsetting process, some spectral variations remain
between the Quickbird and IKONOS scenes, as shown in figure 1-4a and figure 1-4b. There are a
number of sources of radiometric difference, arising from the subtle variation in wavelength of
the red, green and blue bands, the atmospheric conditions on the day/time of imaging, and the
proprietary radiometric algorithms applied to standard imagery by the data provider.

Theoretically, a more detailed atmospheric correction may be completed (Pohl and van
Genderen, 1998) or a conversion to a Top-of-Atmosphere (TOA) radiance conducted. However,
each of these processes adds time to the damage detection process. Moreover, for the present
study, detailed correction is precluded due to preprocessing procedures conducted prior to data
delivery. The data was delivered in standard format (rather than basic) to which a different black-
box correction had been applied by the respective providers.

Furthermore, prior pan-sharpening of the IKONOS scene precludes the use of other potentially
useful pre-processing steps such as scene-specific radiometric normalization routines. Since the
implementation of a detailed correction routine is precluded, for the present study, a histogram
matching process was undertaken instead. Histogram matching automatically matches the
histogram of one displayed image to another displayed image, making the brightness distribution
of the two images as close as possible. This helps to balance the universal spectral characteristics
of the images on a scene-wide basis, and thus encompasses the above sources of variation.

To help facilitate the detection of collapsed buildings, non-collapsed roof signatures needed to be
as similar as possible between the two images. Therefore the histogram matching focused on an
area of the image where only non-collapsed buildings were found, utilizing the input histogram
from a subset of the image where little change was thought to occur. As shown in figure 1-4c,
after histogram matching this area of the IKONOS image bears a much closer resemblance to the
Quickbird scene.

Step 6 Vegetation exclusion mask: A mask to eliminate ground surface vegetation was created
using the ‘before’ Quickbird image. This was used within the multi-sensor analysis to minimize
the effects of vegetation as a source of multi-temporal change between the ‘before’ and ‘after’
images. Otherwise, this source of change could override important patterns of disaster-related
variation due to building collapse.
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(c) IKONOS after resa?npg d histogram métching

Figure 1-4 Original (a) Quickbird and (b) IKONOS Images, Subject to Different Radiometric
Pre- Processing. (¢) IKONOS Image After Resampling and Histogram Matching with the
Quickbird Scene

An NDVI analysis was performed using the Quickbird multispectral image. From Equation 1-1,
NDVI computes the ratio between red (RED) and near-infrared (NIR) bands. Since vegetation
has a particularly strong response in the NIR, NDVI values are markedly higher for vegetation
compared with other ground surface features. A two class (binary) unsupervised ISODATA
classification was undertaken, which thresholded the NDVI image at 0.11. This was then applied
to the NDVI result. From figure 1-5a, this successfully separated vegetated from non-vegetated
regions, with vegetation assigned a value of zero and non-vegetated areas a value of unity.

NDVI = NIR-RED (1-1)
NIR+RED
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Step 7 Roof inclusion mask: An urban mask retaining building roofs, and suppressing other land
surface features such as roads and large areas of geology, was created using the pan-sharpened
Quickbird image. Two characteristic classes of building roof are evident within Bam: (1) the
scene is dominated by the bright white response of residential adobe structures; and (2) there is
limited occurrence of blue-roofed buildings, predominantly in industrial /commercial regions.
These roof spectral signatures are relatively constant throughout the Quickbird image, enabling a
range of DN values for adobe roofs, and commercial/industrial to be employed as a roof
inclusion mask. The mask was created by using a three class supervised classification.

Visual inspection of the mask (figure 1-5b) suggests that the roofs exhibit similar DN values to
selected areas of the surrounding geology. Although some non-structural features were retained,
the mask is still useful for expelling other areas of the Quickbird image that could hamper
analysis, such as roads. The mask does not account for urban features unique to the post-
earthquake IKONOS scene, such as shadowing around the margins of intact structures.

b) Roof mas
&

Figure 1-5 Masks Developed for (a) Vegetation Exclusion; and (b) Roof Inclusion

1.3.3 Validation Data

This study explores a series of different neighborhood-scale validation techniques, using damage
readings sampled into spatially varied grids that follow street patterns, and a standard grid of
regular dimensions. Two datasets were available for validating the results obtained:

1. Percentage building collapse by zone- from USAID (2004)
2. Per building EMS98 damage level — from Yamazaki et al. (2004b)

The first validation dataset was published by USAID. This ranks the damage in Bam by percent
destroyed buildings within a given city region, as shown in figure 1-6. This was created by a
United Nations Disaster Assessment and Coordination (UNDAC) team, undertaking a joint aerial
assessment with a team from the United Kingdom. Damage severity was estimated by low-flying
over all six search and rescue (SAR) operational zones in 21 districts in Bam and estimating the
percentage of collapsed structures. It was noted that areas near the historic Old Fort of Arg-e-
Bam, the old city, and the football stadium are particularly badly damaged.
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ESTIMATED DAMAGE CAUSED BY THE
BAM EARTHQUAKE OF DEC. 26, 2003 ||

Figure 1-6 USAID Damage Map Showing Three Categories if Building Collapse:
80-100%, 50-80% and 25-50%

The second validation dataset comprises a visually-based per-building damage assessment of
~10,000 buildings within the remote sensing imagery, conducted according to the EMS98 scale
(see figure 1-7):

e EMS grade 5, destroyed buildings;
Total number of buildings counted = 4,097

e EMS grade 4, damaged buildings (Partially collapsed building);
Total number of buildings counted = 1,436

e EMS grade 3, damaged building (Buildings surrounded by debris);
Total number of buildings counted = 3,222

e EMS grade <2, undamaged buildings
Total number of buildings counted = 1,349

For analytical purposes, two validation layers were available from Yamazaki et al. (2004b): (a) a
layer of points showing individual buildings categorized by their EMS98 damage state post-
earthquake (see figure 1-8a); and (b) a percent building destruction map (figure 1-8c) produced
by summarizing the count of building points within EMS98 categories 4 & 5 (destruction and
very heavy damage) into a polygon file of city zones (figure 1-8b).
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Classification of damage to masonry buildings

Grade 1: Negligible to slight damage
(no structural damage,
slight non-structural damage)

Hair-lme cracks in very few walls,

Fall of small pieces of plaster only.

Fall of loose stones from upper parts of buldings i 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 ﬂamngo
(moderate structural 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-structural 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 1-7 EMS 98 Earthquake Building Damage Scale for Masonry Structures
(Griinthal, G., 1998)

19




(a) Point damage
locations  depicted
by EMS98 damage
state. Data provided
by Yamazaki et al.
(2004b)

L B
LI SN

(b) City zones.

Zones provided by
Yamazaki et al.
(2004Db).

(c) Validation point
data resampled into
city zones.

Data are displayed
as percent building
collapse. The blue
outlines delineate
areas with little to
no visible damage.

o-zo0

20-50
M= -a0
I 50 - 100

Figure 1-8 Validation Datasets: a) Visually Assessed Building Points Categorized by EMS98
Damage State (Yamazaki et al. 2004b); b) City Zones (Yamazaki et al. 2004b);
and c) Points Expressed as Percent Building Collapse within these Zones
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SECTION 2
METHOD 1: SPECTRAL COMPARISON

2.1 Qualitative Analysis

The flow diagram in figure 1-2 outlines Method 1: spectral comparison, for detecting the extent
and severity of urban damage in Bam at a pixel-scale. The working hypothesis is that building
collapse in Bam creates a reduction in reflectance within optical bands of the spectrum, where
bright roofs of intact buildings are replaced by darker piles of rubble comprising the constituent
materials.

An initial qualitative evaluation was undertaken to identify focus areas within the city for
assessing the performance of the damage assessment methodology. Visually inspecting the pre-
and post-earthquake images it was apparent that the urban analysis could be split into three main
geographic areas as shown in figure 2-1, and depicted in detail within table 2-1.

Area 1 is characterized by mainly non-collapsed buildings within the IKONOS post-earthquake
image. Area 2 is characterized by near-total collapse of most buildings, with a red tinged sandy
soil underlying the structures. Area 3 is characterized by heavy structural collapse of buildings.
The ground underlying these buildings however is less red, and more grey/blue in hue. This
distinctive hue may also in part be due to atmospheric effects. Figure 2-2 shows a part of this
area in more detail, where the general contrast on the ground is seen to be visibly lower.
Although the imagery header information (see table 1-3) indicates that this image has 9% cloud
cover, at this stage it is not possible to ascertain if haze in this particular area is due to cloud, or
smoke linked to destruction after the earthquake.

V]
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Figure 2-1 Areas of Interest within Bam, Overlaid on the Post-Earthquake IKONOS Image.
(1) Area 1: Predominantly Non-Collapsed Buildings; (2) Area 2: Concentrated Building Collapse
Overlaying Red Sandy Soil; and (3) Area 3: Concentrated Building Collapse Overlaying
Grey/Blue Sandy Soil
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Table 2-1 Detailed Visual Comparison of IKONOS and Quickbird Images in Bam Study Areas
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Area 1: Non-collapsed buildings in the West
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Area 3: Coapsed buildings in the South.
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Figure 2-2 Cloud or Smoke Seen in the South East Area of the IKONOS Image, Reducing
Ground Contrast Over the Area

Following the initial qualitative evaluation, a quantitative spectrally-based damage assessment
methodology was explored, comprising the following analytical steps. These are numbered in
sequence, continuing on from the pre-processing procedures described in Section 1.3:

(8) Quantitative analysis of pixel DN values within key areas of the city to identify the
characteristic response of intact versus collapsed roofs within the pre- and post-disaster imagery;

(9) Preliminary differencing between the ‘before’ and ‘after’ pan-sharpened images to highlight
areas of change and investigate the potential for distinguishing a distinct pattern of spectral
response for building damage;

(10) Masking the difference image to focus on roof structures and remove non-disaster related
sources of change, such as vegetation and roads. This uses the masks created during pre-
processing Step 6 and Step 7;

(11) Final differencing between the ‘before’ and ‘after’ pan-sharpened images, following
application of the cumulative vegetation exclusion and roof inclusion mask;

(12) Shadow removal reduces the occurrence of artifacts within the final difference image,
caused by residual shadowing around the edge of buildings within the IKONOS scene that was
not removed using the Quickbird of inclusion mask;

(13) Classification of the difference image using a supervised classifier to identify and
distinguish between damaged versus non damaged areas.

Validation: After processing was completed, results were validated against the area-based dataset
in figure 1-8c, developed using data from Yamazaki et al. (2004b).
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2.2 Quantitative Analysis of DN values

From the detailed visual comparison in table 2-1, spectral differences between IKONOS and
Quickbird are manifold. To further examine these differences, a randomly distributed set of
regions of interest (ROIs) was created for building roofs in Area 1, Area 2 and Area 3, using the
pre-earthquake image as a guide. Statistics were subsequently calculated for the roofs in the
Quickbird and IKONOS image, for each spectral band.

2.3 Preliminary Differencing

To further examine the changes between pre- and post-disaster roof spectral characteristics
identified through the quantitative assessment of DN values, a preliminary difference image was
computed. A b1-b2 band math operation was conducted for each of the image colour bands. To
save processing time, one colour channel was differenced only. The green band was utilized for
further analysis as it provided a consistent representation of damage-related change, while
minimizing extraneous effects such as differences in soil type.

The green band difference image in figure 2-3 shows that certain land cover types dominate the
result. The main areas include vegetated areas (date palm plantations), roads, and to a lesser
extent the surrounding geology. Differences in viewing angle and shadow at the respective times
of image acquisition are also apparent. Together, these temporal changes complicate the
identification of earthquake-related differences between the spectral characteristics of collapsed
versus intact roofs. Thus, further processing is employed to minimize these non-disaster related
signatures, and emphasize changes caused by building damage.

Figure 2-3 Quickbird Minus IKONOS Difference Image (Green Band)

24



2.4 Masking

In order to minimize these non-disaster related sources of temporal change, the pre- and post-
earthquake images were masked using the vegetation exclusion and roof inclusion operators.
Figure 2-4 shows the cumulative mask developed for Bam, which in one step excludes
vegetation, roads and many areas of surrounding geology, while retaining building roofs. This
was computed using a simple multiplication function. The cumulative mask was applied to the
image using a simple binary operation. For areas of interest spanning building roofs, the DN
value is multiplied by unity to retain the original reading. Other regions are assigned a value of
Zero.

R - w -

Figure 2-4 Cumulative Mask Applied to All Images to Dispel Many False Areas of
Analysis Such as Vegetation and Roads

2.5 Final Differencing

Having applied the cumulative mask to the Quickbird and IKONOS inputs, a final difference
image (before-after) was created to distinguish between collapsed and non-collapsed roof
structures.

From a quick-look examination of the scene-wide results, there is a subtle, but definite change of
pixel values between areas where building collapse had occurred, opposed to non-collapsed
areas. However, in addition to this damage signature, from figure 2-5a some artifacts clearly
remain, corresponding with shadows around the margins of the building. They are characterized
by exceptionally high DN values. These are likely due to temporal multi-sensor variations in
viewing parameters, such as time of day and look angle, and residual errors following co-
registration during pre-processing. To minimize these potential sources of error in the change
detection process, a shadow removal process was conducted.
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(a) Shadows produce a high-value return (b) Shadow occurrence reduced by masking

- .. s . 8 ';;r:“.l*-".

Figure 2-5 Difference Image Showing (a) Exceptionally High DN (Bright) Values Due to Shadow
Around Building Margins; and (b) Reduction in Shadow Occurrence Following Masking

2.6 Shadow Removal

For accurate change detection it is important to identify and remove as many non-disaster related
sources of variation as possible. Accordingly, methods were explored for eliminating the high-
value artifacts caused by shadow and residual spatial offset remaining from co-registration
during pre-processing.

Further visual inspection of the original images and the difference statistics indicates that the
shadows emanate from the IKONOS scene; shadows sourced from the Quickbird image would
have been eliminated by the roof mask. The shadows have a mean spectral value of ~54DN with
a standard deviation of 12DN. These statistics provided a basis for artifact removal. A band
thresholding technique was used to create an adjusted shadow removal mask, which was in turn
applied to the difference image. Figure 2-5b shows the output, with most of the shadow edges
removed. This composite mask is the final mask used in other analyses throughout this study.

2.7 Classification and Majority Filter

The preceding processing steps aimed to remove as many potential multi-sensor and multi-
temporal sources of error as possible, prior to the final damage detection process. The spectral
distinction between areas dominated by collapsed and non-collapsed buildings was achieved
using supervised classification. This has been successfully employed by several other studies
(see for example, Rathje et al. 2005, Woo et al. 2005). Huyck et al. 2005 employ a more basic
form of threshold-based classification.
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To perform the classification, two training sets were created from ROIs of roof areas, which
from visual inspection were evidently collapsed and non-collapsed buildings within the IKONOS
image. A minimum distance supervised classification was then applied to the masked difference
image in order to identify classes of extreme versus limited urban collapse.

Preliminary inspection of the classification output (figure 2-6) indicated the persistent occurrence
of a small area of change/damage around building margins in Area 1, which are known to be
non-collapsed. This artifact from the co-registration and shadow removal processes appears to be
causing misclassification. From figure 2-6b, a 13 x 13 majority filter was utilized to negate these
small artifacts, leaving only the main areas of damage.

(a) Misclassification around margins (b) Following application of a majority filter

Figure 2-6 Classification Result for a Sample of Buildings in Study Area 1 (Western Bam).
(a) Small Areas around the Building Margin have been Misclassified as Damaged, although
the Structures Themselves were Non-Damaged; (b) the Same Area Following Application of a

Majority Filter

The resulting classification images provide a useful visual representation of the city-wide
distribution of pixels denoting ‘collapsed’ versus ‘non-collapsed structures. However, it is often
useful for disaster managers to be able to disseminate information about the general distribution
and severity of damage. Therefore, some measures of the destruction per city zone were
calculated to provide a quick estimate of the most damaged parts of the city. This is also in line
with the neighborhood damage assessment of this study’s aim. Accordingly, the classification
results were summarized into the city zones as defined by Yamazaki et al. (2004b). A series of
measures of damage were computed using the classification information, including: (1)
frequency of damaged pixels per zone; (2) the percentage of destroyed urban structures; and (3)
the percentage of damaged pixels per city zone.
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2.8 Validation

The supervised classification result was validated against the data from (Yamazaki et al. 2004b)
using two methods:

a) an intersection analysis between the classification output and validation points
b) an area-based analysis of the percentage of classified damage within a given city zone

For the intersection analysis, to facilitate a comparison between the two level classification result
and five level validation dataset, the damage point dataset (see figure 1-8a) was reclassified into
two points classes: (1) damage state 1-3; and (2) damage state 4 and 5. The two classified
damage classes of (a) damage and (b) no-damage were then extracted into different layers, and
converted to polygons, for further GIS analysis. The frequency of damage state 1-3 and 4-5
points occurring within the no-damage and damage polygon classes were calculated.

For the area-based analysis, the percentage damage dataset (figure 1-8c) was employed, which
records the percentage of extreme building damage within each EMS damage state. The two
most heavily damaged classes (EMS98 damage level 4 and 5) within a given city zone (see
figure 1-7) were utilized. This is deemed comparable to the remote sensing classification result,
which divides individual pixels into classes of extreme versus non-damaged.
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SECTION 3
RESULTS 1: SPECTRAL COMPARISON

3.1 Quantitative Analysis of DN Values

Table 3-1 summarizes the statistical characteristics of structures exhibiting collapsed versus non-
collapsed damage states in Area 1 (residential non-collapsed structures in western Bam), Area 2
(residential collapsed structures in northern Bam), and Area 3 (residential structures in southern
Bam with cloud/smoke imagery effects). The graphical representations in figure 3-1 show the
mean values of the ‘before’ and ‘after’ scenes and the difference between them (before-after).

Examining the statistics in figure 3-1a reveals a number of interesting characteristics. Following
the visually determined differences between the brightness and contrast of the pre- and post-
disaster images, the spectral signature of roofs in Area 1, Area, 2 and Area 3 of the ‘after’
IKONOS image consistently exhibit a lower mean pixel DN (digital number) value of
approximately 150 DN compared with the Quickbird ‘before’ image of 225DN. This
fundamental offset between the sensors may be due to a number of the multi-sensor variables
described in Section 1.3, such as differences in the spectral wavelength ranges spanned by the
two sensors, the use of different pan-sharpening and atmospheric correction routines, and
different radiometric calibration across 8 bit versus 11 bit ranges. To achieve closer spectral
comparability between the datasets, one would in theory, need to start with basic level images
and process them in a similar fashion.

Table 3-1 Roof Spectral Properties in Bam Study Regions Area 1: Limited Collapse, Area 2:
Collapse with Red Soils; and Area 3: Collapse with Grey/Blue Soils

AREA 1: Limited collapse AREA 2: Frequent AREA 3: Frequent
Collapse collapse
1. Quickbird | 1.IKONOS | 2. Quickbird |2.IKONOS | 3. Quickbird | 3. IKONOS
‘ Red band Red band Red band Red band Red band Red band
Min =39 Min =8 Min =56 Min =49 Min = 25 Min =43
Max = 255 Max = 255 Max = 255 Max = 255 Max = 255 Max =206
Mean =233 | Mean=151 | Mean=234 | Mean= 151 | Mean=237 | Mean=111
SD =37 SD =33 SD =23 SD =32 SD = 31 SD =23
Green band | Green band | Green band | Green band | Green band | Green band
Min =47 Min=4 Min = 63 Min = 38 Min = 38 Min =41
Max = 255 Max = 255 Max = 255 Max = 255 Max = 255 Max =215
Mean =233 | Mean=150 | Mean=235 | Mean=136 | Mean=237 | Mean=117
SD =32 SD =38 SD =22 SD =31 SD =29 SD =23
Blue band Blue band Blue band Blue band Blue band Blue band
Min =49 Min =15 Min = 61 Min=16 Min =34 Min = 55
Max = 255 Max = 255 Max = 255 Max = 255 Max = 255 Max = 239
Mean =230 | Mean=151 | Mean=233 | Mean=127 | Mean=235 | Mean=129
SD =31 SD = 38 SD =22 SD = 31 SD =29 SD =24
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(a) Mean DN in ‘Before’ and ‘after’ (b) Difference in DN ‘before’-after’
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Figure 3-1 Graphical Representation of Mean DN Values of Building Roofs within Study Areas
Exhibiting Limited Post-Earthquake Collapse (Area 1), Severe Collapse (Area 2) and Severe
Collapse in Conjunction with Atmospheric Haze (Area 3)

The qualitative visual and quantitative DN value analysis also suggests that the ‘before’
Quickbird scene exhibits a similar response throughout Area 1, Area 2 and Area 3, which was to
be expected, given the homogenous nature of building stock within these regions, coupled with
the absence of significant sources of intra-scene variability such as cloud cover or haze. The
IKONOS “after’ image has a wider spread of color values within the roof ROIs. The non-
collapsed buildings of western Bam in Area 1 exhibit a consistent response throughout all bands.
The collapsed buildings of northern Bam in Area 2 are instead characterized by a reduction in
return within green and blue bands compared with Area 1. This is consistent with a lower
spectral response from the debris of collapsed structures versus the homogenous roofs of non-
damage buildings. The red band still shows a relatively high response. This is likely due to the
sand colour underneath the collapsed buildings, and suggests that the red band is not so useful
for distinguishing damage in this area.

Collapsed structures in southern Bam (Area 3) exhibit the lowest return across all IKONOS
bands. This may be due to a combination of damage coupled with a general subduing of spectral
contrast due to haze. In terms of inter-band differences for the ‘after’ scene, collapsed buildings
do not display a constant signature through the image. Collapsed buildings in the south have a
higher blue DN component, whereas the North is characterized by a stronger red signal. This
seems to be due to the sandy foundations of this area. Therefore the most useful band for
showing a consistent lowering of response due to building collapse in Bam is seen to be the
green band.
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Difference values between the Quickbird and IKONOS images in figure 3-1b provide a sense of
the spectral change detection signature accompanying building collapse in Bam. Since the
Quickbird values are fairly constant, the difference values largely mirror the pattern of variation
exhibited by the IKONOS bands. The non-collapsed structures in western Bam Area 1 exhibit a
difference of ~75DN, which as discussed above is probably due to fundamental radiometric
differences between the scene acquisition and processing specifications. The margin of
difference increases where collapsed buildings are present. Difference values for the collapsed
structures in northern Bam Area 2 are considerably higher, achieving >100DN within the blue
and green bands. The highest differences of >100DN for all bands accompany collapsed
buildings in southern Bam Area 3. While collapse was prevalent throughout both Area 2 and
Area 3, the latter region is also subject to contrast suppression effects due to haze. Importantly,
these pronounced changes in DN values within building collapse areas, provides a compelling
theoretical basis for extracting collapsed and non-collapsed buildings on a spectral basis.

3.2 Final Differencing

From the overview and detailed difference images in figure 3-2, on a city-wide basis, the spectral
difference where non-collapse prevails (for example, the western community) is lower compared
with a predominance of collapse (the south eastern community). Returning to the difference
statistics in table 3-1, this is consistent with the finding that values are generally higher in the
Southern and Northern areas, where damage has occurred, than the non-damaged Western area
of Bam.

3.3 Classification

Figure 3-3 shows results from the minimum distance supervised classification before application
of the majority filter. The image is split into classes of non-collapsed (yellow), and areas of high
change inferred to be collapsed areas (red).

The main areas of collapse are located in the south-eastern part and the north-eastern regions of
Bam. These areas are also characterized by dense building stock. The central area of Bam is also
classified as having heavily damaged arecas. However, this region is characterized by lower
density building stock, as this is a palm plantation area. The classification shows that generally
the easternmost and westernmost fringes of Bam, characterized by dense urban development do
not exhibit high levels of damage from the earthquake. Further, surrounding geology which was
not completely masked out, was correctly classified as no-change.
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b) Western community — Non-collapsed buildings ¢) South eastern community - collapsed buildings,
look darker due to a lower difference in DN values look brighter due to a higher difference in DN
values

Figure 3-2 Masked Difference Image, Showing Increased Detail for Key Areas to Demonstrate
Higher (and Brighter) Difference Values within a South Eastern Community that Sustained
Widespread Building Collapse, Compared with Lower (and Darker) Values within a Western
Community that Recorded Little Damage
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Figure 3-3 Minimum Distance Supervised Classification with Majority Analysis. The White Circles
Depict the Magnified Areas Examined in Further Detail.

Having provided a general overview of the change detection results, three key areas of damage
were examined in more detail, and compared with the validation dataset of Yamazaki et al.
(2004b). From figure 3-3, Area 2 is high density housing with complete collapse, Area 3 is also
dominated by collapse, with the complicating presence of haze, and Area 4 is lower density
housing surrounded by date palm plantations, which sustained heavy damage.

3.4 Validation of Classification Results

Validation was undertaken using datasets obtained from Yamazaki et al. (2004b). Three
approaches were employed: (1) a qualitative comparison between the classification results for
Area 2, Area 3, and Area 4 and per-building damage levels; (2) a quantitative comparison using
an intersection analysis; and (3) a quantitative area-based comparison.

For the qualitative assessment, figure 3-4 depicts the classification results overlaid with the per-
building validation points for Area 2. The majority of building damage within this area is
correctly classified, with large classified differences between the pre- and post-disaster imagery
coinciding with very heavy structural damage, and smaller differences with limited structural
damage. Considering this, it is thought that this spectral classification gives a reasonable
indication of building collapse areas around adobe and clay buildings, suitable for a Tier 2
neighborhood scale damage analysis.

33



However, several areas are highlighted where the classification and validation results disagree.
For annotated regions of interest A and B, the classification result suggests limited change within
the imagery, whereas the validation dataset records collapse. From visually inspecting the images
in figure 3-4a and figure 3-4b, the structures appear to be intact. Accordingly the disagreement
could be due to an error in the validation dataset, which was produced through visual
classification of damage levels rather than in-field inspection, and thus is subject to human error.
For region of interest C, the supervised classification experienced difficulties identifying a
standing blue roofed building as collapsed. Again, examining the pre- and post-earthquake
images, this is probably due to multi-sensor differences, where the fundamental spectral offset
between the Quickbird and IKONOS scenes is of a similar order of magnitude to the collapse of
adobe and clay roofed structures.

Within Area 3 to the south of the city (figure 3-5), there is general agreement between the
classification result and validation dataset. In several neighborhoods, the classification
underestimates damage, identifying low levels of change compared with the EMS 4-5 damage
state identified by Yamazaki et al. (2004b). Examining the pre- and post-earthquake images,
building collapse in these communities exhibits an uncharacteristically bright appearance, which
is similar to intact roofs. However, despite this misleading spectral response, visually they appear
to have collapsed because the distinctive edges associated with building walls are no longer in
evidence. The bright response of collapsed structures may be a function of the construction
materials, or the distorting effect of cloud/haze that is present in this area. In these cases, an
alternative method of damage classification that draws on the occurrence of edges rather than
spectral signatures may perform better.

For the neighborhood in Area 4 where date palm trees are prevalent, in general the classification
and validation results correspond relatively well. The classification overstates damage in certain
areas (highlighted in figure 3-6). This may in part be due to different illumination conditions
between the dates, as buildings surrounded by tall trees are subject to significant shadowing.
From visually examining the pre- and post-earthquake images, however, it appears that most of
the structures remain standing since their signature is still relatively bright and homogenous. This
misclassification is therefore likely due to the supervised method not being flexible enough to
fully encompass the full range of variability in building roof signatures between the two dates,
and between the two sensors.
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(a) Quickbird Pre-earthquake
image

(b) IKONOS Post-
earthquake image

(c) Supervised classification
image, and Yamazaki et al.
(2004b) point layer

Large classified change

Very heavy damage
(EMS levels 4 or 5).

Small classified change

Limited structural
damage (EMS levels 1-3)

Figure 3-4 Magnified Sample Region Bordering Area 2 (Northern Bam), Used to Examine the
Supervised Classification Signal of Change/Damage. Discrepancies Between the Classification
Result and Validation Dataset are Highlighted.




(a) Quickbird Pre-
earthquake image

(b) IKONOS Post-
earthquake image

(c) Supervised classification
image, and Yamazaki et al.
(2004b) point layer

Large classified change

Very heavy damage (EMS
levels 4 or 5).

Small classified change

Limited structural
damage (EMS levels 1-3)
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Figure 3- sfiified Sample Region Bordering Area 3 (Southern Bam), Used to Examine the
Supervised Classification Signal of Change/Damage. Discrepancies Between the Classification
Result and Validation Dataset are Highlighted.
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(a) Quickbird  Pre-
earthquake image

(b) IKONOS  Post-
earthquake image

(c) Supervised
classification image, and
Yamazaki et al. (2004b)
point layer

Large classified change

Very heavy damage
(EMS levels 4 or 50.

Small classified change

Limited structural
damage (EMS levels 1-3)

Figure 3-6 Magnified Sample Region Bordering Area 4 (Central Bam), Used to Examine the
Supervised Classification Signal of Change/Damage. Overestimation of Damage by the Spectral
Classification is Highlighted.
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To quantitatively examine the relationship between the classified output and the point- and
derived areas-based validation datasets from Yamazaki ef al. (2004b) (see figure 1-8), two
methods were employed, comprising an intersection analysis and a zone-based comparison.
Table 3-2 provides a visual representation of the steps involved and results obtained for the
intersection analysis. The percentage of validation points falling within each classification level
are shown in table 3-3.

Table 3-2 Intersection Analysis Between Classification Results and Point Validation Data

1) Yamazaki et al. (2004b) Building point dataset 2) Yamazaki et al. (2004b) building class levels 1-5
Reclassified to 1-3 and 4-5

3) Reclassified

point data set o 4) Supervised classification

Intersection analysis between damage polygons and | Intersection analysis between no-damage polygons and
points points
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Table 3-3 Results of the Intersection-Based Validation, Showing Correspondence Between the
Classification Result and Compressed Validation Classes

Damage Polygon Non damage polygon Total % accuracy
No Damage points 1865 4495 6360 71
Damage points 3929 1516 5445 72
Total 5794 6011
% accuracy 68 75

The results are promising, with the point-based validation producing high accuracy levels for
both the damage and non-damaged classes. Within the polygons classified as damaged, 68% of
the validation points were also damaged. 75% of points falling within the no-damage polygon
are no-damage points. Of all the validation points available, 72 % of damage points fell within
damage polygons, and 71% of no-damage points fell within non damaged polygons.

For the zone-based comparison, the percentage damage validation layer (figure 1-8c) developed
from data provided by Yamazaki et al. (2004b) was used to assess the accuracy of supervised
classification results resampled into corresponding city zones. Figure 3-7 shows the classification
results resampled into the city zones using a range of different summarizations. Unless a specific
class break is required, results are shown by Jenks’ natural breaks classification (see equation 3-
1). This determines the best arrangement of values into classes by comparing the sum of squared
differences of values from the means of their classes (Terraseer, 2007).

2

Lo ZA[H]
SSD, ; => Al - ~=—24
A —i+1
n=i J (3-1)
A is the set of values that have been ordered from 1 to N.

1<i<j<N

Mean, ; is the mean of the class bounded by i and ;.

First, the frequency of classified damage pixels was computed per city zone. These counts per
zone were classified into four different levels of damage using Jenk’s natural breaks statistics.
From the classification result in figure 3-7a, the South records the highest frequency of damage
pixels (zones 26 and 40), followed by areas in the North East, South East, Centre and West
(zones 1,2,4,5, 17,20,34, 36,37, 38). Comparing this with the validation percentage building
collapse from Yamazaki et al. (2004b) (figure 3-7b), zones in the North East, South East and
centre are also identified as heavily damaged. However, areas 26 and 40 record <50% collapse,
while the West is not heavily damaged.
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(a) Damage classification result resampled within zones
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B 80-100%

Figure 3-7 (a) Supervised Classification Output of Damage Pixel Frequency, Summarized by
Zone and Visualized by Natural Breaks. (b) Yamazaki et al. (2004b) Validation Dataset
Summarized by Zone.

These differences in zone-based damage level may be attributable to a number of effects. Firstly,
scaling is an issue. The frequency of damage is correlated to the size of the zone, as shown in
figure 3-8, indicating that larger zones are more likely to have more classified damage pixels in
them. As the Yamazaki et al. (2004b) dataset is a percentage damage, this is not an issue with
that dataset. Secondly, the frequency of classified damage pixels does not account for the amount
of buildings in each zone, and so for a similar sized zone, one with a small number of buildings
which are all destroyed, would produce less of a response than a zone with many buildings only
a few of which collapsed. Thirdly, are misclassification effects which are described in further
detail below.
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Figure 3-8 Correlation of Frequency of Classified Damage Pixels and Zone Size

The second zone-based measure records the percentage of urban structures that were classified as
destroyed, disregarding the zone size. It was anticipated that this would be more comparable to
the percentage building collapse, since steps were taken to focus on pixels corresponding with
buildings rather than other features within the urban landscape. The damaged and non-damaged
building classes were combined to quantify the frequency of urban landcover; the majority of
other land cover classes (including roads) were masked out. The percentage of the urban
structure pixels classified as damaged was mapped for each zone in figure 3-9.

% damaged pixels

CJ4-z20

[Jz1-50
Bt - 50
B s - 100

Figure 3-9 Supervised Classification Visualized as Percentage of Urban Pixels Marked as Damage,
Broken Out into 4 Damage Classes as Specified by Yamazaki et al. (2004b)

Zones recording the highest concentration of classified urban collapse are located in central and
northern Bam (zones 4,5,20,25,26,27,30). Compared with the validation dataset (figure 3-7a), the
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damage level is underestimated in the north-east and south-east. Magnifying the north-east area
in figure 3-10, the difference may be attributable to several factors. There is an issue of
comparability between a single damage point on a building, and a measure of the area of damage
or non-damage in pixels. Large buildings (or buildings with courtyards within them) can bias
results either way (see annotated structures). Also, some small areas where the ground and roof
spectral signature were similar were not removed using the urban mask — allowing areas of
ground to bias the non-damaged statistics. Further, due to the manner of building collapse some
walls may still remain, and would give a non-damaged response, whereas the rest of the building
would give a damaged response. In the Yamazaki et al. (2004b) validation point data, this would
simply be noted as a single damaged structure.

(a) Validation map, showm occurrence of collased red) and non- collased (yellow bulldmgs

Figure 3-10 Underestimation of the Frequency of Bulldlng Collapse in this Area of North-East
Bam May be Due to an Issue of Comparability Between a Single Damage Point in the Validation
Dataset (a), and a Percentage of Damaged Urban Pixels (b).

42



These two sets of results highlight the limitations of a pixel-based estimate urban damage.
However, as stated in the aim of this chapter, this study seeks to create a neighborhood damage
assessment, as opposed to a per-building level (see Volume II). Due to these pixel-based
limitations a third result was computed, visualizing the damage pixels as a percentage of damage
per city zone (figure 3-11).

Eiow
I Mediurm

I High
Bl =ry High

5

Figure 3-11 Supevised Classification Output Mapped as the Ratio of Damage Per City Area,
Displayed as Natural Breaks

Again, this method has the disadvantage of not knowing the frequency of buildings per zone, and
so although normalizing for the area ameliorates some of the scale related issues seen previously,
it does not account for all of them. Nevertheless, the percentage of damage per city zone
produces a reasonable indication of the hardest hit areas. In particular, it helps to emphasize the
smaller zones where urban development is more concentrated. There is a general similarity with
the validation result in figure 3-7b. The north-east and south-east were identified in both datasets
as the most severely damaged areas. However, the central area of Bam was not identified as
sustaining high levels of building collapse. This pattern of agreement is reaffirmed by the
correlation statistics in table 3-4, which compare the validation data with results obtained using
the three different measures (damage frequency, percentage urban damage, and percentage
damage per zone). Neither the frequency of damage pixels per zone, nor the percentage of urban
damage were not found to be statistically significant when compared to the validation classes.
However, for the 40 sample zones, damage as a percent of the city zone area was found to be
statistically significant at p <0.05.

Table 3-4 Correlation Coefficients Expressing Agreement Between the Zone-Based Measures of
Classified Damage and Validation Results. The Statistically Significant Relationship for the
Percentage of Damaged Land is Highlighted.

Damage frequency Percent of urban damage | Percent of damaged land

Cor. coefficient 0.17 0.26 0.52
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To further explore the pattern of agreement between the percentage damage per zone and
validation data, a zone-based correspondence chart was produced. Figure 3-12 shows that
although 15 zones are correctly classified, a large number of zones are also classified 1 class
away from the validation. From the widespread distribution of these cases among the zones
(figure 3-13), there does not seem to be a systematic geographic bias.
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Figure 3-12 Relationship Between Percentage Damaged Land Per Zone and the Percentage
Collapsed Structures from the Validation Dataset (Yamazaki et al. 2004b).
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Figure 3-13 Correspondence Chart Denoting the Pattern of Agreement Between the Damage Level
Classification Expressed as Four Classes (Very High, High, Medium, Low) and the Validation
Percentage of Damaged Buildings
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Further assessing the geographic distribution of correspondence between the classification and
validation results, figure 3-14 shows that there are three main areas of disagreement, marked A,
B and C. Area A is subject to misclassification as a high-damage zone, and significantly
overestimates damage. Examining the pre- and post-earthquake imagery and classification result
(figure 3-15), most of the building roofs in this area are not collapsed. The spectral properties
between the Quickbird pre-earthquake image and the IKONOS “after’ image are very different.
Taking a sample of DN values for the building roofs, the difference between the layers is
~106DN, which means that despite histogram matching efforts, the difference in color of the
roofs is very close to the difference in colour between an intact roof, rubble and the surrounding
bare earth. Therefore due to this multi-sensor sensor effect it cannot be reliably distinguished
from building collapse. It is useful to note that the larger industrial buildings are not
misclassified, as their roof colour is brighter.

Figure 3-14 Difference in Classification Zone Between Derived Output and Validation Layer for
Percent Damage Per City Zone

In area B (figure 3.16), although the classification has correctly classified most buildings as
collapsed, due to the inclusion of large areas of ground cover that are spectrally similar to
buildings, the damage percent per zone is underestimated. Area C is also prominent in figure 3-
14. Figure 3-17 shows that here, many of the collapsed buildings are correctly marked as
damaged. However, because there are only a few buildings in this area and lots of date palm
trees, as a percentage of the total area, it is not marked as heavily damaged.

Overall, the inaccuracies in results obtained for area-based damage assessments all relate back to
scale-based issues and point to the need for a scale-independent measure of damage.
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c) Classification result Red = high change Yellow = low change.

Figure 3-15 Area A (Zone 40) Where Urban Damage was Substantially Overestimated
by the Classification Result
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Figure 3-16 Area B (Zone 19) Where Urban Damage was Underestimated by the
Classification Result
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b) IKONOS after image

¢) Classification result Red = high change Yellow = low change.

Figure 3-17 Area C (Zone 37) Where Urban Damage was Underestimated by the
Classification Result
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SECTION 4
METHOD 2: TEXTURE-BASED COMPARISON

The flow diagram in figure 1-2 outlines Method 2: Texture-based Comparison, for detecting the
extent and severity of urban damage in Bam at a pixel-scale. It differs from Method 1: Spectral
Comparison because damage is assessed in terms of neighborhood-scale textural changes
between the two input images. The working hypothesis is that the chaotic piles of rubble
associated with collapsed buildings will exhibit poorly-defined edge structures and high textural
variability, which produces a statistically measurable difference in textural indicators.

Again, the use of Quickbird pre-earthquake imagery with the IKONOS post-earthquake data will
accentuate non-disaster-related sources of difference between the images. This method also
provides scope for investigating if the use of textural measures reduces inter-sensor differences
between the images that affect the performance of spectrally-based methodologies. Processing
steps taken to minimize these effects are highlighted in figure 1-2.

This methodology follows the general approach employed by Adams et al. (2004a), who
examined building collapse in Bam using pre- and post-event Quickbird imagery. This
exploratory study found that by comparing two Quickbird images, differences due to damage
could be detected using textural methods, and in particular that a dissimilarity measure was
found to be altered enough between collapsed and non-collapsed buildings to detect extreme
changes across the city.

A quantitative texture-based damage assessment methodology was explored, comprising the
following analytical steps. These are numbered in sequence, continuing on from the pre-
processing procedures described in Section 1.3:

(8) Laplacian filtering to highlight the chaotic pattern of edges associated with intact versus
collapsed roofs within the pre- and post-disaster imagery;

(9) Textural measures were evaluated and based on exploratory research findings, the best
performing dissimilarity filter carried forward to subsequent steps of the analysis;

(10) Differencing between the ‘before’ and ‘after’ dissimilarity images;

(11) Masking the difference image to focus on roof structures and remove non-disaster related
sources of change, such as vegetation and roads;

(12) Classification of the difference image using an supervised and interactive classifier to
distinguish between damaged versus non damaged areas;

(13) A grid-based damage map was created, statistically expressing the pattern of ‘collapsed’
pixels within a regular grid system spanning the city;

Validation of the classification results was conducted using area-based damage observations
made by Yamazaki et al. (2004b).
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4.1 Laplacian Filtering

Filtering accentuates roofs, vegetation, cars, and other areas with a well defined change in pixel
gradient To accentuate textural properties of the scene, a 9 x 9 Laplacian filter was run over the
red band of the pansharpened ‘before’ and ‘after’ images. A single band was used (oppose to the
three optical red, green and blue bands), because visual inspection suggested that all three bands
correspond closely in terms of information content, yet the use of a single channel significantly
reduces processing time. .

The Laplacian is a 2-D isotropic measure of the 2nd spatial derivative of an image. The
Laplacian of an image highlights regions of rapid intensity change and is therefore often used for
edge detection (Fisher ez al. 2003). A 9 x 9 filter was found to be the optimum window size from
exploratory research focusing on Bam (Adams et al. 2004a; Huyck et al., 2005). This filter size
was deemed large enough to pick out the main walls of adobe structures, without capturing
unnecessary detail.

A sample of the edge-accentuated output from this operation is shown in figure 4-1. Comparing
the pre- and post-earthquake images for the area of building collapse (see Area 3 in figure 3-3),
there are pronounced differences between the scenes. Distinct areas of homogeneity are evident
within the ‘before’ image, whereas features are indistinct and fuzzy within the ‘after’ image. This
distinctive qualitative signature associated with building damage suggests that texture may be a
useful quantitative indicator for quantifying damaged areas. From a multi-sensor standpoint,
within a non-damaged neighborhood (see Area 1 in figure 2-1), the difference between
Quickbird and IKONOS is visually recognizable. The Quickbird product exhibits sharper walls,
and in line with the higher spatial resolution, is less ‘fuzzy’ than the IKONOS product.

4.2 Textural Analysis

A range of different texture-based image processing algorithms are documented in the literature,
including: dissimilarity; contrast; entropy; second moment; mean; variance; and correlation (e.g.
Sonka et al.1998). Algorithms for applying these techniques are available in the ENVI image
processing environment (RSI 2007), and were therefore considered for analysis.

From a theoretical standpoint, a grey level co-occurrence matrix (GLCM) routine, uses a window
to examine pixel values and their neighborhood relations within a certain i x j matrix (normally
square). This type of analysis is a second order texture calculation. Considering a shift of 1X and
1Y, and assuming a symmetrical, normalized co-occurrence matrix, the diagonal values relate to
identical pixels. Moving progressively diagonally away in each direction gives pixel values 1 DN
apart, 2 DN apart, and so on. Performing weighting operations on these diagonals accentuates
spectral variations, such as those highlighted by application of a Laplacian filter. Examples of
these operators are dissimilarity and contrast. Weighting depending on the commonness of the
relationship between neighboring pixels gives measures of orderliness. Examples of these are
entropy and second moment. Other texture measures exist, which examine the statistical
relationship of the data. These include mean, variance and correlation.
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Previous research indicates that many of the texture measures are correlated (Hall-Bey 2007).
Accordingly, the present study evaluated performance of a subset of one contrast, one orderliness

and one statistical texture measure:

Dissimilarity (contrast measure)
Entropy (orderliness measure)
Correlation (statistical measure)

Quickbird

IKONOS

a

s
b

DA e

Result of 9 x. lapic_i; ?iltron Q ickbi -
pre-earthquake image

Result of 9 x 9 laplacian filter on IKONOS
post-earthquake image

c) Non-damaged area (West Bam)

Result of 9 x 9 laplacian filter on Quickbird
earthquake image

=
pre-

d) Non-damaged area (West Bam)
o A . o

fa

Result of 9 x 9 laplacian filter on IKONOS post-
earthquake image

Figure 4-1 Quickbird and IKONOS Scenes After Laplacian Filtering in Damaged and Non-
Damaged Areas. Pronounced Textural Differences are Evident within the Neighborhood that
Sustained Building Damage.
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Dissimilarity was chosen to examine the relationship between the colour of neighboring pixels in
a pre-disaster and post-disaster scenario. Equation 4-1 presents the dissimilarity texture measure.
This weights the co-occurrence matrix linearly outwards from the diagonal, meaning that ‘a
larger number will be seen for windows with little contrast’ (Hall-Bey 2007). This measure was
chosen as it would be useful to compare with previous research undertaken by Adams et al.
(2004a; Huyck et al., 2005). It is a contrast measure, where weights in the GLCM matrix
increase linearly away from the diagonal. Other measures such as contrast and homogeneity are
thought to give similar information (respectively with an exponential set of weights from the
matrix diagonal, and the inverse of this) and so were not examined.
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Entropy was the second texture measure examined (Equation 4-2). It describes chaos in a system,
and is therefore the opposite of an orderliness measure. This was selected to examine whether the
post-earthquake rubble created a more chaotic arrangement of pixel values than non-collapsed
roof areas. Texture measures such as the angular second moment and energy were not utilized as
these give similar measurements.
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The third texture measure examined was correlation (Equation 4-3). Correlation measures the
‘linear dependency of grey levels on those of neighboring pixels’ (Hall-Bey, 2007) and is a
descriptive statistics measure. This measure was chosen to explore whether destroyed roof
structures had an increased occurrence of certain pixel combinations, or a decreased occurrence.
It is generally the case that areas with homogenous texture such as bare ground have high
correlation, while textured areas where a lot of different structures occur, such as in an urban
area, records lower correlation.

i,j=0

o | (-G — 1)
p,| =LA (4-3)
2 [ St o) ]

When employing texture measures, the relationship between processing window size and ground
surface objects is an important consideration. Table 4-1 illustrates variation in textural response
with window size. For all three measures, as the window size increases the amount of detail
decreases and edge features appear blurred. When looking at damaged buildings, a window size
smaller than the roof would not pick up edges. A window size that was too large would not pick
up an appropriate level of detail for a neighborhood scale analysis. For the present study, a 25 x
25 window size was chosen for the above measures based on the work by Adams et al. (2004a).
Given the high-resolution imagery, this window encapsulates several buildings.
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Table 4-1 Texture Measures of Varying Window Size Applied to Quickbird Pre- and IKONOS
Post-Earthquake Images for a Damaged Area of SE Bam

Correlatior_l

3x3
Quickbird

3x3
IKONOS

9x9
Quickbird

9x9
IKONOS
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Table 4-1 (cont) Texture Measures of Varying Window Size Applied to Quickbird Pre- and
IKONOS Post-Earthquake Images for a Damaged Area of SE Bam

15 x15
Quickbird

Entrop}: Correlation
n w g J ' 5 a

e
"4

-

15x 15
IKONOS

25x25
Quickbird

25x25
IKONOS
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4.3 Masking

In order to highlight urban areas of interest within the image, and reduce the influence of non-
disaster-related changes, the images for dissimilarity, entropy and correlation were masked using
the cumulative masks employed during Method 1. Described in Section 1.3.2 and Section 1.3.5,
the masks comprise:

. Vegetation exclusion mask
° Roof inclusion mask
° Shadow removal mask

Statistical characteristics of structures within the change scene were examined, to establish if
distinctive patterns of variation accompany building collapse. Regions of interest were created
which examined the texture measures on a neighborhood scale.

4.4 Differencing

The pre- and post-earthquake textural images for dissimilarity, entropy and correlation were
respectively differenced on a pixel by pixel level, to create a textural change product. The
difference image was also visualized using ArcGIS software, converting the change values to an
8-bit range in order to highlight areas of maximum change.

4.5 Classification

The 8-bit difference images for dissimilarity, entropy and correlation were classified using a
natural breaks algorithm within the ArcGIS environment. This straightforward method towards
classification was employed, oppose to supervised and unsupervised methodologies typical of
image processing systems, since it is more interactive for the operator. As such, intra-class
statistical characteristics and inter-class boundaries can be explored in detail, varying the
boundaries to achieve an optimal result.

The damage class identified within each of the three texture measures was then extracted from
the rest of the classification results, in preparation for creating a damage map. A reclassification
processing routine was used to create classes of damage versus no-data.

4.6 Damage Map and Validation

The classification results were grouped using a neighborhood grid system (see, for example,
Huyck et al., 2005). A range of different grid spacing intervals were explored, ranging from 60
to 240. A 120m grid interval was deemed useful to show damage at a neighborhood scale,
because it was a good compromise between a quick visual assessment of the area, and relatively
detailed area by area coverage. The grid employed is shown in figure 4-2.

A summarize zone procedure was utilized from a proprietary ‘Hawks Analysis Tool” within the

ArcGIS environment. This calculated the frequency of damaged pixels within each zone and
generated associated statistics including: mean; median; minimum; maximum; sum; and count.
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The output from the summarize zones was joined to the newly created grid to visualize statistics
by grid square. This showed the damage class count per zone.

Figure 4-2 120m Grid Layout Used to Examine and Identify Generalizations in Damage Statistics
for the Masked Difference Image and Validation Data

To support subsequent validation steps, the point sample dataset from Yamazaki et al. (2004b) in
figure 1-8a was summarized into an equivalent 120m interval grid. The top two point classes
pertaining to category 4 and 5 damage were summed, to show heavy damage per cell.
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SECTION 5
RESULTS 2: TEXTURE-BASED COMPARISON

5.1 Dissimilarity Analysis

Figure 5-1 shows the dissimilarity results produced from the Quickbird and IKONOS imagery at
the city wide scale. In the pre-earthquake Quickbird image using the 25 x 25 window size, large
dissimilarity (represented by high pixel values and a bright return of ~7-9), is evident around
urban neighborhoods where there is considerable variability in land surface cover. Medium-low
dissimilarity is apparent amongst vegetated areas (around 4-6), and low dissimilarity around
homogenous bare geological areas (0-3).

On a scene-wide basis, the IKONOS data has a lower dissimilarity range. This global difference
may be a function of multi-sensor variability, caused by the difference in resolution of the two
sensors, differences in wavelength, atmospheric effects etc. Within the IKONOS image, specific
areas of the city have a more accentuated difference. For urban landcover, non-damaged areas in
the west (see Area 1 in figure 2-1) exhibit a similar level of brightness. However, values the
heavily damaged South East (Area 3 in figure 3-3) are lower and the scene darker, suggesting
that a high concentration of collapse suppresses dissimilarity. The vegetated central urban areas
(Area 4 in figure 3-3) are also considerably darker, which could be due to seasonal effects.

Returning to the texture values in the south-east where a proportion of buildings are known to
have collapsed, from visual inspection of figure 5-2a there is a substantial decrease in
dissimilarity, with Area 3 appearing considerably darker in the ‘after’ scene. This may at first
seem counter-intuitive, given the working hypothesis that more chaos is produced on the ground
after the earthquake. From these results it appears that standing buildings create more
dissimilarity with their surroundings, especially after Laplacian filtering, with sharp gradient
changes associated with building edges, vegetation to road boundaries between walls, shadows,
roof structure and surrounding ground. Once buildings have fallen, there are no sharp differences
such as those in the non-damaged neighborhood (figure 5-2b), just a jumbled, relatively
homogenous pile of rubble, or sand, which blends in with surrounding bare earth.

The quantitative characteristics of dissimilarity accompanying different levels of building
damage were examined within the collapsed and non-damaged neighborhoods in figure 5-3.
Statistics were derived for these particular areas within the ‘before’ and ‘after’ images (table 5-
1), and used to develop the histograms in figure 5-4.

From the summary statistics in table 5-1, heavily damaged areas of Bam generally exhibit a more
pronounced difference in dissimilarity compared with lesser damaged regions. Within Area 3
and Area 4, dissimilarity difference >1, while for Area 1 and Area 5 dissimilarity difference
<0.6. The decrease in dissimilarity within heavily damaged regions is also apparent from the
histograms. The mean values for the pre-earthquake Quickbird and post-earthquake IKONOS
images are similar within Area 1 and Area 5, while in Area 3 and Area 4 the post-event
histogram peaks at a markedly lower value. As such, dissimilarity appears to be an effective
textural measure for distinguishing between collapsed versus non-damaged neighborhoods.

57



3.6 7.2

Figure 5-1 City-Wide (a) Pre-Earthquake and (b) Post-Earthquake Dissimilarity Images
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(a) Collapsed buildings

IKONOS Dissimilarity

Quickbird Dissimilarity
[

Figure 5-2 Visual Comparison Between Dissimilarity Results in Pre- and Post-Earthquake
Imagery Obtained for Neighborhoods with (a) Extreme Building Collapse and (b) (a) Non-
Damaged Buildings
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Figure 5-3 Neighborhoods within Bam for which Histograms were Developed to Illustrate the
Quantitative Textural Characteristics Accompanying Collapsed versus Non-Collapsed Buildings

Table 5-1 Dissimilarity Measures in Key Areas. In Bold are Known Heavily Damaged Areas.

Area 1 Area 3 Area 4 Area 5
Damage Non- Heavy Heavy Non-
collapsed damage damage collapsed
Quickbird | 5 3,1/ 097 | 3254/-093 | 3.434/-091 | 326+/-0.77
before

I;‘f‘;z:s 281 +/-0.51 | 218+/-0.33 | 235+-0.44 | 2.96 +/-0.43
Difference 0.5 1.1 1.1 0.3

5.2 Entropy Analysis

Figure 5-5 shows the results obtained using an entropy texture measure. On a city-wide scale, the
pre-earthquake Quickbird imagery has a relatively high level of entropy throughout the imagery,
appearing as bright DN values. The highest entropy levels occur in urban areas, at around values
of ~5-6. Vegetation records a lower entropy value of ~3-4, while the geology is lower still, at ~0-
3.
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Area 1 — West Bam, non-collapsed (red) Area 3 — South-east Bam - Heavy damage (green)

Histograms: maosked Histograms: maosked

Figure 5-4 Quickbird (Red) Pre-Event and IKONOS (White) Post-Event Dissimilarity Histograms
for Selected Areas of Bam Exhibiting Collapse and Non-Collapsed Buildings

Within the post-earthquake IKONOS imagery, a generally lower range of entropy values is
observed. As was the case for the dissimilarity textural result, relatively high entropy levels
remain around lesser damaged urban neighborhoods such as Area 1 (values ~5-6), where the
rapidly changing roof, shadow, vegetation, and road configurations create a more chaotic pattern
at the 25 x 25 window size. Damaged regions in the south-east (Area 3) appear darker, indicating
that values are lower. Vegetated regions in the central regions of Bam (Area 4) are also
substantially darker, signifying a reduction in values.

Examining this difference in more detail within non-damaged areas (see figure 5-6), high entropy
with a bright pixel return is seen around building edges in both the Quickbird and IKONOS
images. Lower entropy characterized by darker pixels is evident in the middle of building roofs
and on homogenous roads. Where the buildings have collapsed (figure 5-5b), in IKONOS image
a marked decrease in entropy is apparent.
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Figure 5-5 City-Wide Entropy Values in (a) Quickbird and (b) IKONOS Imagery
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(a) Collapsed buildings

Quickbird Entro
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Figure 5-6 Visual Comparison Between Entropy Results in Pre- and Post-Earthquake Imagery
Obtained for Neighborhoods with (a) Extreme Building Collapse and (b) Non-Damaged Buildings

Examining the histograms and statistics for damaged and non-damaged Areas 1, 3, 4 and 5 (for
locations see figure 5-3 ) in table 5-2 and figure 5-7, there is a distinction in mean entropy value
between the Quickbird and IKONOS imagery, particularly in heavily damaged areas. For the
non-damaged case, entropy difference ~ 0.2, whereas in neighborhoods where buildings
collapsed entropy difference ~0.65. Although a relatively large standard deviation means that the
distributions are not totally separate from one another, a substantial shift in histogram peaks is
evident in Areas 2, 3 and 4. This result suggests that entropy may also be a useful measure for
distinguishing between neighborhoods dominated by collapsed versus non-damaged buildings.
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Table 5-2 Entropy Measures in Key Areas. In Bold are Known Heavily Damaged Areas.

Entropy Mean and SD

Area 1 Area 3 Area 4 Area 5
Damage Non-collapsed Heavy damage Heavy damage Non-collapsed
Quickbird ‘before’ | 4.61 +/- 0.49 4.62 +/- 0.47 4.78 +/- 0.41 4.67 +/- 0.40
Ikonos ‘after’ 4.37+/-0.35 3.99 +/- 0.27 4.10 +/- 0.33 445 +/-0.27
Difference 0.2 0.6 0.7 0.2

Area 1 — West Bam, non-collapsed (red)

Histegrams: entropytest

Area 3 — East Bam - Heavy damage (green)

Histograms: entropytest

OO0

30000

(=
)

- 1000

Figure 5-7 Quickbird (Red) Pre-Event and IKONOS (White) Post-Event Entropy Histograms for
Selected Areas of Bam Exhibiting Collapse and Non-Collapsed Buildings

5.3 Correlation Analysis

Figure 5-8 shows the results obtained for correlation, which measures the ‘linear dependency of
grey levels on those of neighboring pixels’ (Hall-Bey, 2007). On a city-wide scale, for the non-
damaged case, areas of Bam with homogenous texture, such as bare ground, have high (bright)
correlation values. In general, areas with dense urban development record lower (darker)
correlation values. Within these neighborhoods (figure 5-9), higher values of correlation occur

along roads and in the centre of buildings.
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(a) Quickbird ‘pre-earthquake’ correlation image
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Figure 5-8 City-Wide (a) Pre-Earthquake and (b) Post-Earthquake Correlation Images
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(a) Collapsed buildings
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(b) Non-damaged buildings
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Figure 5-9 Visual Comparison Between Correlation Results in Pre- and Post-Earthquake Imagery
Obtained for Neighborhoods with (a) Extreme Building Collapse and (b) Non-Damaged Buildings

The IKONOS -‘after’ image (figure 5-8b) exhibits the same general pattern. Areas of geology
have the highest correlation. From the accompanying legends, these are represented by values of
correlation >21 for Quickbird and correlation >13 for IKONOS. Non-damaged Urban areas have
the lowest correlation within the IKONOS scene. However, heavily damaged south-eastern areas
of the city, as well as parts of central and northern Bam exhibit considerably higher correlation
values >0. From figure 5-9b, this positive correlation occurs where buildings edges have been
replaced by a pile of rubble, suggesting that building collapse reduces neighborhood scale
variations in pixel greyscale values. As was the case for the dissimilarity and entropy results, this
finding for a 25x25 filter is contrary to the original hypothesis that building collapse produces a
more highly textured and ‘decorrelated’ optical signature.




Considering the summary statistics and histograms in table 5-3 and figure 5-10, within damaged
neighborhoods, correlation values in the ‘after’ image are generally higher than in the ‘before’.
Compared with the dissimilarity and entropy results, correlation records positive rather than
negative difference values. In non-damaged areas, values in the two histograms are similar.
Damaged Areas 3 and 4 have the largest difference in mean correlation values of >0.7. Areas 1
and 5 record a smaller difference of <0.2. These results correlate to areas of heavy and light
damage respectively. Overall, these results suggest that a correlation texture measure is able to
distinguish between neighborhoods dominated by collapsed versus non-collapsed buildings.

Table 5-3 Correlation Measures in Key Areas. In Bold are Known Heavily Damaged Areas

Correlation Mean and SD
Area 1 Area 3 Area 4 Area 5
Damage Non- Heavy Heavy Non-
collapsed damage damage collapsed
Quickbird ‘before’ -1.10+/-0.77 | -1.12 +/-0.78 | -1.12 +/- 0.71 | -1.06 +/- 0.62
Ikonos ‘after’ -0.91 +/- 069 | -0.34 +/- 0.21 | -0.46 +/- 0.32 | -0.94 +/- 0.61
Difference 0.2 0.8 0.7 0.1

Area 1 — West Bam, non-collapsed (red)
Histzgroms: entropytest
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Histograms: "blue.sta" Histogroms: "cyan.sta"
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—4 _3 4 ] -6
Oaota “alue Oata “alues

Figure 5-10 Quickbird (Red) Pre-Event and IKONOS (White) Post-Event Correlation Histograms
for Selected Areas of Bam Exhibiting Collapse and Non-Collapsed Buildings
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5.4 Classified Differencing

Figure 5-11 shows classified difference images produced from the ‘before’ and ‘after’
dissimilarity, entropy and correlation scenes. In order to effectively visualize dissimilarity
characteristics, for ease of interpretation texture values are grouped into categories of high,
moderate and low return, and color coded. Figure 5-11 shows the results from masking and
classifying the difference images using a natural breaks classifier. High levels of change are
denoted in red, whereas consistency between the pre- and post-earthquake images appears in
blue.

Classifying the dissimilarity output helps to accentuate particular areas that show the most
change. Red corresponds with areas of high dissimilarity difference, inferring building collapse
at the 25 x 25 window size. Green is areas of medium dissimilarity difference and blue is the
lowest difference. It is a compelling result that most red areas are concentrated in the south east
and north east of Bam. Arg-E-Bam is also accentuated as a collapsed building by this
classification. Limited difference is seen in many parts of the urban area, with this localized
variability likely due to viewing angle differences, shadow differences etc. as well as building
collapse.

Figure 5-12 highlights patterns of variation within three neighborhoods that recorded extreme,
limited and no damage (for locations see figure 5-3). Within non-damaged neighborhoods in
Area 1 to the west (figure 5-12a), textural variation in the Quickbird ‘before’ dissimilarity image
is pronounced around buildings, due to a sharp gradient of change from walls to shadows
between structures. On the homogenous rooftops and roads and vegetated swaths the
dissimilarity is lower. The pattern of response in the IKONOS image is remarkably similar,
resulting in minimal differences. Those present are likely due to differences in viewing angle,
suggesting that dissimilarity is a suitable measure for comparing textural changes between scenes
acquired by different satellite platforms.

Within areas of the south east (Area 3) that endured heavy building destruction (figure 5-12b),
the patterns of response in Quickbird and IKONOS data are markedly different. The dissimilarity
measure abruptly decreases between the Quickbird ‘before’ scene where dissimilarity is once
again high, and the ‘after’ IKONOS image, where values are universally lower. This is confirms
that the hypothesis of increasing chaos and high dissimilarity in the textural response in severely
damage urban areas may be rejected. Instead, using a 25x25 pixel filter after Laplacian filtering,
standing buildings create a highly varied textural response within their surroundings, due to
pronounced differences between walls, shadows, roof structure and surrounding ground. Once
buildings have fallen, sharp differences are replaced by a jumbled, relatively homogenous pile of
rubble, or sand, which blends in with the surrounding bare earth and records a low dissimilarity.
An alternative hypothesis is therefore proposed of reduced chaos and lower dissimilarity within
neighborhoods sustaining extreme building damage.
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(a) D1ss1m11ar1t difference classification result

Figure 5-11 Classification of Difference Results, Produced from (a) Dissimilarity; (b) Entropy; and
(c) Correlation Textural Analysis. Masked Areas Appear in Black. Area 1 Sustained Non Damage,
Area 2b Partial Damage and Area 3 Extreme Damage.
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High  <Change/Damage <  Low

Figure 5-11 (cont.) Classification of Difference Results, Produced from (a) Dissimilarity; (b)
Entropy; and (c) Correlation Textural Analysis. Masked Areas Appear in Black

Figure 5-12c illustrates the more complex case of a neighborhood in north-east Bam (Area 2b)
where buildings and walls sustained partial damage and some are still standing. The pre- and
post-earthquake outputs exhibit a complex mixture of high and low classified difference. Given
the indistinct damage signal on a neighborhood scale, these ‘mixed’ areas may prove to be more
difficult to identify using pixel-based change detection techniques. An object-oriented approach,
which treats each building as an individual sample unit (see Volume II of this report series) may
perform better in these areas.
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(a) Non-damaged buildings

Quickbird ‘before’
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Figure 5-12 Visual Comparison Between Classified Dissimilarity and Difference Values for
Neighborhoods with (a) No Damage, (b) Extreme Damage and (c) Limited Damage
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(b) Collapsed buildings

9

Quickbird ‘before’ IKONOS “after

Figure 5-12 (cont.) Visual Comparison Between Classified Dissimilarity and Difference Values for
Neighborhoods with (a) No Damage, (b) Extreme Damage and (c) Limited Damage
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(c) Partially collapsed buildings

Qulckblrd ‘before IKONOS ‘after’

Widespread
collapse

Partial
collapse

High < Dissimilarity and dissimilarity difference <  Low

Figure 5-12 (cont.) Visual Comparison Between Classified Dissimilarity and Difference Values for
Neighborhoods with (a) No Damage, (b) Extreme Damage and (c) Limited Damage
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From the city-wide overview in figure 5-11b, within the classified entropy output, areas
associated with heavy damage of buildings recording high entropy difference values (around 4-5)
appear in red. Non-damaged areas are distinguished by low difference values in blue. Examining
the city-wide classification of values the spatial distribution of these respective areas is apparent.
High difference relating to a sizeable decrease in entropy occurs in the south-east of Bam and
also in the north around Arg-E-Bam. Areas in the west generally have less entropy difference. As
with the dissimilarity measure, using a filter of 25x25, the amplified difference within damaged
neighborhoods is likely due to the variation between homogenous textured rubble and textural
gradients between roofs, vegetation, roads etc.

Examining areas with extreme versus non-damage in more detail (figure 5-13), where buildings
remain standing the entropy response is similar in the Quickbird and IKONOS scenes. However,
there is a marked reduction in entropy within the ‘after’ IKONOS data where a prevalence of
buildings collapsed.

The correlation results exhibit a similar pattern of response with an abrupt difference associated
with building collapse (figure 5-11c¢). Urban areas generally show lower values of correlation
compared with geology and vegetation. However, in the post-earthquake IKONOS scene (figure
5-14), the direction of change is opposite to the dissimilarity and entropy measures, with extreme
damage recording higher correlation. Of the three texture measures, a visual comparison between
damaged versus non-damaged correlation maps shows the most obvious distinction between
heavily and lesser damaged neighborhoods. The increase in correlation accompanying collapse
leads to positive changes in difference figures. For ease of comparison with the other texture
measures, these areas of high positive difference were colored red in figure 5-14. Extreme
damage is evident thought the south of Bam.
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(a) Non-collapsed buildings
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High < Entropy and entropy Difference <  Low

Figure 5-13 Visual Comparison Between Classified Entropy and Difference Values for
Neighborhoods Recording (a) No Damage, and (b) Extreme Damage
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(b) Collapsed buildings

. Quicbid ‘befor
: 5 e

‘ IONS ‘ater’

Entropy
R WO

¢

| o |
High < Entropy and entropy Difference <  Low

Figure 5-13 (cont.) Visual Comparison Between Classified Dissimilarity and Difference Values for
Neighborhoods with (a) No Damage, (b) Extreme Damage and (c) Limited Damage
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(a) Non-collapsed buildings

High < Correlation Difference <  Low

Figure 5-14 Difference in Correlation Measures Between Quickbird and IKONOS, in Areas
Exhibiting a Concentration of (a) Collapsed versus (b) Non-Collapsed Buildings
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(b)Collapsed buildings
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Figure 5-14 (cont) Difference in Correlation Measures Between Quickbird and IKONOS, in Areas
Exhibiting a Concentration of (a) Collapsed versus (b) Non-Collapsed Buildings
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From these visualizations it is possible to suggest that damaged buildings can be detected using
each of the three texture measures. Table 5-4 summarizes the pattern of responses seen for

dissimilarity, entropy and correlation.

Table 5-4 General Characteristics of Textural Measures Associated with Different Levels of

Neighborhood-Scale Building Damage in Bam

Imagery Neighborhoods with | Neighborhoods with | Neighborhoods with
severe building some building limited/no building
damage damage damage
(a) Dissimilarity
‘Before’ value Bright Bright Bright
‘After value Dark Mid Bright

Difference value

Large negative

Medium negative

Small negative

Classification color Red Mixed Blue

(b) Entropy

‘Before’ value Bright Bright Bright

‘After value Dark Bright Bright

Difference value Large negative Medium/large Small negative
negative

Classification color Red Mixed Blue

(¢) Correlation

‘Before’ value Dark Dark Dark

‘After value Bright Mid Dark

Difference value

Large positive

Medium positive

Small positive

Classification color

Red

Mixed

Blue

5.5 Damage Map and Validation

At this time it is difficult to ascertain which texture measure is the most useful for damage
detection as they all give relatively similar outputs. To examine performance further, a validation
dataset was employed. From the results above, the hypothesis is proposed that the chaotic piles
of rubble associated with collapsed buildings will exhibit poorly-defined edge structures and less
defined textural variability, which in turn produce a statistically measurable difference in textural
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indicators. To test this hypothesis, a quantitative validation was completed using the dataset
compiled by Yamazaki et al. (2004b).

The classes pertaining to heavy damage difference were extracted for each of the texture
measures. The frequency occurrence of damaged pixels (i.e. the positive change difference
classes) was summarized into 120m interval grids, and visualized in categories of standard
deviation about the image-wide mean to emphasize the most concentrated areas of damage. For
comparison, the damage validation data from Yamazaki et al. (2004) was defined in the same
way.

In figure 5-15, the highest areas of damage recorded by the texture measures and validation
dataset are shown in red, followed by heavy damage in orange, and moderate damage in yellow.
All three texture measures generally perform well when identifying extreme damage, locating
hard-hit neighborhoods in south eastern and northern Bam. However, some differences can be
seen between the texture measures. For instance, the entropy map records few false positives in
western of Bam, whereas dissimilarity and correlation map limited damage here. The output was
also compared visually with the USAID damage map, although it was not possible to summarize
the USAID information using the grid squares. The similarity in damage concentration within the
north east and south east of Bam is apparent.

For the three texture measures, calculating the offset between the damage map and validation
results produces a similar pattern of agreement. Class values were assigned to the standard
deviation measures from figure 5-16, where class 1 = yellow, class 2 = orange and class 3 = red.
The difference was calculated between these classes for the texture and validation results. The
most misclassification is seen to occur in the north-east of the city, underestimating the amount
of damage by up to three classes. This is likely due to the mixture of damaged versus standing
structures, which may be better classified at a per-pixel rather than neighborhood scale. Also the
damage state at Arg-E-Bam has been overestimated. This is because this is treated as a single
building by Yamazaki et al. (2004b). Some overestimation of damage is also seen in the South
East of Bam, which may be linked to the increased difference due to haze/cloud.

Overall, it is difficult to identify the best performing textural measure from visual inspection.
Comparatively, the entropy measure appears to have the least misclassification in the West, but
has enhanced misclassification in the East. Dissimilarity has misclassification both in the West
and the East. The correlation measure has less extreme misclassification in the East. To
formalize the relative performance of the respective measures a statistical and graphical
comparison between the texture and validation datasets was conducted.

Considering the frequency plot in figure 5-17, generally, the three measures produce similar
results, with a high concentration of correctly classified zones in all cases. The dissimilarity
measure has a slightly higher frequency correctly classified zones. However if the statistics are
weighted so that the more serious the misclassification the higher the penalty (table 5-5), the
correlation measure performs best.
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Figure 5-17 Frequency of Difference Between Texture and Validation Results, Where Class Values
were Assigned to the Standard Deviation Measures from Figure 5-15, with Class 1 = Yellow, Class 2
= Orange and Class 3 = Red.

Table 5-5a Statistical Difference Between Texture and Validation Results

Difference in SD class between texture value
and validation datasets

-3 -2 -1 0 1 2 3

Correlation 3 35 123 1376 273 37 8

Dissimilarity 24 54 128 1418 180 39 12

Entropy 17 55 119 1361 253 42 8

Table 5-5b Weighted Difference Between Texture and Validation Results
Weighted sum

S3kx3) [ 2x2) | -1xD) 00| 1(x1)|2(x2)| 3(x3) | Sum
Correlation 9 70 123 0 273 74 24 573
Dissimilarity 72 108 128 0 180 78 36 602
Entropy 51 110 119 0 253 84 24 641
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SECTION 6:
METHOD 3: EDGE DETECTION

The flow diagram in figure 1-2 outlines Method 3: edge detection-based comparison, for
detecting the extent and severity of urban damage in Bam at a pixel-scale. It differs from Method
1: Spectral comparison and Method 2: textural comparison, because damage is assessed in terms
of neighborhood-scale changes in the density of edge features between the two input images.
The working hypothesis is that that collapsed buildings show fewer edges in the post-earthquake
image, as distinct building boundaries are replaced by an indistinct and chaotic pattern of debris.
Again, the comparison of Quickbird pre-earthquake imagery with the IKONOS post-earthquake
data will accentuate non-disaster-related sources of difference between the images. This method
also provides scope for investigating if the use of edge-based measures reduces inter-sensor
differences between the images that affect the performance of spectrally-based methodologies.
Processing steps taken to minimize these effects are highlighted in figure 1-2.

A quantitative edge-based damage assessment methodology was explored, comprising the
following analytical steps. These are numbered in sequence, continuing on from step 7, the last

of the pre-processing procedures described in Section 1.3.2:

(8) Gaussian filtering to remove noise from the input images;

(9) Edge detection filtering was applied to retrieve sharp gradient information such as building
edges. It is hypothesized that the frequency of these edge pixels will change after an earthquake
event and building collapse. Several different filters were examined to identify the optimum
operator

(10) Classification of the edge images using a thresholding technique, to highlight damaged
versus non damaged regions;

(11) Masking the classified images to focus on roof structures and remove non-disaster related
sources of change, such as vegetation and roads;

(12) Extraction of edges was performed

(13) The frequency of edges within neighborhood scale zones was summarized using statistical
measures;

(14) The difference and percentage edge change were calculated between the ‘before’ and ‘after’
results, as measures of damage within each of the zones employed for validation;

Validation of the classification results was conducted using area-based damage observations
made by Yamazaki et al. (2004b) and USAID.

6.1 Gaussian Filtering

A Gaussian low pass filter was applied to the input pre- and post-earthquake images, in order to
smooth out unwanted noise as a potential source of error. The Gaussian filter is a 2-D smoothing
operator. It outputs a "weighted average' of each pixel's neighborhood, with the average weighted
more towards the value of the central pixels, preserving edges better than a similarly sized mean
filter (HIPR 2003). A range of different filter sizes were considered, with a 7x7 operator
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achieving the selected because this is seen to smooth the IKONOS image but still keep enough
detail in the Quickbird image (figure 6-1).

Figure 6-1 Comparison of Gaussian Filter Sizes Using a Non-Damaged Neighborhood in the
IKONOS ‘“After’ Image. A 7x7 Filter Size was Selected for the Analysis.

6.2 Edge Detection Filtering

Several different edge detection routines were examined in order to identify the optimum
operator for distinguishing building collapse. Sobel and Roberts edge detection filters were
investigated. As illustrated in figure 6-2, the Roberts filter is a simple set of 2 x 2 convolution
filters (90° apart) which detects high spatial frequency shifts, pertaining to edges that run 45°.

—
—

]
]
+

Gx Gy
Figure 6-2 Roberts Filters (after HIPR 2003)

The Sobel filter is similar to the Roberts filter. However, it has a larger convolution filter. It is
again an edge detection procedure which uses two convolution filters shifted 90 ° from each
other. This helps to pick up vertical and horizontally running edges. The Sobel operator performs
a 2-D spatial gradient measurement on an image and so emphasizes regions of high spatial
frequency that correspond to edges. Typically it is used to find the approximate absolute gradient
magnitude at each point in an input grayscale image (HIPR 2003).
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Figure 6-3 Sobel Convolution Filters (after HIPR 2003)

The Sobel operator (figure 6-3) is slower to compute than the Roberts Cross operator, but its
larger convolution kernel smoothes the input image to a greater extent and so makes the operator
less sensitive to noise. However, Gaussian smoothing operation has already been undertaken on
the image, which may negate this process.

In order to select the preferred operator, the outputs from both of these edge detection filters
were examined visually. Their performance on each color band within the pan-sharpened image
was examined in turn, but since there was no major difference in the responses obtained, only the
red band of each image was carried forwards to subsequent stages of the methodology.

Visually inspecting the outputs in figure 6-4, the output from the two operators are fairly similar,
although Roberts output is characterized by thinner lines than for Sobel. For both Roberts and
Sobel, the inclusion of a Gaussian filter influences the distinctiveness of edges, which appear
considerably brighter in the output. As the Roberts filter is also faster, this was taken to be the
preferred edge detection filter. Accordingly, a processing sequence of the Gaussian followed by
the Roberts filter was implemented on red bands of the pre- and post-earthquake scenes.

6.3 Classification

A manually-based classification was used to extract edge pixels from the filtered images.
Examining statistical characteristics of the edge pixels, they generally recorded values >40DN in
the case of Quickbird, and >30DN in the case of IKONOS. A band threshold was initiated on the
two images, leading to the binary classification illustrated in figure 6-5.

Figure 6-5a shows the ‘before and ‘after’ classification output for the neighborhood in western
Bam that sustained minimal damage. The responses from buildings and the roundabout in the
area are seen to be reasonably similar, although both have slightly different responses due to car
positions on the road. Comparing these outputs with a severely damaged neighborhood in
southern Bam (figure 6-5b), a significantly different pattern of response is noted. While edged
are prevalent in the ‘before; image, few edge pixels are evident in the IKONOS ‘after’ image.
Many of the large walls of the neighborhood have collapsed, leaving only small parts of wall and
well defined rubble pieces to be picked up by the filter.
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L(c) Sobel without Gusian filter . () Roberts without Gaussian filter

Figure 6-4 Comparison of Edge-Detection Outputs for A Non-Damaged Neighborhood in West
Bam within the Post-Earthquake IKONOS Image of Bam. a) Sobel Filter with Gaussian Filtered
Image; b) Roberts Filter with Gaussian Filtered Image; c¢) Sobel Output Without Gaussian Filter;
and D) Roberts Output Without Gaussian Filter

6.4 Masking

The classification outputs were masked using the urban mask developed from Methodology 1.
This mask is designed to highlight the urban built environment by eliminating non-urban regions
including vegetation and roads, and mitigating the effects of non-damage-related sources of
change between the Quickbird and IKONOS images, such as shadows.
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Quickbird ‘Before’ image IKONOS ‘after’ image
40DN threshold 30DN threshold
(a) Non-collapsed buildings Western Bam

(b) Collapsed buildings in Southern Bam

Figure 6-5 Comparison of Gaussian/Roberts Edge Detection Qutput within (a) Western
Neighborhoods of Bam that Experienced Minimal Damage, and (b) Concentrated Damage
in Southern Bam

6.5 Edge Class Extraction and Frequency Calculation

The images were reclassified into a layer of edge pixels only, with background values appearing
as No-Data. The pixels were then summarized by zones using the city-wide GIS validation zones
from Yamazaki et al. (2004b). The frequency of edge pixels was computed per city zone in the
IKONOS and Quickbird images.
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6.6 Difference and Percentage Edge Change

To examine the change in edge pixel frequency between the pre- and post-earthquake images,
attribute tables recording the frequency per zone were used to compute the difference (before-
after). As an absolute measure of the number of edge pixels, this index is subject to scale effects,
whereby edge pixel frequency is correlated with the size of the city zone over which the count is
being performed (see also Section 3). To minimize scale issues, a standardized measure of the
percent change in edge pixels within the urban areas of each city zone was also calculated. A
damage map was prepared, expressing the percentage building collapse as four natural breaks
classes.

To assess methodology performance, the damage map was compared with zone-based validation
data from Yamazaki et al. (2004b) and USAID (2004).
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SECTION 7:
RESULTS 3: EDGE DETECTION

7.1 Edge Frequency Calculation

Figure 7-1 shows the city-wide occurrence of edges within the before and after imagery. There is
a visible reduction in the amount of edge pixels visible in heavily damaged neighborhoods within
south-east, central and northern Bam. This preliminary result reinforces the hypothesis that
damage may be able to be mapped by the difference in edge pixels between the two inputs.

7.2 Difference and Percentage Edge Change

Having extracted the frequency of edge pixels within each image, the number of edges per city
zone was calculated, and the difference in edge pixels between the ‘before’ and ‘after’ images
computed. Table 7-1 shows the minimum, maximum and mean frequency of edge pixels found
within urban areas of the two images. Overall, the IKONOS post-earthquake image is found to
have considerably fewer edge pixels than the Quickbird pre-earthquake image.

From figure 7-2, this general trend is mirrored across all zones. However, importantly the margin
of difference between the frequency of edge pixels varies considerably, with some zones
recording similar magnitudes and others widely differing amounts. There is no obvious
relationship between this margin of difference and the overarching size of the zone, since the
offset (y-axis) between the IKONOS and Quickbird data series varies widely as the zone size (x-
axis) increases.

These difference statistics were mapped to show the spatial distribution of occurrence and
percentage occurrence per city zone. The zones were classified into 4 classes using Jenks’
natural breaks (for details, see Section 3).

Examining figure 7-3a the greatest difference in frequency of edges is seen in the south-east of
Bam, around zones 17, 20, 21, 26 and 36. Substantial changes in edge frequency are also
recorded in the north of Bam, around zone 2. Negligible change was detected in the north-west
and the west of the city. Visually, this general pattern of occurrence is consistent with the
validation dataset (figure 7-3c), although the frequency/damage is markedly higher in central
regions such as zones 10, 15 and 18, and lower in zones 25 and 37.

Table 7-1 Minimum, Max and Mean Amount of Edge Pixels within Bam City Zones

QB IKONOS | Difference
min 17,076 4,972 7,007
max 231,064 | 127,886 133,445
mean | 107,342 52,686 54,656
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b) IKONOS post-earthquake edge detection imag..é |

Figure 7-1 Scene Wide Edge Detection Image Derived from A) Quickbird and B) IKONOS Images.
Areas with a Clear Reduction in Edge Frequency are Annotated.
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Figure 7-2 Graphical Representation of the Relationship Between Edge Pixel Frequency and the
Total Number of Pixels in Each Zone within the IKONOS and Quickbird Images

Figure 7-3b shows the percentage reduction in edge pixels per urban zone. Compared with the
frequency results, a major reduction in edge pixels is once again identified within the south east,
with up to 86% reduction in edge pixels within the urban area, inferring very heavy building
collapse. The distribution of damage is seen to differ somewhat in other areas, once zone size is
taken into consideration. For example, central Bam is now also shown to record a major
reduction in edge pixel occurrence. In the heavily damaged north, the percentage reduction is
considerably lower.

7.3 Validation

From visual comparison with the validation data (figure 7-3c), the percentage results appear to
perform better than the frequency data in terms of absolute agreement between the zones and
degree of disagreement. As such, these are carried forwards for further evaluation.

In order to understand the occurrence of high and limited agreement, the graphical representation
in figure 7-4 quantifies the offset between zones-based damage determined from the validation
data and edge pixel percentages. 17 zones agree. Most misclassifications are one class away from
the actual result, with positive and negative disagreement distributed fairly evenly. There are
very few cases where disagreement >1.

Figure 7-5 shows the spatial distribution of agreement. Southern Bam has the most positive

misclassifications where change is overestimated. The north of Bam has the most negative
misclassification where the edge-based approach underestimates change.
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Figure 7-3 Zone-Based Difference in Edge Pixel Occurrence Between the Quickbird and IKONOS
Displayed as Natural Breaks, Expressed as (a) Frequency and (b) Percentage of Urban Zone Area.
(c) Shows the Validation Dataset Developed by Yamazaki et al. (2004b).
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Figure 7-4 Difference in Zone Classification Between the Percentage Reduction in Edges and
Validation Datasets
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Figure 7-5 Difference in Zone Classification Between Edge Detection Classification and
Validation Datasets

Magnifying the pattern of change observed in South of Bam (figure 7-6), where the edge-based
approach tends to overestimate change, the decrease in edge pixels due to building collapse is
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very evident. Remaining edge pixels correspond with remaining buildings, and also standing
walls which have a sharp gradient change with the surrounding land. However, the reduced
occurrence of edges in the IKONOS image does not seem to be purely a function of building
collapse. From figure 7-6c, the spectral contrast in this area of the IKONOS image is affected by
atmospheric haze. In order to understand the degree of influence that this exerts, further work is
needed to investigate if an alternative haze-free IKONOS image records a similar response.

a) Qulckblrd pre earthquake image overlald Wlth edge detectlon output (in red)
T , # T e

Figure 7-6 Overestimation of Damage in Southern Bam Using the Edge Detection Methodology.
This may be Due to Haze Effects within the IKONOS ‘After’ Imagery Suppressing Edges.
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Within northern Bam, damage is underestimated in some zones. For instance, Area 1 is one of
most under-classified areas of damage. Visual inspection of the detailed edge map of Zone 1 in
figure 7-7 suggests that most of the buildings completely collapsed, affirming a category of very
heavy damage. However, there was only a 12% reduction in edge pixels. A lot of edges are still
being picked up after the earthquake, although not as coherently. Without knowing conclusively
from ground observations, it appears that this is due to small segments of wall structure
remaining standing, which produce a distinctive white colour against the red-brown earth. Thus
anything that creates shadows in this area, such as wall remnants, continue to produce an edge
response even if the roofs of the buildings have collapsed, leading to a decreased estimate of
building destruction. We can see from that although many of the buildings show near or total
collapse, this is not reflected so acutely in edge pixels.

a) Pre-earthuke Quickbird | b) Post-earthqua IKONOS

Figure 7-7 Area 1 in Northern Bam Where Heavy Damage was Recorded by Yamazaki et al.
(2004b). (a) ‘Before’ Quickbird Image with Overlaid Edge Pixels (b) IKONOS ‘After’ Image
Where an Exceptionally High Frequency of Edge Pixels Remain.

Within area 24, the remote sensing analysis identifies a major reduction in edge occurrence,
whereas the validation dataset records negligible damage. In this case, figure 7-8 indicates that
the occurrence of edges within the ‘before’ image was uncharacteristically high. Erroneous edges
were detected that do not appear to correspond with the buildings. Combined with the reduction
in resolution of the IKONOS image, plus movement of materials on the ground and change in
illumination properties, there is a particularly strong change in this area that is not related
building collapse.
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Figure 7-8 Area 24 (a) Quickbird Image with Overlaid Edge Pixels (b) IKONOS
Image with Overlain Edge Pixels
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SECTION 8:
DISCUSSION, KEY FINDINGS AND FUTURE WORK

8.1 Discussion

After a major disaster, in order to perform timely and accurate change detection-based damage
assessments, the remote sensing analyst is very much reliant on quick, comparable ‘before’ and
‘after’ datasets. Returning to the Tiered Reconnaissance framework described in Volume I (see
also Section 1 of this Volume), in terms of Tier 2 and Tier 3 analysis (per-building and
neighborhood levels) high resolution imagery is essential. Yet it is entirely possible that for a
given sensor, no archive scenes will match recently acquired post-disaster imagery, or that it is
not possible to acquire new imagery which matches archive imagery due to orbit procession or
cloudy weather conditions. In this instance an ‘ideal’ change detection methodology cannot be
used.

This chapter uniquely integrates high-resolution imagery acquired by two different satellites: (1)
Quickbird and (2) IKONOS, with the goal of developing a truly resilient method of damage
detection that is both rapid and resourceful. For exploratory multi-sensor research such as this,
the Bam earthquake is a suitable case study, since buildings are predominantly similar in
structure and exhibit distinctive bright adobe rooftops. A more complex urban environment
would present a greater challenge for multi-sensor integration, and as such is more appropriate
for future work.

The study examines the extent to which earthquake damage can be detected using very different
pre- and post-disaster imagery characteristics, testing the hypothesis that significant non-
damage-related changes between the IKONOS and Quickbird imagery are systematic and scene
wide, and can therefore be negated out of the analysis. Sources of variability included sensor
resolution, look angle and gain settings; differences that are entirely likely in a rapid-response
situation. However, other factors also complicated the multi-sensor analysis. For instance, using
the most affordable imagery, in this case entails standard level pre-processing, automatic black
box atmospheric correction, and pre-pan-sharpening.

These multi-sensor variables created further complications in terms of spectral and textural
comparisons. From initial visual analysis, significant differences were apparent between the
available Quickbird and IKONOS imagery. These include differences not just related to the
sensor, but related to the pre-processing regimes employed by the data provider prior to delivery.
Accordingly, the pre-processing steps highlighted in figure 1-2 were undertaken to help account
for the multi-sensor differences.

From table 8-1, overall, the processing steps were largely successfully substantially reducing the
effect of systematic and scene-wide multi-sensor differences, to the extent that damage could be
detected. However, they were unable to eliminate sources of variability; spatially varied factors
such as the presence of cloud or haze and residual shadows continued to influence results
obtained. Their complete removal requires further investigation.
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Methodologically, this study investigated three different pixel-based spectral and textural
damage detection techniques, at a Tier 2 neighborhood scale. Method 1 examined pre- and post-
earthquake spectral differences, to determine whether a change detection signal could be
detected using classification techniques. Method 2 followed Adams et al. (2004a) to examine the
role of texture in pre-and post earthquake images, and more specifically whether the dissimilarity
measure used to detect damage between Quickbird images, would also work with a multi-sensor
change detection of Quickbird and IKONOS. Method 3 examined an edge-detection approach to

detect change due to collapsed buildings.

Table 8-1 Processing Steps Adapted for Multi-Sensor Integration

Step Description Efficacy and Future Recommendations

Resampling The imagery was already georeferenced. Co-registration helped to maximize spatial

and co- However, to ensure a like-with-like correspondence. Using nadir or near nadir imagery is

registration comparison between building roofs, recommended for future studies.
resampling of the 1m resolution IKONOS
image to 60cm Quickbird resolution was
required.

Pan- The IKONOS image was delivered pre- In the future it is recommended that bundle images are

sharpening pan sharpened, which presents a black box | acquired from both sensors and pan-sharpening
situation. Pansharpening was conducted conducted in-house using the same algorithm
on the Quickbird image to correspond

Histogram To maximize spectral correspondence Some issues remain with shadows due to different

matching between the datasets, histogram matching | look angles. As reported by Vu et al. (2005) a
was undertaken. standard Quickbird image tends to have a blue tinge to

it, which is not seen in the IKONOS image. Acquiring
basic level imagery and conducting atmospheric
correction and pansharpening in-house may help to
mitigate sensor-related sources of change.

Masking Urban masking was used to eliminate non- | As this study examines neighborhood statistics the
disaster-related sources of change between | analysis did not to be accurate to the building level.
the images, such as vegetation seasonality | However, excluding large areas of potential
and illumination conditions. Vegetation misclassification is still good practice. Shadow
exclusion and roof inclusion masks removal was seen to help with this issue but did not
focused the analysis on buildings, while completely eliminate it. A more detailed shadow
eliminating other ground surface features | examination is recommended in future studies.
and shadows.

Ortho- Ortho-rectification of the data was not It was not deemed necessary because the area of Bam

rectification | undertaken. is relatively flat, and in the absence of an accurate

DEM, this processing step adds time but little if any
accuracy.

Damage maps were created for each method to visually express spatial variations in the extent
and severity of building collapse. At this time, remote sensing techniques successfully identify
building collapse, and as such, the results can be used to produce various indicators including
frequency of damaged pixels per city zone, or the frequency of urban damaged pixels. This
general expression of damage occurrence and distribution is useful for rapid response activities,
and could help guide field teams to the hardest hit areas. However, for more specific estimated of
the number of damage buildings, an object-based approach is instead required (see Chapter 5). It
is suggested that a damage map showing the percentage of collapsed buildings (see Chapter 5)

100



used in conjunction with a pixel-based map showing the general distribution of damage, would
be of most use to emergency workers and planners.

Results for each method were aggregated and validated using several neighborhood scale
techniques. For the spectral and edge-based analysis, damaged pixels were resampled into city
zones following the Bam street network. These zones were of differing size and shape. For the
textural analysis, damaged pixels were evaluated using a standard grid-based system of
120x120m. Whereas previous studies have employed street-based grids (Huyck ez al., 2003), the
use of regularized grids is emerging in the literature (Saito et al., 2004; Woo et al., 2005).
Regularized grids performed well in this study, since they help minimize scale issues arising
from differing zone sizes. In addition to scale issues, limitations of the validation datasets were
found with comparing a damage area identified by pixel-based remote sensing results with a
percentage of building destruction developed from the Yamazaki et al. (2004b) point samples.
The area of building collapse (from pixel analysis) depends on the total area covered by
buildings per zone, whereas the percentage of damaged structures instead depends on the number
of buildings per zone, irrespective of their size. Variability in building footprint area across the
city may therefore influence the total estimate of damage. Future work should explore techniques
for limiting scale issues within pixel-based analysis.

Overall, this study found that it was possible to detect damage at a neighborhood level using a
change detection methodology, and multi-sensor data sources from high resolution satellites.
Table 8-2 summarizes general qualitative and quantitative characteristics identified using
spectral, textural and edge-based methodologies, for sample neighborhoods in Bam dominated
by damaged versus non-damaged structures.

Figure 8-1 compares the performance of the spectral and edge-based methods, in terms of the
degree of correspondence between classified damage and the validation dataset developed by
Yamazaki et al. (2004b), resampled into 40 city zones. As an indication of the accuracy of the
classification, a) The frequency of correctly classified zones and b) the steepness of the curve
between the correctly (at 0) and incorrectly classified zones (1 and above and -1 and below) are
taken.

The ability to apply damage detection methodologies developed specifically for Bam to
earthquake events elsewhere in the World is an important consideration. The city of Bam is
characterized by predominantly adobe structures, with a distinctive blocky white appearance.
The spectral analysis would prove difficult to equate to more complex towns, where the building
stock is more varied in terms of composition and appearance. However, of the three techniques
investigated it holds the greatest potential for distinguishing intermediate damage states between
collapse and non-damage. Edge detection could prove useful as it works on image primitives not
spectral properties, with careful calibration of the two input images so similar edges were picked
up in both images. The applicability of textural analysis to different global locations requires
further investigation, to determine if building collapse is universally characterized by a reduction
in texture, or if this effect is limited to adobe structures where collapse results in homogenous
rubble rather than blocky remnants.
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Table 8-2 Summary of Qualitative and Quantitative Characteristics of Change Detection
Measures, Associated with Extreme Damage and Non-Damaged Neighborhoods in Bam

Measure Qualitative characteristics Mean quantitative
characteristics in sample zone
Extreme damage Non-damage Extreme Non-damage
damage
Spectral Heterogeneous red or grey Homogenous groups of <150DN >150DN
characteristics | building debris. Visually white building roofs with
resembles surrounding ground distinct shadows at edges
surface
Spectral Decrease in pixel DN values in Limited change. Constant Difference >100DN | Difference ~ 75
difference roof areas due to building presence of white adobe DN due to scene-
collapse. Fewer white adobe roofs, blue industrial roofs. wide spectral
roofs pointing towards the Surrounding ground more offset
sensor. More brick or sand brown / sandy.
response — red / brown.
Dissimilarity Low dissimilarity where Highest dissimilarity seen Values in range 2-4 Values in range
characteristics | jumbled rubble and sand is around urban areas. High 1.5-2.5
homogenous in color and blends | dissimilarity between roof
with surrounding bare earth. edge and shadow, building
and ground, building and
vegetation.
Dissimilarity Wider difference between Limited change. Sharp Negative difference Negative
difference ‘before’ and “after’ scenes. gradients of change remain >1 difference <0.6
between buildings and
surroundings
Entropy Low entropy between collapsed | Highest entropy seen around | Values in range 3.5- | Values in range
characteristics | building rubble and ground. urban areas. High entropy 4.5 4.5-5.5
between roof
edge/shadow/ground/
vegetation. Low entropy in
roof centre.
Entropy Wider difference between Limited change. High Negative difference | Negative
difference ‘before’ and ‘after’ scenes. entropy present in both pre- | ~0.2 difference ~0.7
and post-earthquake images
between buildings and
surroundings
Correlation High correlation between Lowest correlation seen Values tend towards | Negative values
characteristics | collapsed building rubble and around urban areas. Low Zero
ground. correlation between roof
edge/shadow/building/
vegetation. High correlation
in centre of building roofs.
Correlation Wider difference between Limited change. Negative Positive difference Positive
difference ‘before’ and ‘after’ scenes. correlation present in both >0.7 difference <0.2
pre- and post-earthquake
images between buildings
and surroundings
Edge Low frequency of edge pixels High frequency of edges Low. Mean ~50,000 | High. Mean
characteristics | Within jumbled piles of debris associated with building edge pixels per zone | >100,000 per
and rubble. walls. zone
Edge difference In total collapse area big drop in | Edges detected from edge of | ~50% reduction in N/A

edge pixel count. In partially
collapsed areas more disparate
shorter edges.

building roofs, also from
cars, walls and other urban
structures.

the frequency of
edge pixels.
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Figure 8-1 Difference in Performance of Spectral and Edge Detection Methods, in Terms of
Difference Between Predicted and Validation Damage States

Key Findings

Considering the performance of the three different methodological approaches:

a) Key findings for Method 1: Spectral Analysis included:

The spectrally-based damage assessment methodology successfully detected damage on a
neighborhood scale using pre- and post-disaster input images acquired by two different high
resolution optical satellites.

The working hypothesis can be accepted that a lower spectral response was recorded from
the debris of collapsed structures versus the homogenous roofs of non-damage buildings.

From a qualitative visual comparison with the validation dataset from Yamazaki et al.
(2004b) the supervised classification method performed well for adobe structures, identifying
the main areas of heavy damage.

Misclassifications appear to be in part due to multi-sensor differences that remain after the
series of mitigation procedures employed during processing. This suggests that through pre-
processing, some but not all, non-damage-related changes between the IKONOS and
Quickbird imagery can be negated out of the analysis.

Classified per-pixel damage can be mapped using a range of different summary statistics
including the frequency of damage pixels per city zone, percent of urban damaged pixels per
zone, or as a percent of damaged pixels per zone.
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Two methods of quantitative validation were explored, comprising an intersection analysis
and a zone-based comparison. For the intersection analysis 72% of damage points fell within
the areas classified as heavy damage. For the zone-based comparison, scale issues were an
important consideration influencing the accuracies achieved using the three statistical
measures. The percentage of damage pixels per city zone achieved the highest accuracy, with
15/40 zones correctly classified.

These results suggest that a scale-independent measure of damage is urgently required for
successful neighborhood scale damage mapping.

b) Key findings for Method 2: Textural Analysis included:

Using textural measures such as entropy, dissimilarity and correlation can detect damage on a
neighborhood scale using input images from different high resolution optical satellites. The
output of this can be mapped as a classified amount of textural change per grid zone.

The working hypothesis is rejected that chaotic piles of rubble associated with collapsed
buildings exhibit poorly-defined edge structures and high textural variability. Alternative
hypotheses are proposed that there is reduced chaos and lower dissimilarity, lower entropy
and higher correlation within neighborhoods sustaining extreme building damage.

From a qualitative visual comparison with the validation dataset from Yamazaki et al
(2004b) the dissimilarity, entropy and correlation textural measures method performed well
for adobe structures, identifying the main areas of heavy damage.

Using a 25x25 filter, misclassifications occurred within neighborhoods where a mixture of
damaged versus non-damaged structures occurred. It may be more appropriate to determine
the damage state of these mixed regions using an object-based approach.

In the case of textural analysis, pre-processing techniques appear to have largely negated the
effects of multi-sensor non-damage-related changes between the IKONOS and Quickbird
imagery.

A zone-based validation technique was explored, where the standard deviation of the mean
textural measure for each zone was compared with the image-wide mean. The use of
standard sized zones avoids the scale-related issues identified during the spectral validation
exercise. The three texture measures all performed well. Dissimilarity produced the highest
overall level of agreement. Entropy produced the best agreement when weighted by
performance.

These results suggest that textural measures and zonal mapping are useful techniques for
neighborhood scale damage assessment.

¢) Key findings for Method 3: Edge-based Analysis included:

The edge detection methodology was partially successful in detecting damage on a
neighborhood scale using input images from different high resolution optical satellites. The
output can be mapped as a classified amount of change within city zones.
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= The working hypothesis is accepted that collapsed buildings show fewer edges in the post-
earthquake image, as distinct building boundaries are replaced by an indistinct and chaotic
pattern of debris.

= However, from comparison with the validation dataset from Yamazaki et al. (2004b)
misclassification and overestimation of damage occurs when the walls of collapsed buildings
remain partially standing, and record an edge signature within the ‘after’ image.

= In the case of edge-based analysis, pre-processing techniques appear to have largely negated
the effects of multi-sensor non-damage-related changes between the IKONOS and Quickbird
imagery. However, haze/cloud remains an issue in the south-east of the city, suppressing
edge signatures and causing an overestimation of damage.

8.3 Future Work
Two main areas of future work are identified:

1. For pre-processing to mitigate multi-sensor variation, using the component red, green, blue
and near infrared bands of an imagery bundle, a Top Of Atmosphere (TOA) radiance measure
could be calculated. This would produce pixel values that are more directly comparable
between the datasets. Comparable pan-sharpening regimes and subsequent histogram
matching routines may also prove beneficial.

2. In terms of change detection methodologies, the potential of image transformations such as
[HS, PC and Wavelet, should be explored. Further, the integration of coarse pre-disaster
building outlines obtained using software such as e-cognition may prove useful for mitigating
scale effects and enabling a more accurate but still rapid neighbourhood damage assessment.
Characterizing the building inventory of more cities around the World in GIS format is an
important step towards this goal. The potential of remote sensing imagery and object-based
analysis for inventory development is discussed in a separate MCEER report entitled
‘Optimizing Object-based Segmentation Parameters for the Extraction of Buildings from
VHR satellite imagery using Definiens Professional.’
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