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Abstract

Sub-pixel correlation of optical images can give valuable information for terrain change monitoring
and estimating ground deformation. The evaluation of a newly developed sub-pixel correlation
technique (COSI-Corr) can give a better understanding of the process characterizing the change. The
present study aims at evaluating its performance in terms of sensitivity, repeatability, robustness and
applicability. The sub-pixel correlation of optical images bracketing an earthquake (2005 Kashmir
earthquake) event, through their precise orthorectification and coregistration, was carried out with
different datasets, DEM options and methodological parameters. The correlated images, their derived
maps and graphs were compared and interpreted in order to evaluate the technique with respect to the
above mention functionalities. After analyzing the correlated images, their derived maps and graphs, it
was found that the technique may be applied for terrain change monitoring. It can assist in giving
preliminary damages assessments as soon as pre- and post-event images are available. However, in
estimating ground deformation such as displacement along a fault, the results after applying different
datasets, DEM options and methodological parameters are varying and inconsistent. The Sinc 25
resampling method and Frequential correlator give comparatively accurate results while the Bilinear
resampling method and Statistical correlator results were found to be relatively stable but less
accurate. The third resampling method, Bicubic, did not provide accurate results and in most cases the
results were unrealistic too. There is still need to go into deeper theoretical details of the methodology
in order to understand the behaviour of change of different parameters and its effects on the results.
For checking the repeatability and accuracy of displacement estimation, a flat area should be selected
in order to minimize DEM inherent errors.
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EVALUATION OF OPTICAL IMAGES SUB-PIXEL CORRELATION FOR ESTIMATING GROUND DEFORMATION

1. Introduction

1.1. Background

Tectonic activity plays a major role in developitlige landforms of an area. Different
geological/surface processes or phenomena areirthet dhanifestation of the subsurface forces of
dynamic earth. Geological structures have promigimgortance for the understanding of variety of
problems related to physical processes. Many agupbics, like earth resource exploration, hazards
due to earthquakes, volcanoes, landslides, floodimd)engineering infrastructures, involve both the
qualitative and quantitative assessment/evaluatialysis of geological structures.

Among all the geological structures identificatioh active faults bears significant importance for
researchers in recognizing the seismic potentidl assessing their associated seismic hazards. It is
necessary to know the accurate locations and geproétactive faults for proper seismic hazard
estimation. The available Remote Sensing technjgaéiter adequate processing, have a great
potential for detecting the location of active faukith reasonable accuracy.

On October 8, 2005 a powerful earthquake of,M.6 magnitude hit the Northern areas and Azad
Kashmir region of Pakistan causing loss of abou®®@D lives and severe damage to the infrastructure
of the area. The area is marked with high seisrtiiwity since it lies in the region where two major
tectonic plates, namely Indian tectonic plate andagian tectonic plate, collide past each othee Th
earthquake produced the thrust surface rupturehnigicarely produced by the earthquakes in past.
This surface rupture extended for seventy-five (RBdmetres. and is the result of an abrupt
movement along a shallow fault (Avouac et al., 20060st of the surface rupture follows the pre-
existing traces of several active faults or faelgreents, collectively called the Balakot—Bagh fault
(BBF). The NW trending ground fractures occurredyédy in the hanging wall zone of the south-
eastern extension of the earthquake causative BBF {Kaneda et al., 2008).Thus the Kashmir
earthquake provides a unique opportunity for treeaechers to study earthquake mechanism in a
complex geological settings.

1.2. Problem Definition

Surface ruptures as a result of major destructarthquakes produce a large number of geomorphic
features. Thrust type surface ruptures, as prodhgelde Kashmir earthquake, are much less common
than the strike-slip or normal ones. Detailed andueate mapping of co-seismic surface rupture

provides key information to understand the eartkguanechanism and to study the tectonic

geomorphic features. (Rubin, 1996).

Remote sensing techniques are now widely used iious earth observation studies due to its
effective results and time saving methodologiesel@ INSAR imaging is capable of measuring

earthquake-induced ground deformation with subioerier accuracy (Pavez et al., 2006). However,
its applicability for problem solving like grounatfibrmation estimation may require deep knowledge
regarding image acquisition, processing and inetgpion. A big disadvantage of INSAR technique, in

1
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measuring ground deformation associated with adtiuéis is the loss of accuracy near the fault due
to loss of coherence of radar signals. At this pa@nnewly developed technique of sub-pixel
correlation of optical images (from push broom sessbefore and after the seismic event can greatly
help for the measurement of ground deformation faalts (or fault zone). This technique may be
very helpful for the early assessment of damagasethby an earthquake. The sub-pixel correlation
of optical images technique measures horizontgllatement component in E-W and N-S direction,
and its results are more accurate at shorter wagtle(Avouac et al., 2006). Where as the INSAR
provide results in measuring the vertical componehtthe displacement. Both techniques can
complement the information in order to have a catgtharacterization of faults.

The mapping of 2005 Kashmir earthquake surfaceuraglong the fault is not straightforward due to
the mountainous terrain and massive landslidesedioshe fault trace. Balakot—-Bagh Fault (BBF);
which is termed as the causative fault of the 2B@Shmir earthquake, is subdivided into several
faults or fault segments with different geologiggpmorphological, and geometrical characteristics.

Present study “Evaluation of Optical Images SulkePicorrelation for Estimating Ground
Deformation” uses the newly developed COSI-Corr-Registration of Optically Sensed Images and
Correlation) software technique for estimating grwleformation. There is need to evaluate this
newly developed methodology for its wider use ituson to Earth Science related problems like
change (caused due to different dynamic procedsttwe dzarth) detection. Specifically the study is
aimed at assessing the technique’s performance famctionality in terms of its applicability,
sensitivity, repeatability and robustness for terehange detection particularly for mapping suefac
rupture and displacement along the fault. After plating the study it will give an assessment of the
usefulness of the technique for solving the proklexasociated with conventional ways and other
techniques for measuring ground deformation aldwgfault. If the assessment goes in favour of the
technique, it will give a confidence for its quiapplicability to earthquake-induced deformation
along fault(s) which would assist in estimating &dzgly damages as soon as the imagery is available.
Also the extracted information would be used in rabterizing different geological faults to
understand their mechanics in relation to the ggoéd frame work of the area.

1.3. Main Objective

To assess the sensitivity, repeatability, robustraesl applicability of the newly developed sub-pixe
correlation technique “Co-Registration of OpticaBgnsed Images and Correlation (COSI-Corr)” for
measuring coseismic ground deformation.

1.3.1. Sub Objectives

1. Sensitivity analysis by comparison of results witie change of different methodological
parameters to check the robustness of the COSItEdmnique.

2. Testing the technique for repeatability using diéfe-date data set of the same area.

Evaluate applicability of the technique for detegtiand mapping surface deformation for the
study area.

4. Characterizing the fault rupture detected by swelpcorrelation of multi-date ASTER images
bracketing the earthquake using best parametaredéchnique.
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1.4. Research Questions

1. How are the different parameters of the adoptedhauktiogy sensitive in measuring displacement
along an active fault?

2. Are the results affected when the sub-pixel coti@taprocess is repeated using different pre-
earthquake remote sensing dataset?

Does the technique prove to be robust after sgitgitind repeatability analysis?

Is the technique suitably applicable for the pugposestimating the ground deformation caused
by an earthquake?

5. How does the selection of Digital Elevation Mod@=Ms) from different dates affect the sub-
pixel correlation?

6. How do different features along a fault ruptureseffthe correlation of images and measurement
of displacement?

1.5. Hypothesis

As the study area lies in high seismic hazard ztivae is a continuous accumulation of stressén th
subsurface due to two continental plate convergenthis built-up stress is released or is prone to
release along active faults in the form of seisevients (earthquakes). Due to deformation caused by
release of energy along active faults, surface rdeftion can act as an identifier for active faults.
Since active faults have implications on the dewelent of landscape, geomorphic features,
manifesting themselves on the earth surface, hcdtions for identifying and characterizing the
active faults.
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2. Literature Review

2.1. Location of Study Area

The study area is located in the state of Azad Jaamd Kashmir in the Lesser Himalaya of northern
Pakistan (Fig. 2.1 A). Most of the terrain is mainbus with the highest peaks exceeding 15,000 feet
above sea level, particularly the epicentral aréa2@5 Kashmir earthquake is a very rugged
mountainous area with deep narrow valleys andfrelie5,000 feet or more and slopes of 45-50
degrees. The region is drained by the Jhelum Rimdrits two tributaries Neelum and Kunhar. Due to
Rapid discharge flow of rivers, erosion rate ishhigvhich produces steep lower valley slopes.
Muzaffarabad, about 10 Km south west of the epareris the largest city in the region, with a
population of about 200,000 and was severely dachaging the 2005 Kashmir earthquake
(EERI_Report., 2005), (Jayangondaperumal and Th2K@8).

2.2. Geology and Tectonics Settings

The Indian plate is colliding with the Eurasiantplat geologic and geodetic convergence rates-ef 30
50 mm/year. Himalayan mountain ranges have beeelaged by the tectonic movement of the two
colliding plates (Figure 2.1B) and still continue uplift the mountain ranges. (Durrani et al., 2005
In Pakistan Himalayan arc abruptly changes itkestiiom west- northwest to east-west, to form the
Hazara arc (Fig. 2.1 B). The Salt Range thrust (SRTocal name to the Main Frontal Thrust (MFT),
forms the southern margin of the Hazara arc.

As shown in Figure 2.2 the region encloses the Haféashmir Syntaxis (HKS), which is formed due

the bend of Tertiary strata along the Main Boundiiyust (MBT). (Kazmi and Qasim Jan, 1997).

Main Boundary Thrust (MBT) separates the Sub-Hiyeta(Miocene and underlying Precambrian)

rocks from Lesser-Himalayan (Precambrian) rock® @picenter of the 2005 Kashmir earthquake lies
within the core of the syntaxial (HKS) bend whisha part of Indus Kohistan Seismic Zone (IKSZ)

(Kaneda et al.,, 2008). The Indus Kohistan SeisnineZ (IKSZ) is characterized by a step in

topography between the Lesser and the High Himalagaown as a ramp in the Main Himalayan

Thrust (MHT) decollement. This abrupt rise in topgahy is recognized across the IKSZ also
(Jayangondaperumal and Thakur, 2008).

After analyzing ASTER images, (Avouac et al., 2086)imated a 75 km length of the rupture zone
that apparently reactivated the Muzaffarabad-Tdadks and is now collectively called the Balakot—
Bagh Fault (BBF) (Kaneda et al., 2008). The presuifiaailt trace is shown in Figure 2.1 B. The
length of the rupture is reported by Harvard Selsgyw to be about 90 km (different as given by
(Avouac et al., 2006)). The fault plane dips a®utegrees and the mechanism is mostly thrust. The
average slip is between 2-4 meters, confirmed fseweral sources (COMET, Harvard, (Bilham and
Ambraseys, 2004)).
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The Sub-Himalaya in the north of MFT (or SRT) isihded by Main Boundary Thrust (MBT), which
is mainly composed of folded and faulted sedimgmtacks of Mesozoic and Tertiary age. (Kaneda et
al., 2008). In river valleys, the basement rocks sedimentary and metamorphic and overlain by
coarse fluvio-glacial gravels (up to boulder sizeith very few fines (sand, silt and clay) of
Quaternary age.(Dellow et al., 2006).

Figure 2.2 shows Hazara Kashmir Syntaxis contaiostiy;mn Murree Formation, including red beds

(north of Muzaffarabad) of slaty cleavage (Bossrtal., 1988). Northwest of Muzaffarabad, the
sinuous Muzaffarabad fault (part of BBF) bifurcatesm the MBT to separate the Muzaffarabad
formation to the northeast from the Murree formatio the southwest (Kaneda et al., 2008). Murree
Formation is overlain by the Kamlial Formation ioush of Muzaffarabad, and in further south by

younger formations of the Siwalik Group. While froMuzaffarabad to Balakot, the Murree

Formation is underlain by marine Palaeocene stestd Precambrian Muzaffarabad Limestone
(Calkins et al., 2004).

Near Muzaffarabad the Balakot—-Bagh Fault (BBF) dipzrtheast and separates Precambrian
limestone & shale from Miocene Murree Formationydods southeast BBF is entirely within the
Murree Formation or forms contact between Murreal dfamlial formations (Figure 2.2).
Concentration of large landslides and damages areits hanging-wall side close to the fault.
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Figure 2-1. A) The study area of the 2005 Kasleaithquake in northern Pakistan. B) Regional
tectonic map of the westernmost part of the fromtahalaya. Solid black lines are
major tectonic lines. Red lines show active faultse 2005 surface rupture along BBF
is denoted by aligned red circles.




EVALUATION OF OPTICAL IMAGES SUB-PIXEL CORRELATION FOR ESTIMATING GROUND DEFORMATION

T3 I0E

T3"S0E
1

Harvard
CMT Solution
Mw=T786

£ z
-
2006)
:g z
3 -5
&
Qualarmary
Sub-Himalayan Rocks
[] midoe-early Miozane Karmlial Fm
g [ early Miocena Munee Fm, -
= Pracamirian Fpcks E
= {rmsinly MUZatarabad Fr.) -
Lusser Himalayan Rocks &
- Cambrian-Cretacams Hocks
(mainty Abbattabed, Samana Suk.
and | Fms:}
Cambiran Intrisive Rocks
{mainky mnunu c—:-mmm
Perﬂmh'H
- 1! H&mrl. Sakhala.
nd Tanawal Fme.)
g Fault trace 2
— | falt
= ;?ﬁ“ﬂ?wnﬂm infarman) =
— ruptue =
Eﬁsﬁad whears | |r|'£|rrad:| £
T T
T3 10E TH’E.O‘E 73°30E
Figure 2-2.  Geology in and around the epicentrehaf the 2005 Kashmir earthquake. Trace of the

2005 surface rupture is also shown by red lines wéteth on the up thrown side
(Kaneda et al., 2008).




EVALUATION OF OPTICAL IMAGES SUB-PIXEL CORRELATION FOR ESTIMATING GROUND DEFORMATION

2.3. Overview of Remote Sensing Methods

Satellite remote sensing provides a systematicopyn framework for advancing scientific
knowledge of the Earth as a complex system of ggxiphl phenomena. During the last two decades
use of remote sensing has been increasing forusagpplications in earth sciences. This geospatial
information can be integrated to the scientific kiexlge for understanding the physical processes on
earth surface.

Remote sensing information acts as a good completadraditional field and airborne observations
for solving problems in seismology, volcanology,ogerphology and hydrology. Today applied
research is rapidly transforming due to the usdifdérent types of remote sensing data like forhhig
resolution topography (INSAR, Lidar, digital phaigrmetry etc.), hyper-spectral (such as ASTER,
MODIS and Hyperion) and active microwave imagingutalerstand the physical processes of solid
earth (Tralli et al., 2005).

Understanding the different environmental processsduding natural hazards, specifically
measurement of sub-resolution horizontal terraispldcements which are associated with
earthquakes, sand dunes migration, coastal pragegt#cial motion and pre-eruptive volcanic
processes is increasing rapidly (Crippen, 1992jn®&e sensing studies have a potential to provide a
valuable first step in the identification and arsédyof active faulting in deforming regions (Walker
2006).

Following are some basic remote sensing technigqugsh can provide crucial information for
characterizing faults (tectonic and structures)asoeing ground deformation, fault ruptures andtfaul
slip distribution due to earthquakes (particularly)

2.3.1. SAR/InNSAR

Synthetic aperture radar (SAR) is a form of radastive remote sensing technique, in which
sophisticated processing of radar data is useddduge a very narrow effective beam. The antenna
transmits radiation which is then reflected frone tiarget, as opposed to passive remote sensing
where the reflections detected come from ambiduntnihation. Therefore radar remote sensing does
not require natural illumination and images canthken at night. Radar uses electromagnetic
radiation with microwave frequencies; the atmospheffects do not disturb the radar signals,
allowing to acquire remote sensing data in any kerat

Wikipedia (http://en.wikipedia.org/wiki/InNSAR)

INSAR method uses two (or more) SAR images, from ®AR antennas with different viewing
geometries, for measuring phase differences ofSAR signals. As a result, the terrain displacements
associated with faults, fractures and subsidenocebeameasured to centimetre/millimetre accuracy
(Tronin, 2006). Synthetic aperture radar interfeetin (INSAR) from Earth-orbiting spacecraft
provides a new tool to map global topography arfdrdeation of the Earth’s surface (Burgmann et
al., 2000). In seismotectonics accurate measuremegiround displacement is very crucial and
requires pre and post event satellite images. Vh#adility of satellite imagery has made it eagi@r
get accurate measurement of ground displacemeatiedly in remote/inaccessible areas.
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Satellite radar interferometry (INSAR) has becomgopaular method for the study of earthquakes.
There are however some severe limitations to théhrique related to the geometry and to the
concept of coherence. INSAR is very sensitive t@ampeters like time interval, the surface type, the
climate, the relief type and the sensor wavelerfgdrvyn, 2001), also to phase decorrelation, the
determination of displacements requires phase yspimg which is often difficult. Another limitation

is that interferograms are saturated when the gradif the displacement exceeds half a fringe per
pixel and therefore do not give accurate measurtsmegar faults or any other complex geological
settings (Michel et al., 1999).

Beside these there some technical limitations, sichelative variations in the radar's trajectory o
variations in its frequency standard (Massonnet Reidl, 1998). Availability of SAR images may
also be the big issue compare to optical remotsisgrdata. INSAR results are also degraded due to
dense vegetation like in tropical and subtropicaba in measuring the surface deformation. Despite
all, the technigue (INSAR) is still a useful higésolution tool for monitoring the different types
crustal deformation (Chung-Pai Chang et al., yeiasimg).

2.3.2. Optical Image Correlation

Optical remote sensing can also be helpful in nooinig the terrain changes using image processing
algorithms that measure apparent offsets in thgmg@bic locations of corresponding pixels from two
(or more) different dates images of the same portib the Earth’s surface. Pixel offsets of two
images are represented in the form of vectors whosntations indicate the direction of terrain
displacement and whose lengths denote the magnituithet displacement. Theoretically, this can be
accomplished using different mathematical approsiche

i. Imageodesy using cross-correlation (Crippen andnBi091)

ii. Wavelet analysis (Strang et al., 1997).

iii. Fourier analysis (Van Puymbroeck et al., 2000)

iv. Co-Registration of Optically Sensed Images and &ation (COSI-Corr) (Leprince et al., 2007)

Imageodecy

The concept of “imageodesy” was first developed ®gippen and Blom, 1991). This determines the
pixel offsets statistically between two time- seped images. The basic assumption is that pixel
offset measurement errors are normally distribtibedughout the image, mean and standard deviation
of the probability density function can be defir®dthis large number of measurements. In this way
pixel offset vectors are determined through the manson of pixels in pre-to-post-event image.

The imageodesy technique is based on normalisext-coorrelation and phase correlation for
measuring horizontal terrain shift at sub-pixel wecy, thus it is a powerful tool for monitoring
surface changes (e.g. due to earthquake). Althoagheodesy is capable of detecting changes at sub-
pixel accuracy and is robust to environment coodg it demands intensive data processing
computing, which might be the major limitation fts wider use (Liu and Ma).
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Wavelet analysis

The use of wavelet analysis to do change deted#mmuse boxcar functions to approximate pixel
boundaries, which can result in better approxinmatad pixel shifts than the sine and cosine
expansions used in Fourier analysis (Strang efl@@7). However use of this technique is limited to
well define fault scarps and its results are natdgim complex geological settings (Cara, 2004).

Fourier analysis

(Van Puymbroeck et al., 2000) applied Fourier agialyo measure pixel offsets. By taking the Fourier

transform of an image, it can be separated intet @fsspatial frequency components. The analysis in
the frequency domain examines the phase differeet®een the varying frequency components of

the two images. In the spatial domain, this differ represents the sum of apparent and true pixel
offsets

Co-Registration of Optically Sensed Images and Correlation (COSI Corr)

In the present study a newly developed techniquplemented in a software package Co-Registration
of Optically Sensed Images and Correlation (COSKCds used. It measures the horizontal ground
deformation, surface ruptures and co-seismic affgetn optical images in the Fourier domain.

INSAR (interferometric synthetic aperture radagodetic and field surveys are common techniques
to measure coseismic deformation. However nearfagbkts or fault zones having complex surface
ruptures and cracks these techniques do not pralgthiled and accurate results. The distribution of
slip across a fault zone and its along-strike \mlitst is very critical for understanding the eagttake
dynamics and the damaging near-field seismic waamed, might be best estimated from correlating
optical images instead of INSAR or field technig@#gouac et al., 2006).

Optical images correlation can give valuable infation that can complement INSAR measurements
and field observations for better estimation ofptiisements at Earth’s surface. Also this technique
provides the two components (east-west and northsof the horizontal displacement field and it is
more robust against de-correlation (Leprince e28i07).

Surface ruptures are generally produced by largheaakes, which may provide important source of
information for understanding the earthquake meicisan complement to geodetic and seismological
measurements. Conventional field measurementsrstrffen a numerous limitations which may
includes: fault ruptures have a complex geomefayijtfslip can generally be measured only on a
limited number of locations where clear offset peiare observable such as roads or terrace risers.
The fault-perpendicular component is generally meiasurable in the field. Here optical satellite
imagery comes to solve these limitations. Basingiple of the approach is that surface deformation
can be measured by comparing pre and post eartbguales (Van Puymbroeck et al., 2000).

Optical images correlation has some consideratiegarding the resolution of satellite images (e.qg.,
2.5-10m for SPOT, 15m for ASTER), sometimes insigfit to measure subtle ground deformations,
especially where fault displacement is less thar(lleprince et al., 2007), which is typically thesea
for earthquakes with magnitude less than Mw 7. Hmwehis technique also works well with high
resolution satellite imagery (e.g. QuickBird) adhvas with aerial photographs (Leprince et al., 200

10
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2.3.3. Aerial Photography

Aerial photography has been a part of researchffarent earth science applications for decades.
Main areas of its use have been stratigrapy, geamotwgy, structural geology (faults and folds),
ground water and mineralogy.

Although aerial photography has produced good tessihce its use, however it suffers some
limitations such as: high image cost, less aream@ge, subjective visual interpretation, long updat
time and image geometry variations due aircraftrmbnDespite these limitations, aerial photography
is still a useful tool which can complement usefifbormation to other remote sensing techniques
(Ouattara et al., 2004).

As satellite imagery is relatively recent technicage compare to aerial photography, aerial photos
available for past earthquakes are of significampartance to get sub-pixel correlation results of
surface rupture produced due to earthquakes. Tiwerdill a wide scope of the use of aerial

photography having sub-metric ground resolution nreasuring ground deformation due to

earthquakes. However efficiency of this technigepeahds on the quality of correlation and of co-
registration. (Ayoub et al., 2006)

2.3.4. Digital Elevation Model (DEM)

The combined use of remotely sensed data and DEM®e useful for investigating the morphology
of an active tectonic region. DEMs derived from Higsolution imagery will improve our
understanding of earthquake surface ruptures irptmaotectonic settings. Remote sensing techniques
(e.g. DEMs) have potential for picking up displaggebmorphic surfaces, river terraces, drainage
channels, alluvial fans, lineaments and topographiges which are potential signatures of the
appearance of active tectonics (Philip, 2007).

The combination of DEM and 3D cloud points comingnfi Lidar technologies combined with field
analysis is very promising. The main structuraktdeas that contribute to rock slope instabilities c
be recognized in the analysis of the DEM. The iasirgg availability of DEMs and their increasing
precision will aid in identifying and characterigingeological structures at relatively low cost
(Jaboyedoff et al., 2009).

11
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3. Methods and Materials

3.1. Introduction

Terrain modelling through Digital Elevation ModgBEMSs) requires knowledge of earth science,
mathematics, engineering, computer science andr@gbig Information Systems (GIS) for accurate
results (Grohmann et al., 2007). Different surfanbcations like the displaced geomorphic surfaces,
lineaments, river terraces, alluvial fans, drainelgannels and topographic ridges provide good clues
for detecting locations of active faults (Nakat8y2). Both optical and radar images have potential
for extracting lineaments (may be interpreted adt$aand joints) and can be characterized by
determining strikes and dips (Koike et al., 1998).

The present study “Evaluation of Optical Images -Bikel Correlation for Estimating Ground
Deformation” exploits the newly developed techniqeebedded in a software package “Co-
Registration of Optically Sensed Images and Caicaglg COSI-Corr)” (Leprince et al., 2007) for its
applicability, sensitivity and robustness in estimg coseismic deformation and fault rupture.

3.2. Overview of Methodology

Sub-Pixel correlation of pre and post earthquakgcapimagery gives key information for the
investigation of coseismic ground deformation aaaltfrupture geometry (Crippen and Blom, 1991).
However, the uncertainties in the imaging systemd platform attitudes affect the results of
correlated images. Therefore co-registration of gumd post earthquake images is a critical step in
getting better correlation results (Townshend et 892). The COSI-Corr technique models these
uncertainties and limitations due to orbital bebaviof imaging system. Presently the technique is
applicable to pushbroom satellite images (e.g. SR®I ASTER) because in pushbroom imaging,
orbital variations of sensors are relatively fasslelmages are acquired by the forward motion ef th
spacecraft keeping optical parts of the sensoresydixed. This makes the correction of viewing
parameters in COSI-Corr easier by linearly compémgauncertainties due to attitude drifts and
sensor orientation during image acquisition (Legegiet al., 2007).

Automatic and precise orthorectification, co-regison, and sub-pixel correlation of satellite ireag
using COSI-Corr technique gives an opportunity haracterize a fault by estimating the coseismic
displacements and surface ruptures (Leprince e2@07). The technique does not require external
information like GCPs (Ground Control Points) by $Reld campaigns, as procedure is based on
topographic knowledge and ancillary data providétth the satellite sensor’s platform. Estimating the
ground deformation along fault by correlation oftiogl images depends on the quality of
orthorectified images after their precise coregisin.

13
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The processing chain, for adopted methodology, aeposed of fundamental steps shown in
flowchart below (figure. 3.1)

Pre-earthquake Post-earthquake
Imagery Imagery
DEM
L/ Pre & Post earthqua \

3.2.2 Coregistration 3.23 Sub-Pixel
and Orthorectification

3.2.2 Coregistration
and Orthorectification

\ 4
A

Correlation

3.3 Analysis and
Interpretation

\4 \4 v A\ 4

3.5 Sensitivity 3.6 Repeatability 3.7 Robustness 3.8 Applicability

Figure 3-1  Flowchart of Methodology showing bag&ps for estimating co-seismic ground
deformation

3.2.1. Preprocessing

ASTER Imagery: The imagery level 1A is required ¢arrying out sub-pixel correlation with COSI-
Corr. Radiance of ASTER imagery is automaticallpelovhen ASTER imagery is opened with ENVI
versions 4.2 and newer. The ASTER .hdf file forisaexpected as input for COSI-Corr. ASTER
band VNIR 3N (nadir viewing) is used (as recommehlder the estimation of ground deformation,
however any other band (VNIR, SWIR, TIR) can alsaused.

3.2.2. Co-registration

Difficulties in accurate co-registering of satallitmages may be due to changing attitude of the
spacecraft, digital elevation model (DEM) erronsg énaccurate resampling (Leprince et al., 2007). A
UTM (Universal Transfer Mercator) ground projectiaused to project the images on common
reference system independent of sensor’s viewiogngéry for coregistration of images.

For precise and accurate co-registration of imathes following orthorectification parameters were
determined.
1. Ancillary File
The ancillary file contains the positions, attitsdeand look directions of the satellite while
acquiring the image, along with number of lines aallimns, nominal ground resolution, and solar
azimuth and elevation. This file was prepared fithim given ASTER .hdf file for nadir looking
VNIR (3N) band using COSI-Corr software.

14
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2. Selection of GCPs

The GCPs generation was made independent of aeynektdata (e.g. GPS or existing map) by
using a digital elevation model (DEM) to get pretequake orthoimage and then this image was
used as reference to orthorectify post-earthquakege.

More than 30 tie points were generated automayideith from raw and reference images. Points
with higher RMS errors were deleted and final powvere saved in a text file. In the next step tie
points were converted to GCPs and saved as a sepax file. Finally GCPs were optimized
through Statistical correlator (as recommended wbéiM is used as reference) and Sinc
resampling method in order to get better co-regfistn and ultimately correlation.

3. Orthorectification/Resampling

Inverse mapping matrices were calculated usingogténized GCPs. The resampling method
reconstructs the image according to the mappingicaatby selecting one of the available three
resampling methods: Bilinear, Bicubic and Sinusd@el (Sinc). Bilinear and Bicubic do not

accept parameters and are much faster than thee€&ampling method. However Sinc resampling
method is more precise than other two, it accepisrpeters like kernel size values (odd).
Recommendation is to use the Sinc kernel for anrargad resampling quality and ultimate

correlation.

The coregistered orthorectified image is producétl an accuracy of 1/50 of the image nominal
resolution after accounting for satellite attitudeiations without adding any aliasing (Leprince et
al., 2007). Similarly the post earthquake is catged and orthorectified by using orthorectified
pre-earthquake image as reference by followingati®/e mentioned procedure.

15
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Other methodological parameters, summarized inrdigd.2, were used to get the orthorectified
images and later for correlation.

Pre-Post Imagery Pre-Post Imagery
(2000-2005) (2005-2005)
M Pre-Post DEM Post DEM SRTM DEM
( - [ ! |

Resampling Method
(Orthorectification)

Kernal Kernal Kernal
Size 25 Size 31 Size 37

Correlation Engines
Frequential Statistical

Window Sizes
16x16 | | 32x32 128x128 256x256 512x512 128-32 256-32

‘Size4‘ ‘Sizes‘ ‘Sizelz‘ ‘Sizele‘

Correlation Image with East-West and North-South
Components of the Estimated Displacement

Figure 3-2 Methodological parameters of COSI-Gechnique used to get the different
correlated images (results)
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3.2.3. Correlation

Sub-Pixel correlation of two orthorectified pre-dapost-earthquake optical images gives horizontal
ground displacements through an iterative, unbiggedess of estimating phase plane in the Fourier
domain. This process leads to two correlation irmagach representing one of the horizontal ground
displacement components (East-West and North-Sauth) an accuracy of 1/20 of the pixel size
(Leprince et al., 2007).

Currently two correlators are available: Frequénéiad Statistical. The Frequential correlator is
Fourier based and is more accurate than the statishe. Frequential correlator is preferred falp-s
pixel correlation of optical images of good qualidge to its sensitivity to noisy images. On thieeot
hand statistical correlator gives coarser resultssomore robust than the Frequential correlasoit a
maximizes the absolute value of the correlationffament. So for noisy optical images statistical
correlator is recommended for better results (Lregriet al., 2007).

Different methodological options (as show in FigR)3were applied to get correlated images which
later on were compared to check the sensitivityoRustness, repeatability and applicability of the
COSI-Corr technique for estimating the ground defation and surface fault rupture. Main
parameters for which different tests were applied sesampling methods (Sinc (with kernel sizes 25,
31, 37), Bilinear and Bicubic) and correlation nueth (Frequential and Statistical), with correlation
window sizes, step sizes between two correlatirdpws, and threshold values.

3.2.4. Measuring Displacements

After getting correlated images using differentgmaeters, some enhancement tools were applied to
get rid of procedural errors like striping of tlreages. The maximum net displacement along the fault
was measured as about 7.5 m (Kaneda et al., 20@Bg ifield. Therefore to keep value range -10m to
10m, other values mostly containing outliers anldes with weak SNR were filtered out. Some of the
filtered values may be produced by decorrelatioricivlis mainly due to landslide, shadowing
difference, vegetation change, or clouds. A mask agplied to the correlated image for cutting out
the unnecessary image to minimize the effects obdtelation and other artefacts.

After applying different enhancement tools a fimarrelated image, with two bands one giving
displacement values in East-West direction and rekco North-South, was used to measure
displacement along the fault. Before measuringdisplacement, the fault rupture was mapped and
digitized in a vector file. A fault orientation élwas prepared using the mapped fault rupture file.
COsSI-Corr stacking profiles option was used whigkes correlated image and fault orientation file as
input for measuring displacement along the fauitfePent parameters such as: the number of profiles
on the fault, profiles length & width (for stackimgimber of profiles to get average value at single
location) and their location on the fault were aftér analyzing by taking different options vidyal
and experimentally. Four locations on the fault eveselected based on correlation results and
according to the literature reviewed. Profiles,nfran area of 15x5 Km perpendicular to fault line,
were gathered and stacked to get an average dispéant automatically through the use of COSI-Corr
software. The displacement values, both from Eas$tWwand North-South components, at four
selected locations were saved as a text (ASC8#8)fdit further analysis and comparisons.
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3.2.5. Vector Field

Sub-pixel Correlation of orthorectified pre- andspearthquake orthorectified optical images results
can be represented in the form of vector field mappically a correlated image or a text file (e.g.
field observation by GPS) is the input to constrhet vector field map. Multiple files can be added
for comparison at or around the fault rupture. Riggarameters like title, number of vectors, gt
vector ratio, color, line thickness and units carchstomized. Vector field parameters, only avédélab
for correlated image file, like averaging windowdastep size between two displayed vectors, can be
adjusted for better presentation of vector fielslits.

3.3.  Analysis & Interpretation

The operational methodology adopted for this stexiyloits the different methodological parameters
available in COSI-Corr software which are summatizethe flowchart (figure 3.2). By using these
parameters and the two sets of given ASTER imalyasy avith their respective and SRTM (Shuttle
Radar Topography Mission) DEMs, about 80 corretatimage results with their East-West and
North-South displacement components were obtaiRed.analysis and interpretation of the results,
different products in ENVI, ArcMap and MS Excel tswdire were prepared. Comparisons were made
with the use of different date DEMs, for the pumposf evaluating the co-registration, ortho-
rectificaion & ultimate correlation through the aaspling methods, kernel sizes of Sinc resampling
method and correlators with different correlatiomadow sizes, step sizes between two correlating
windows, threshold values etc. The DEM selectiontiomg are: pre-earthquake image
orthorectification using pre DEM (extracted fromethespective pre-earthquake imagery) & post
earthquake image orthorectification using post DEMtracted from the respective post earthquake
imagery), second option is the use of pre DEM fathbpre & post-earthquake images
orthorectification and in third option the pre &gtearthquake images were orthorectified using post
DEM. At end SRTM DEM was use in order to have a parson with other DEM selecting options.

After getting the correlation results, their stétigl information was generated and exported as tex
files for further analysis and comparisons in M &xsoftware. The histograms were prepared for
each correlated image separately both for East-@mbtNorth-South displacement components. The
mean and standard deviation values for each cterefde were arranged separately both for East-
West and North-South components in order to get graphs for comparisons.

Vector field results for each correlated image walso exported as jpeg and text files for further
processing in MS Excel software. From exported asefield text files different calculations were
made for getting resultant displacement valuesthei directions (angles in degrees) from East-West
& North-South displacement components. Scattersplit the resultant displacements and their
directional angles for different methodological graeters were prepared separately in order to check
their relation (or dependency). For each correlag=allt, the displacement values were averaged &
counted for different defined intervals and thenrevelotted for comparing the results of using
different parameters. The same process was rep@atedder to get the comparisons for angles
(direction of displacement).
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Similarly the exported text files of measured diggiments at selected locations on the fault rupture
were arranged and graphed in MS Excel for anabsiscomparisons in order to evaluate the results
for different options of using parameters giveithie technique.

3.4. Quantification of Results

In order to have a quantitative assessment a winjgstive interpretation of the results was mad# an
given in table 4.1. Different weights were assigdigr the visual and comparative analysis of the
images and graphs. Results were analyzed in theg of four categories based on DEMs option,
Resampling method, Correlation method and anotlerseét. For each category results were
investigated for seven attributes given as coilimiaimage, histograms mean & Standard deviation,
vector field, resultant vector magnitude, directiari displacement, and the displacement
measurement. The correlation results were judgesstcb@an the amount of decorrelation patches,
smoothness or noise level both for E-W and N-S ldegment components. Then comparative
judgment of their respective histograms and meamafiance was made. The vectors along the
detected fault line were investigated in vectoldefor their magnitude and direction. The effeaits
vector magnitude and direction were also taken uadesideration besides around the deducted fault.
Finally the visual comparisons of the measuredldcgment values at specified locations were made.
For each attribute, a weight between 0 and 1 wamgraed according to its performance or quality.
These weights were then averaged and scaled nanige of O to 1.

3.5.  Sensitivity Analysis

Out of the 80 correlation results, about 25 welected to check the sensitivity of methodological
parameters in measuring the horizontal displaceipettt in East-West and North-South components
at selected locations along the earthquake caes&alakot-Bagh Fault (BBF) of 2005 Kashmir

earthquake. Comparisons were prepared in Excehgrapd overlay maps in ArcMap to check the
response of changing methodological parameters.

3.6. Repeatability

In continuation of evaluation of the technique $oib-pixel correlation of optical images, one of the
objectives was met by testing its repeatabilityngsilifferent pair of ASTER images bracketing the
earthquake event of the same area. Repeatabilityeafechnique can be checked by applying it with
different sensor data of another area for measupassible ground deformation. Due to non
availability of data and time limitation it couledhbe possible to carry out the test for anotheaa&o
the repeatability test was limited to only repegtthe correlation process for the same area with
different date data sets and then comparing itdteewith previously calculated results.

3.7. Robustness

Robustness can be defined as the capability oésyst technique to remain stable against variations
in operating environment. The present study tdstsrobustness of the technique by checking its
applicability, sensitivity and repeatability forfidirent data sets. Results can be varied due &erioi

the images, different features like clouds, shadamnospheric effects, snow coverage, seasonal
variations, different topography, landslides, chlang vegetation cover, man-made activities or

applying different methodological parameters
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3.8.  Applicability

The possible application areas of sub-pixel coti@iaof optical imagery e.g. COSI-Corr are: terrain
change detection and estimation caused due togeakhs, glacier movements, sand dunes migration,
volcanic activity, urban growth monitoring, subside due different reasons etc. Although this
technique is not yet used for all above mentionpgdlieations, in the present study one of the
objectives is to check its applicability specifigafor estimating the ground deformation induced by
an earthquake. After correlating the optical imagsimg different correlating parameters along with
other resampling and DEMs options results were gmegpin the form of graphs for comparison and
analysis.

3.9. Materials

Materials used to accomplish this study are givelow.

3.9.1. Satellite Data

ASTER Image and DEMs derived from ASTER images vpeowided. Three different dates ASTER
data, bracketing the seismic event (earthquakepgalvith their respective DEMs were provided:

i. AST_L1A 0031027200505 52 29_20080731073352_9434.hdf
i. AST_L1A 0031114200006 06 42_20080731073352_9443.hdf
iii. AST_L1A 0030909200505 52 23 20080910034835_2768.hdf

Process. Level Acq_date ,(Acc;:sﬁ;n © Gen-date File format
AST_L1A 003 10 27 2005 0552 29 07 31 2008 .hdf
AST_L1A 003 11 14 2000 06 06 42 07 31 2008 .hdf
AST_L1A 003 09 09 2005 0552 23 09 10 2008 .hdf

Table 3-1.  Provided ASTER imagery description

DEMs

i. Post DEM: DEM extracted from post-earthquake impagdérdate November 27, 2000.
ii. Pre DEM: DEM extracted from pre-earthquake imag#grgate November 14, 2000.
ii. Pre DEM: DEM extracted from pre-earthquake imagedrgate September 09, 2005.
iv. SRTM DEM (Shuttle Radar Topography Mission - DEM).

ASTER Characteristics

The ASTER uses pushbroom sensors which contaiarliagay of detectors oriented normal to the
satellite flight path for image acquisition (Abramsal., 2002). Three subsystems are integrated in
ASTER instrument which are: 15m spatial resolutidvisible & near-infrared (VNIR), 30m spatial
resolution of shortwave infrared (SWIR) and 90mtispaesolution of thermal infrared (TIR). The
VNIR subsystem has two telescopes of focal length®m with solid state focal plane which record
data in 60 Km wide strip as one line on the Eanffage. VNIR subsystem of ASTER gives a
capability of extracting digital elevation modelBEM) due to the one telescope viewing 27.60 off-
nadir and other viewing nadir (straight down) (Alsaet al., 2002). ASTER data, due to low cost,
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comparable spatial resolution; particularly ASTERIIR because of its capability of generating
DEMs, has advantages to other sensors’ data f@inezhange detection.

3.9.2. Software

i. COSI-Cor (Leprince et al., 2007) module embeddedEMVI 4.5 for processing,
analyzing and preparing results using provided.data

i. ArcGIS (ArcMap) version 9.3 for preparing map cormsition and overlays.

iii. MS Excel for calculations and preparing graphsestiits.
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4. Results

4.1. Introduction

Sub-pixel correlation of ASTER optical images hasibachieved through the described methodology

using multi-date data sets, DEMs and different petars (figure 3.2) given in the COSI-Corr

technique. A correlation image gives horizontaptiisement values in two bands; bandl is East-West
displacement component while band2 describes Nowothth displacements. After adequate post
processing different correlated images were obthusing the above mentioned options. Using these

correlated images different products were derivadthie form of maps and graphs for their

comparisons. Here | will explain some basic figusdch are used in comparisons and interpretation

of the results.

Correlation image, as described above, gives thizdmdal values of displacement. Figure 4.1 is a
North-South component of horizontal displacemepkitive values show displacement towards the
North while negative values give displacement & Stouth direction.

The figure shows a clear discontinuity due
to displacements along the existing fault
caused by an earthquake. This
discontinuity was traced, showing fault
line along which the movement of blocks

occurred. The white areas in the image are

decorrelation patches due to landslides,
shadows, seasonal variations or snow
cover changes. Correlation images were
exported as text (ASCII) files in order to
make the histograms for interpreting and
comparing the results. The standard
deviations and mean values of for each
correlated images were also plotted for the
same purpose.

Figure 4-1
in North-South direction
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A vector field map was prepared (figure 4.2) frome tcorrelation image using both displacement
components. This represents the displacement valifesm of vectors. The magnitude of a vector in
vector field map is the measurement of displacemamd its orientation is the direction of
displacement. From the figure we can see the displants are mostly along the marked fault line
showing the relative movement of different blocigctor field images were exported as shape files
for comparing different results in order to evatuahe performance of the COSI-Corr technique.
Vector field images were also exported as text (IBSfdes containing East-West and North-South
displacement components then, by using these, #seltant displacements and angles were
calculated. The calculated resultant displacemantsangles were plotted separately for comparing
different results. From the calculated angles rdsgrams were prepared in order to have a
comparison of displacement directions for differemtrelated images.

JJE'CN JSG‘BN :w‘m JTGINB JGO'MG
Vector Field Map derived from Correlated Image
E \‘\.‘ ﬁw_._,'_“-u.. g
E-*-‘i:—mh-\h-.;‘lxp B
o P
|
b2
1~ N ;
NN\ \\ &
I ~ \\
\ = Legend
.\“ \T '\’ f J Y —— 525f_32800pp
,\ "\ l 1N Fault Trace
%- \,\“ N ,\{ \J N1 = = = Fault Trace (inferred) -g
B ]
%
—— 1 "\ ? /
i /A
- T I # R P
g' b T W \ P . é
o T \ \' Y
5 Sl s
by R { / r
vl f e
g‘ ~ L ‘f\ 2 'g
5 L L Wl s ¥ ] . |F
Lt an 2
FE R ! LR g ;
= o T Rgr ] F
L A | -

i WOUTE N I 1 2 hai® |
" ‘N% dE N Tk f/ 24"
\aq‘/—F k.

5 10 5 0 10 Kilometers
| .

T T T T T
340000 350000 360000 370000 380000

Figure 4-2  Vector field map, from a correlatioraige, showing displacement directions and
magnitudes in the form of vectors

The sub-pixel correlation of pre- and post-earthg@uadASTER images provided an image of
displacements (shifts) due to earthquake (figu¢. Displacement values at four specified locations
(blue boxes) on the digitized fault line (red limegre measured (figure 4.3).
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Figure 4-3 Displacement measured along the faalt a
specified location

e

Figure 4-4 A displacement image after T’néking e sixel correlation of pre- and post-
earthquake ASTER images

An example of measuring displacement along thet faushown in the figure 4.4. The displacement
measurements at selected locations were exportéextgASCII) files for each correlated image.
These displacement values were plotted for evalgalifferent results obtained by using different
DEM options, resampling methods and correlationhods with their different methodological

parameters (all are described in figure 3.2) imeging the ground displacement.

Quantification of Results

A very subjective quantification of results wasrgad out after assigning different weights based on
the visual comparisons & interpretation of resaltsl the criteria defined in the methodology (Sectio
3.4). The averaged and scaled results were obtéimetie categories like DEM options, resampling
methods, correlation methods and displacement memsmts are shown in table 4.1. The best values
for each category are highlighted showing its penknce relative to others. According to the table
results, the pre-post DEM option, Sinc 25 resangphimethod, Frequential correlator with window
size 32, step size 8 and threshold value 90 anedfte be the best among the results. At the end two
different dataset results were compared and fobatlthe first pair gives better results. While dpin
the comparisons of different correlated images,plggsa vector field maps and the measured
displacements, the above mentioned case of bedt vess taken as a partial reference along with the
generic quality or performance of different resaltsl some evidences from the literature.
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4.2. DEM based Analysis

Digital Elevation Model has important role in orthotification and coregistration process of pred an
post-earthquake images. There are different DEMdlable such as pre-post DEM, pre-DEM, post-
DEM and SRTM DEM (description is given in Appendixand also in figure 3.2). Comparisons of
the results were made using different DEM selectiqtions, Sinc25 resampling method with
Frequential correlator keeping the window sizes?@p size 8 and threshold value 90 as constant.

Figure 4.5 investigates the average displacememdifierent defined intervals, variations are séan
four DEM options (given above and also in figurg2)3n measuring the smaller values. The pre-post
DEM option gives almost average values in betweerother two ASTER DEM options. The SRTM
DEM gives higher resultant displacement values.eAfselecting different DEM options for
coregistration of the images, the histograms ofetated images both for E-W and N-S displacement
components were compared in figures A-1 & A-2. Mwual comparison of the histograms shows
that there is no significant difference in N-S cament of the displacement. Only pre-DEM option
gives low frequency for small displacement valuad & is more sensitive in measuring positive
higher displacement values. The E-W displacemempoment results for different DEM options are
varying. The post-DEM option gives more measuresént small displacements as compared to the
other three options which seem to be more sensiticalculating the higher measurements.

Displacement Comparison using Different DEM Options

A —e—S25f_32890pp
A a— S525f_32890pre
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o
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Figure 4-5  Average resultant displacement of a@&fiimtervals for different Options of selecting
DEM

The vector field comparison (figure 4.6) of threBT/ER DEM options differs at different portions of
the image. The direction and magnitude of the disginent differs significantly, however around the
indicated fault line the attitude of displacemeetctors marks the movement of different blocks
towards each other above and below the fault liffe post-DEM option gives low magnitude of
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resultant vector along the indicated fault lingha lower part of the image. The pre-DEM optioroals
gives low magnitude of resultant vectors in thedtedf the image below the fault line.
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Figure 4-6  Vector Field comparisons of displacenfiendifferent-date-DEMs used to orthorectify
the images

In figure A-3 the mean values for four DEM optiom® almost the same, there is minor difference
with the use of post DEM option only. The standdeViation of E-W displacement components
differs significantly but for N-S displacement coomgnt there is minor disparity. Use of pre-DEM
option gives more variability in correlation imagesult for measuring E-W displacement component,
the variability is high in N-S displacement componas well; while for SRTM DEM option,
variability in measuring the E-W displacement comgrat is the highest.
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Results of displacement angle measurements (figud@ are quite different for different DEM
options and hence are not comparable, as can alsedn in figure A-5 of their respective rose
diagrams. Pre-DEM option gives NE-SW direction @&fpthcement, post-DEM gives NW and pre-
post-DEM does not give any clear indication of theection of displacements. The SRTM DEM
option provides clear direction of displacementWW-SE direction.

From the above discussion, conclusion can be niatethie use of pre-post DEM is suitable for the
purpose of getting correlation results. Logicallgoathe respective pre-DEM for pre-earthquake
imagery and post-DEM for post-earthquake imagery rectify the raw images accordingly. The
SRTM DEM option gives different results in E-W dispement component and are not consistent
with ASTER derived DEMs.

4.3. Sensitivity Analysis

Sensitivity analysis for the “Evaluation of Optidahagery Sub-pixel Correlation for Estimating the
Ground Deformation” gives an overview of how theabe in different methodological parameters
affects the change in results. The summary of thpegameters are given in figure 3.2 and their
comparison along with the interpretation of resates given below.

4.3.1. Resampling Methods

Resampling methods reconstruct the image based athematical algorithms. Three resampling
methods Sinc, Bilinear & Bicubic are available fmthorectification and coregistration of optical
images. To check the sensitivity of resampling ré#h comparisons of these were made through
vector field diagrams and different graphs whileeieg the correlation parameters (Frequential,
window size 32, step size 8, threshold 90) constemt using pre-post DEM (pre-DEM for pre-
earthquake image and post-DEM for post-earthquakegé orthorectification).

Figure 4.7 shows that the average values of reguliaplacements for different defined intervale ar
almost the same for Sinc and Bilinear methods.nBdr method gives less number of low
displacement values than the Sinc but higher digphent values are calculated more in Bilinear
method. However Bicubic gives very different resighowing comparatively less number of pixels
with small displacement and much larger valuehefresultant displacements for most of the pixels.
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Displacement Comparisons for Resampling Methods
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Figure 4-7.  Average resultant displacement okdént intervals for resampling methods

Visual inspection of the histograms (figures A-6A&7) of correlated images reveals that the Sinc
method gives the displacement values closely cdrated around the average value of no
displacement in N-S & E-W directions, while Bilirreend Bicubic methods are almost the same in N-
S displacement with comparatively less number spldiced pixels around mean values. However
their variability in E-W direction is higher thahe Sinc method, particularly the Bicubic curve show

a strange behaviour of the method in measuringliggacement.

Figure A-8 gives mean and standard deviation (maga both of N-S and E-W displacement
components for three resampling methods. The meenaige displacement values in N-S and E-W
directions are almost the same for all three methodly Bicubic gives slightly different result i

W direction. The displacement values variance i% Mirection is also almost the same for three
methods but in E-W direction variance changes Saaritly, Bicubic being with the highest variance.
The scatter plot of the Sinc method (figure A-9pwh no relationship of Sinc25 and Bilinear
resampling methods in measuring the displacemeat.b&h methods work independently for
calculating the ground displacement.

Vector field (figure A-11) observation indicatesaththe vectors calculated by Sinc and Bilinear
methods are comparable and around the detectedbaili show displacement towards the fault.
However the vectors calculated by Bicubic methoowslthe displacement from NW and SE to be
converging towards the center of the image whichnisealistic and quite contrary to the other two
methods. At both edges of the image their magnitsdeuch higher and decreasing towards the
center of the image. More close examination at |pieeel shows variations in the directions of

displacement vectors for both (Sinc & Bilinear) huats.

Figure A-10 (comparison of displacement directiostpws average angles plotted vs defined
intervals for three resampling methods. Figure A-d@nsisting of respective rose diagrams, shows
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angles counts for different directions of the meadulisplacement. From these two figures we can
see that the Bicubic resampling method providgseaific displacement direction (NNW to SSE) for
all the pixels in the correlation image. The Biknegives displacement direction in almost N-S
direction, while the Sinc method shows almost eqdistribution in all directions. However
histograms, resultant displacement and vector fialbges prove that Bicubic resampling method do
not give accurate results.

Bilinear and Bicubic resampling methods are matheaiy based on higher order polynomials and
may alter original image values introducing somasahg/biasing to the results. Bicubic being based
on even higher order polynomial than Bilinear, ute requires some specific conditions regarding
area or datasets. In present case its resultsugte afdd, may be due to its complexity. The roll of
platform describes attitude variations in East-Waiséction which is higher as compared to other
attitude variations like pitch and yaw. The rollrieions are not modelled properly from ancillary
data for all three resampling methods in generhk Toll effect is particularly higher for Bilinear
method; and for Bicubic method it is the highest.

4.3.1.1. Kernel size of Sinc resampling method

The resampling method Sinc accepts further paraméke kernel size. Kernel size can be defined as
odd value starting from 11. To test the effect erfrlel size three values (25, 31 & 37) were trigdgis
Sinc resampling method with pre-post DEM and Fretjakcorrelator with window size 32, step 8
and threshold 90 as constant. The lower valueswiel size give results of coarser quality.

From figure 4.8 we can see that the kernel sizgi@ds N-S displacement direction while the other
two options (kernel size 25 & 37) do not give apgdafic displacement direction. The same results
can also be observed from the angles comparisarefig-13.

525f_32D890pp S31f_32890pp S37f_32890pp
i 330/’ "3 \30

e !

<

Figure 4-8. Rose diagrams showing displacementtitires for three kernel sizes (25, 31, 37)
of Sinc resampling method

Visual inspection of histograms (figures A-14 & A)1shows that there is no considerable effect of
kernel size in measuring N-S displacement compowgile in E-W direction they show variability.

Kernel size 31 shows more variability than the késize 25 & 37 which can also be seen from the
figures A-16 and A-17 (show average resultant ntagei and mean-&-variance respectively). Vector
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field image (figure A-18) shows that vectors castatl with kernel size 25 are significantly differen
than the other two options. However upper left iporiof the image above the detected fault gives
comparable results for the three kernel sizes.

The above discussion shows that there is incomsigtie using three kernel sizes. The histograms,
resultant displacement and angle diagrams shovkénatl size 31 gives different results than the
other two, while the vector field image shows tkextnel size 25 is different.

4.3.2. Correlation Methods

Two correlation methods are available for sub-pigefrelation of optical imagery which are:
Frequential and Statistical. Frequential methodk&dn Fourier domain while Statistical is based on
statistical methods. For comparison of the perfarreaof correlation methods in measuring ground
displacement, Bilinear and Sinc25 resampling methadre chosen while keeping the other
correlation parameters (window size 32, step sjzh@shold 90) constant and using pre-post-DEM
(pre-DEM for pre-earthquake image and post-DEMpiost-earthquake image orthorectification).

Figure 4.9 shows the comparison of Frequential &tadistical correlator for Sinc25, Bilinear and
Bicubic resampling methods. The figure indicateattthe mean value for N-S displacement
component is almost same and variance differs thfighowever in E-W direction the displacement
component has considerable change in mean valde thiei variance differs drastically. The Bilinear
resampling method shows variability in E-W direntidecreasing from Frequential to Statistical
correlator while other two methods (Sinc25 & Biat)lgive opposite results.

Standard Deviation and Mean Displacement along the Fault (Frequential vs Statistical Correlator)
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Figure 4-9. Mean and standard deviation of NorthtBoand East-West components of
displacement for correlation methods

The Frequential and Statistical correlator histogracomparison for Sinc and Bilinear resampling
methods is shown in figures A-19 & A-20. Both cdaters for Bilinear method give almost similar
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results in N-S direction whereas they differ in s@éng the displacement in E-W direction. The
histogram of E-W displacement component descrilhes the Frequential method shows higher
frequency of displaced pixels around mean valudenthe Statistical shows more variability. Average
resultant displacement magnitude figures (A-21 &3A-show that the Sinc resampling method is
more sensitive for both correlators in measuring ¢nound displacement. Statistical correlation
method for Sinc and Bilinear resampling methodsegi@approximately same results showing its
robustness

The vector field image of both correlators for Bdar resampling method (figure A-23) shows that
there is no significant difference in measuring gheund displacement except at a few locations. The
angle diagrams along with their respective ros@rdims (figures A-24 & A-25) reveal that both
correlators, using Bilinear resampling method, gieplacement direction in almost North-South,
while in the case of Sinc25 there is no dependémayeasuring displacement for both the correlators.
Frequential correlator (for Sinc25) does not prevahy specific direction of displacement while
Statistical correlator shows approximate North-8odlirection. Although both correlators for
different resampling methods do not give coheremiear results when only using angle information,
however this information can be used in relationother figures (e.g. vector field or resultant
displacement) for interpreting the Correlator beban

Therefore it can be inferred that the applicatiércarrelation methods is consistent in measuring
displacement in N-S direction, but not so goodHEeW displacement component. This again may be
due to the roll effect in E-W direction. Also Fremuial is more sensitive in estimating the small
displacement values while Statistical seems mdvagtagainst the change of parameters

4.3.2.1. Window Size

Correlation window defines the area (in pixels)lmih orthorectified coregistered images to check
the correlation (e.g. shift in pre & post earthquahkagery). To check the effect of window size on
correlation, different comparisons of window sizgere made keeping the resampling method (Sinc)
with pre-post DEM and other correlation paramefstsp 8, threshold 90) as constant.

The different window sizes selected for the purpafseomparison are 4, 8, 16, 32 & 64. Figures 4.10
& 4.11 show that the window sizes 4, 8 & 16 provaeellent direction of displacement in E-W
direction, however it is contrary to the realit@n the other hand while comparing window size 32
and 64 results of displacement direction, the windze 64 gives N-S direction of displacement and
window size 32 does not show any prominent directibdisplacement. However as earlier said, the
angel (direction of displacement) results shouldséen in relation to the resultant displacement and
vector field results.
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Figure 4-10. Rose diagrams showing the displacediegdtion distribution for window sizes of
Frequential correlation method

Angle Comparisons using Different Window Sizes for Correlation
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Figure 4-11. Average angle (direction of displaeath of different intervals for window sizes of
Frequential correlation method

The effect of using different window sizes for @ation is examined (figures A-26 to A30). From
these figures we can see that results of windowss#, 8 & 16 are conspicuously different and
window sizes lower than 32 give mostly noisy catien images. There is not any specific
correlation pattern for these three window sizesampared to the window size 32 and 64. Unlikely
they show more variations in N-S displacement camepbthan E-W (figure A-29). The window size
8 has even more strange results among window d@eer than 32. The histogram of N-S
displacement component (figure A-26) of window si@é shows that most of the smaller
measurements are around higher mean value as apfmsee window size 32 histogram. Figure A-
28 gives similar observations of odd behaviour ofdew size 4, 8 & 16 while window sizes 32 & 64
give comparable results. Window size 32 is moresitiga in measuring smaller measurements than
the window size 64. The figure A-29 shows that thean value for window size 8 is drastically
different from the other window sizes. Figure A{3@ctor field comparison of window size 16, 32 &
64) depicts that at most of the locations reswaltssMindow size 32 & 64 are comparable.
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Above discussion provides basis of concluding thatuse of window size 32 or 64 to be considered
more optimal as compared to others. The use ofawrglzes smaller than 32 gives mostly noisy
results.

4.3.2.2. Step Size

Step size defines how many pixels will shift betwetbe two sliding windows for measuring
correlation. To check the effect of step size orradation, comparisons of different step sizesg4,

12, 16) were made keeping the resampling methaw?S) with pre-post DEM and other correlation
parameters (Frequential correlator, window size3@ threshold 90) as constant. The use of step size
defines the number of pixels (resolution) in therelated image, such as with step size 4 the image
has more frequency of pixels (resolution 60 m iis tase) as compared to others e.g. step size 16
gives 240 m resolution (less number of pixels).

From figures (4.12, A-31, A-32 and A-33) we get laac perception about the performance of
different step sizes used in the correlation metiAadording to the figures, average and variabiity
the displacement distances is almost the same $naNe E-W directions. The only exception is the
use of step size 16 (figure 4.12), which givesedéht result in calculating the mean displacemént o
the pixels in E-W direction as compared to the othep sizes.

Small step size like 4 is more susceptible formgvdecorrelation patches in the correlation image.
On the other hand large step size produces avenagiesmoothing effect in the correlation image
which might produce biasing in the quality of tlesults. So the step size 8 is optimal and chosen fo
most of the correlation processes of optical images

Standard Deviation and Mean Displacement along the Fault with Different Step Sizes
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Figure 4-12. Mean and standard deviation, both@&h&E-W displacement components, for
different step sizes of Frequential correlationhodt

35



According to the vector map (Figure A-34) of thadst area, most of the vectors in the upper right
side of the indicated fault line take downward (SSYWirection. Similarly most of the pixels in the
lower right area below the fault line seem to bspliced in NNW direction as indicated by the
vectors with the selection of step size 8 and 1€p Size 4 and 16 show vectors of minor magnitudes
in the upper left portion below the indicated fdirle which is inconsistent with the reality.

Figure A-35 shows the direction of displacemengles) for whole of the image to get an indication

of the effect of selecting different step sizesepStize 4 shows the highest frequency of pixels
displaced at about 0 and 180 degrees (N-S directikdso the rose diagrams (figure A-36) illustrate

that step size 12 and 16 give opposite displacediesttions while the step size 4 gives prominent N

S direction of displacement.

From the above discussion it can be inferred thatep size 8 is reasonable in performing the
correlation of optical imagery. Its results are st biased by the decorrelation or smoothing of
image.

4.3.2.3. Threshold

This subsection will describe the effect of thrddhealues in doing the sub-pixel correlation of
optical images. Two threshold values (90 & 95) wieied for Sinc and Bilinear resampling methods
in order to test the use of threshold values. Tigerés 4.14 & 4.15 depict that Sinc25 method is
sensitive to the change of threshold value in méaguhe displacement in E-W direction, where as
the Bilinear method gives the same results for edmtthreshold (90 or 95) is selected.

Histograms Comparison of Threshold values for Frequential Correlator
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Figure 4-13. Histograms of displacement in North#Bdlirection for different Threshold values of
Frequential correlation method
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Histograms Comparison of Threshold values for Frequential Correlator
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Figure 4-14. Histograms of displacement in EastMidesction for different Threshold values of
Frequential correlation method

Threshold values Comparison for Sinc25 and Bilimeathods shown in figures (A-37 & A-38) again
emphasizes the above mentioned results about tisstisity of Sinc method for the selection of
different threshold values whereas the resultsilxfiézar method are stable for both threshold values

The vector field image (figure A-39) of Bilinear thed for different threshold values shows that
there is no significant effect of the change oégnold value. However the change of threshold galue
for Sinc25 resampling method shows some differeicése direction of displacement while the
magnitude is almost unaffected (figure A-40). Téas also be verified from the graph (figure A-41)
of angles and rose diagrams (figure A-42) that nmmethod with threshold value 95 gives SE
direction while the threshold value 90 for Sinc huat does not give any prominent direction of
displacement. The Bilinear resampling method gNe&s direction of displacement for both threshold
values. Therefore Sinc 25 method is sensitive écstiection of threshold values.

4.4. Measuring Displacements along the Fault

Displacements were measured along the fault aifsggbéour (profile) locations (shown in figure 4.3
A) using the correlated images separately and thiere exported as text (ASCIl) files. These
measurements were then plotted for comparing atetpireting different results. Estimation of
displacements along the fault is generally decngafsibm profile 1 to profile 4 at selected locagon
Different comparisons were given below for the msg of evaluating the COSI-Corr technique in its
various aspects.
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4.4.1. DEMs Selection Effects

Effect of using different options of selecting DEMigure 3.2 shows these options) is investigated i
figure 4.15. The graph shows that in E-W directiba effect is significant, SRTM DEM being the
highest. ASTER DEM options show negligible diffecerof measurements at stack 2 and 3. In N-S
direction the ASTER pre-DEM shows higher displacemelues at stack 2 & 3 and SRTM DEM
gives low displacement values at stack 3 & 4.

Displacements (+ive to North & East) along the Fault using Different DEM Options
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Figure 4-15. Displacement measurements along thiedtselected locations using different options
of selecting DEMs

4.4.2. Resampling Methods

The displacement measurements along the faulsuatsklected locations are affected by the use of
three resampling methods (Sinc, Bilinear & Bicubi€)lgure A-43 indicates that Sinc and Bilinear
resampling methods are almost the same in measitiBgand E-W displacement components
whereas performance of Bicubic method is quiteedififit in both directions. As discussed earlier in
sensitivity analysis the Bicubic resampling metihesbonse to different parameter is contradictory.

4.4.2.1. Kernel Size

Selecting different kernel sizes (25, 31, 37) forcSesampling method do not affect the displacemen
values largely (figure A-44). Only minor differerscare observable at stack3 for N-S displacement
component and at stackl & 2 for E-W displacementgmnent.

4.4.3. Correlation Method

Figure A-46 describes the effect of using differeatrelation methods. Frequential and Statistical
correlators using Sinc 25 with pre-post DEM andreation parameters like window size 32, step
size 8 were investigated (see figure 3.2 for thecdption of all the parameters and datasets). Both
correlators give almost the same results at sta&k32vhile at stack 1 & 4 they differ significantig

38



EVALUATION OF OPTICAL IMAGES SUB-PIXEL CORRELATION FOR ESTIMATING GROUND DEFORMATION

measuring N-S displacement component. Statisticareator gives higher values for E-W

displacement component than Frequential correlatoie in N-S displacement component the result
is opposite. One more noticeable difference forti@teal correlator is that it gives higher

displacement value in E-W, even higher from N-S ponent at stack 4 which is not realistic.

4.4.3.1. Window Size

Selection of window size shows considerable infageim measuring the displacement as can be seen
in figure 4.16. Smaller window size like 4, 8 résudre inconsistent and do not give reliable result
Their results for E-W displacement component aenédvigher than for N-S displacement component
which is not true. Window size 16, 32 & 64 give garable results in N-S displacement component
and window size 64 results are higher at stack&,43 In E-W direction window sizes 64 give very
inconsistent measurements of displacement thamttier window sizes and hence its graph shows
very strange behaviour.

Displacements (+ive to North & East) along the Fault using Different Window Sizes
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Figure 4-16. Displacement measurement along thedasgelected locations using different window
sizes for Sinc 25 resampling method

In order to investigate the effect of window sire éther two resampling methods, a comparison was
made for window size 16, 32 & 64 (figure A-46). \Wow size 16 in Bilinear and window sizes 32 &
64 in Bicubic give opposite results at stack 2 8 Bneasuring the N-S displacement component. In
E-W component the results of all window sizes foo resampling methods are incompatible and
differ considerably. The results of Sinc 25 (figuk-46) are comparable to Bilinear (figure A-47) fo
window size 32 in measuring both E-W and N-S disphaent components.
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4.4.3.2. Step Size

The behaviour of different step sizes (4, 8, 1Gnhaasuring the displacement is shown in figure A-47
using Sinc 25 resampling method and Frequentiaktaior having window size 32 & threshold value
90. Step size 4, 8 & 16 show almost same resulitaak 1 & 4 and at stack 2 & 3 step size 16 gives
higher values of N-S displacement component. In Bi¥@glacement component the figure does not
show any consistency of results of the three st&ys $n measuring displacement. Step size 4 and 16
in E-W displacement component give positive disptaent values which might not be the case
actually.

4.4.3.3. Threshold

Figure A-48 investigates the effect of choice dfatent threshold values (90, 95) using the Sinc 25
resampling method and Frequential correlator withdew size 32 and step 8. It shows that the N-S
displacement values are almost same for both tblgstalues except at stack 3 with minor
differences. In E-W displacement component thestiwll value has considerable effect in measuring
the displacement values particularly at stack 3 & 4

4.5. Repeatability

In order to check the repeatability of the techeicm second pair of images (pre-earthquake image of
September 2005 and post-earthquake image of Ocgfliy) was selected to perform the sub-pixel
correlation. Same mask was used to the 2nd pamades for getting the same spatial subset like of
previous 1st pair of images in order to have themparison. September 2005 image has slightly less
overlap to October 2005 image due to the smalt shifirst image, so there is small gap on uppér le
side of the image because the correlation proadgsascounts for overlapped area (figure A-49). The
September 2005 pre earthquake image is very clalthgugh most of the cloud patches are out of
masked area, some are in the selected spatial Hreanasking process also excludes this data from
the image that is why we have a difference of al@28t10 pixels of two correlated images.
Comparison of both correlated images (from 1st2mdi pairs) using Sinc 25 resampling method and
Frequential correlator with window size 32, steges8 and threshold 90 were made.

Histograms (figures A-50 & A-51) besides the chamjepixel frequencies show difference in

measuring the ground displacement. The 2nd paimafes shows more variability and gives more
pixels at larger displacement values. The distidoubf pixel frequencies differs even more in E-W
displacement component, similar to the earlier canispns of two directions, due to more attitude
variations in E-W direction of the platform. Figar@&-52 and A-53 show their comparisons in terms
of resultant displacement and mean & standard tlemiaespectively, these show similar kind of
results as stated above.

Figure A-54 shows the comparison of average artjtedtion of resultant displacement) and their
respective rose diagrams. The comparison desdtia¢ghere is no any similarity for both of image
pairs in giving the direction of displacement. Atre places it is even in opposite directions.

The vector field comparison (figure A-55) depidtsittthere is considerable difference in measuring
the magnitude and direction of the displacementwéi@r at some places direction is same with
different magnitude of displacement.
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Displacement measured by the two pairs of imagdsuatdifferent locations is compared in figure
4.16. Results of two correlated images are drdktidifferent at all locations except at location 2
both in N-S and E-W direction. The second paimeéges gives mostly higher displacement values in
N-S direction, while in E-W direction results angposite at locations 3 & 4.

Displacements (+ive to North & East) Comparison for two pairs of images
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Figure 4-17. Displacement measurements along thiedtaselected locations for two pairs of images
bracketing the earthquake

From the above discussion it can be concludedthimatepetition of sub-pixel correlation technique,

for different-date image pair of the same area,ndiigive comparable results. This difference might
be due to clouds and associated shadows and aldbgap in the masked area. Due to noise in the
image, the sub-pixel correlation produces largeodetation patches which biased the estimation of
ground displacement along the fault at four spedifocations.

4.6. Robustness

Robustness of the technique can be evaluated bygkiclge its sensitivity for methodological
parameters applied to various types of data setsndpadifferent qualities, areas of specific
characteristics. The degree of robustness increabes the results are similar (or comparable)
relatively after applying above mentioned optidnsthe present case study, the COSI-Corr technique
was evaluated by applying different parameterau(égs.2) of the technique to two pairs of datasets
bracketing the earthquake. By comparing and inétiqy the results it was found that the overall
performance does not show its robustness for varapplied parameters, selection of DEMs, and
different-date datasets of the same area. Thetsednilnot have consistency for applied parametfers o
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resampling and correlation methods. The measuremehtdisplacement along the fault give
drastically different results in E-W displacememmponent while in N-S direction results are
comparable besides some exceptions.

4.7. Mapping and Analysis of Fault Rupture

The sub-pixel correlation of optical imagery pradda two band resultant image; bandl gives E-W
displacement component while the band 2 gives Nsflacement component.

The figure 4.18A shows a N-S displacement compometit clear discontinuity occurred due to
ground movement caused by 2005 Kashmir earthquRdsitive values (yellow to dark red) show
movement towards North while negative values (cydue to magenta) to South. The white areas in
the image are decorrelation patches or outliersefeitthe displacement value exceeds 10m), these
were filtered. Decorrleation is mainly due to lailss or man-made changes whereas the outliers are
due to the effects of shadows or seasonal varmtion

The sharp discontinuity in the correlated image wased precisely and termed as fault rupture
produced due to 2005 Kashmir earthquake. This faugture is about 75 Km mainly along the
previously mapped Muzaffarabad and Tanda faults colrectively called Balakot Bagh Fault BBF
(figure 2.2). From the figure 2.2 we can see thdt faupture mainly follows the contact between two
geological formations. In the upper Jehlum valleg fault trace is linear, except at the south-gast
abruptly changes and forms “V” due to the topogiraplige (figure 4.18B), showing the effect of
topography on fault rupture.

Fault trace becomes irregular where it joins thediarabad fault and cuts across the Kunhar valley.
This irregularity is due to roughness of the toppity on eastern side of the Kunhar valley shown in
figure 4.18B. The irregularity of the fault tracuss at the confluence of Neelum and Jhelum rjvers
it is also a junction of Muzaffarabad and Tanddtgad his point is also relatively closer to theD80
Kashmir earthquake’s epicenter.

At north-western side, fault rupture disappearsiplly near the hairpin turn of MBT (Main Boundary
Thrust) called Hazara—Kashmir Syntaxis. A smalltipor of marked fault trace was inferred where
the correlation result was not so clear, it follaws pattern of the turn of MBT showing its struefu
control. The fault trace is also parallel to thesteen flank of the Syntaxis.
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Applicability

The COSI-Corr (Co-Registration of Optically Senskdages and Correlation) technique was
developed for various change detection applicatiddsesently its applicability is limited to
pushbroom sensor datasets and specific correlatiethods (Frequential or Statistical). It was also
applied to aerial images successfully for monignrface changes. In present study its appli¢gbili
was evaluated for detecting the ground displacesndne to earthquake. By comparing results of
using different options (described in figure 3.2)was found that its applicability is reasonabbe f
qualitative analysis. In terms of using the techeidt has simple & smooth function for getting
correlated images with the provision of tools fogit post processing and deriving different product
It provides both automatic and manual options ttirsg different parameters in order to have desired
results. In the case of earthquake induced chattiggsechnique can help in getting early damage
assessment of the area and further investigatiovermus geological aspects.
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5. Discussion and Conclusions

5.1. Discussion

This chapter provides a discussion of the resulsngin chapter 4 obtained by using different DEM
options, datasets and methodological parametettseo€OSI-Corr technique (all described in figure
3.2) in detecting and measuring ground displacésndime answers of the research questions will be
given in light of the results and discussed in otdemeet the objectives of the research.

The selection of DEM affects the results signifitbanVarious DEM options (pre-post pre-DEM,
post-DEM, SRTM-DEM described in figure 3.2 and Apgix B) were tried; the SRTM DEM did not
give promising results, pre-DEM option was reldtjvbetter but it did not cope with the surface
changes which occurred after the earthquake. P@bt-Besults were reasonably good as it accounts
for the surface changes occurred after earthquaie pre-post DEM option was found to be the best
of all, as logically the orthorectification of pearthquake (post-earthquake) image should be better
for using pre-DEM (post-DEM) option of the sameeadahage because it rectifies the elevation and
positional variations accordingly.

The resampling methods (Sinc, Bilinear & Bicubieraonstruct the image based on mathematical
algorithm. Due to complex formulation the originalage values can be altered by the selection of
resampling method. The Sinc resampling method wasd to be reasonably good in the process of
orthorectification and coregistration. The uselwf kernel size did not affect the results signiftba
Bilinear resampling method results are moderatejsitnot sensitive in measuring the small
displacement values. However for noisy imagesessiits are better than the Sinc resampling method.
Bicubic resampling method does not prove to be lemhle method in measuring the ground
displacements caused by an earthquake. Its useregaire some specific conditions regarding the
area or dataset characteristics.

The correlation method selection is related todheice of dataset characteristics, spatial resmiuti

or quality of dataset and also to the investigaszh with some seasonal preferences. Frequential
correlator gives more accurate results; howeveeduires a data of good quality and takes longer
processing time. On the other hand the Statistiggthod is comparatively robust and fast but less
accurate, however its performance for noisy imagéeetter.

The use of different correlation parameters enaiblget the results according to the set requiresnent
The window size for correlation of two optical inesgis sensitive in giving the displacement results.
A window size lower than 32 does not give good Iteparticularly the window sizes 4 and 8 results
are too noisy and unreliable. The sensitivity & window size is more with Sinc resampling method.
Step size defines shift number of pixel between tewelating windows and gives the pixel size in
the output correlated image. The step size 4 i®reosceptible to decorrelation patches where gs ste
size 8 and 16 give comparable results. The step $& did not provide accurate results of
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displacement measurements in East-West directiberefore the use of step size 8 gives promising
and comparable results in measuring the groundagisments. The use of threshold value is sensitive
to Sinc resampling method. For other two methodsréisults are almost similar. The threshold value
90 with Sinc 25 resampling method was found tod@dgn producing the correlated results.

Finally the performance of the COSI-Corr techniquas evaluated with different datasets and
methodological parameters (figure 3.2). The quemttifable of averaged and scaled weights describes
that the Sinc resampling method with kernel sizea2si Frequential correlator with window size 32,
step size 8 and threshold value 90 is the mostaldeit option to get ground displacement
measurements along the fault.

After detection and mapping of fault, different cheteristics found of the fault rupture are: it has
approximate length of about 75 Km running mostlyairrugged topography. It runs through the
contact of geological formations along the previgusapped active Muzaffarabad and Tanda faults.
The fault rupture shows the influence of otherdtrtal features in the region.

The following section provides the answers of thsearch questions formulated in chapter one in
order to meet the research objectives.

1. How are the different parameters of the adopted methodology sensitive in measuring
displacement along an active fault?
In order to check the sensitivity of the COSI-Ctechnique using different DEM options, datasets
and parameters of the technique (all are givenguré 3.2) various comparisons were made in the
form of images, map overlays, or graphs. At the anthble of quantification was produced by
assigning different weights to the results att@sutThe parameters of the technique are found to be
sensitive in measuring the displacements alongfdhét in one way or another. Sinc resampling
method proves to be more sensitive than the otientethods and among correlators; the Frequential
method seems to be more sensitive. However theiliteeare not consistent in measuring the ground
displacements.

2. Are the results affected when the sub-pixel correlation process is repeated using different pre-
earthquake remote sensing dataset?

When the technique was applied to another datdst#ieosame area, the results were drastically

different. This might be due to the noise or cloudsthe second image which produce more

decorrelation patches. This might be one of theaes for not giving comparable results in measuring

the ground displacements.

3. Does the technique prove to be robust after sensitivity and repeatability analysis?

From the results obtained after the comparativerfpmetation for sensitivity and repeatability
analysis, it was found that the performance of CO&ir technique can not be termed as robust. It is
because of the reason that it gives variationshin results with the change of methodological
parameters and with the use of another datasbeafdme area.
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I's the technique suitably applicable for the purpose of estimating the ground deformation caused

by an earthquake?
After the analysis it was found that applicabildf the technique to monitor the terrain change is
reasonable and its results can compliment to ddwhniques. As it gives horizontal displacement
components and its results near field are moreratzso this can be combined with other technique
(e.g. INSAR or GPS field measurements) whose peefoce is not good near field but gives accurate
results in far & vertical fields in order to havensplete information for the characterization of&én
changes.

4. How does the selection of Digital Elevation Models (DEMs) from different dates affect the sub-

pixel correlation?
Selection of DEM options (figure 3.2) affected therrelation and measurement of the ground
displacement along the fault. The pre-post DEM (mepre-DEM for pre-earthquake image
orthorectification and vice versa) gave reasonallyurate results as compared to other choices like
pre-DEM or post-DEM only. The use of SRTM DEM didtmprovide accurate correlation results
particularly in East-West direction.

5. How do different features along a fault rupture affect the correlation of images and measurement

of displacement?
Different features affect the propagation of fawlpture in the ground, the major effect being the
topography. The rugged topography of the area rtagleupture of the fault very zigzag and it is in
mostly upper half of the image, while in lower h#if fault line is almost linear along the upper
Jhelum river valley except at the end (SE) whetarits abruptly due to the hill in its way. Secondl
the fault rupture mainly follows the pre-existingtige faults (Muzaffarabad & Tanda) and runs along
the contact of different geological formations. Thildle of the image where two previously active
faults join by an abrupt step is the continuitytled same fault rupture. This join of two faultsisse
to the epicentral location of 2005 Kashmir earthgudue to earthquake there were lots of landslides
in the area which are major source of decorrelatidhe image. Other causes of correlation lost may
be clouds, shadows, snow or land cover change madyjoinfrastructural change.

5.2. Conclusion

Based on the interpretation and sensitivity analydifferent conclusions were drawn about the
developed methodology in terms of its sensitivigpeatability, robustness, applicability potental
mapping the fault rupture and measuring co-seig@905 Kashmir earthquake) surface deformation
along the fault.

» Sinc resampling method and Frequential correlater sensitive in the use of technique’s
parameters (given in figure 3.2). Its results areranaccurate as compared to Bilinear
resampling method and Statistical correlator whiife moderate accuracy but are more
robust than the Sinc method. However the Bicub&amgpling method is not accurate and
sometimes it is even unrealistic.
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5.3.

The COSI-Corr technique did not give promising hesfor another dataset of the same area
in measuring the ground displacements. Therefarddbhnique does not prove to be robust
for different methodological parameters and differdatasets.

The technique still can be applied for change diete@and terrain monitoring although its
results by the use of different parameters andsd&taare varying for measuring ground
displacements.

The use of different DEM selection options is préodiasing the displacement estimations
due to the errors of DEM and it ultimately affetite correlation & estimation of the ground

deformation.

Sub-pixel correlation of optical images is greaffected due to landslides, shadowing effect,
topography, snow or land cover changes and infretstral changes.

Recommendations

Recommendations for the future work are as follows:

» The technique should be applied to a flat arearder to avoid the use of DEM because high

relief of rugged terrain affects the measurememgrotind displacements.
Field visits and validation data is necessary fanplete evaluation of the technique.

For a better evaluation of the technique diffetgpes and dates datasets, particularly of high
spatial resolution, should be used e.g. SPOT, @irdlor Ariel photos etc.

Aid of other ancillary datasets e.g. geologicageophysical can be beneficiary in context of
estimating the ground deformation due to an eaetkegu
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Appendix A

Appendix-A contains comparison figures of the resul
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Figure A- 1. Histograms of displacement in NorthuBodirection for different date DEMs used to

Frequency

orthorectify the images

Comparisons of DEM Options for Sinc_Freq_W232-Step8-th90

1400
—— S25f_32890pp

—— S25f_32890pre
1200 S25f_32890post
= S25f_32890pp_srtm

1000

800

600

400

200

Ao 0 O S o 9 o o © O o o
'& be O g A F b@ @'”Of’ JCRC ,b'\ ﬁow,bv \,‘bb‘\,’vo‘o Q&‘Q@ ,;), RS ,b»,,;b vb‘@o o 'p@o),\@ Q;L%Qa Qbﬁ’

Displacement East (m)

Figure A- 2. Histograms of displacement in East-Wda®ction for different date DEMs used to

orthorectify the images
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Standard Deviation and Mean Displacement along the Fault Using Different DEM Options
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Figure A- 3. Mean and standard deviation both forth-South and East-West components of

displacement for different date DEMs used to orthbtify the images

Angle Comparisons using Different DEM Options for Ortho-Rectification
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Figure A- 4. Average angle (direction of displacethef different intervals for different date DEMs
used to orthorectify the images
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$25f_32890pre

Figure A- 5. Rose diagrams showing displacemestctions for different DEM options using
Sinc25 resampling method and Frequential correlator

Comparisons Resampling Methods for Freq_W32-Step8-th90_ppDEM
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Figure A- 6. Histograms of displacement in NorthuBodirection for different resampling methods
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Comparisons Resampling Methods for Freq_W32-Step8-th90_ppDEM
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igure A- 7. Histograms of displacement in East-iMé®ction for different resampling methods

Standard Deviation and Mean Displacement along the Fault (Frequential Correlator)
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Figure A- 8. Mean and standard deviation both forth-South and East-West components of

displacement for resampling methods
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Relationship of Displacements between Sinc 25 and Bilinear (32890) Resampling Methods
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Figure A- 9. Scatter plot for comparison of resufitdisplacement for Sinc 25 & Bilinear resampling

methods
Angle Comparisons using Different Resampling Methods
8
~ o R
—e—S25f_32890 (Sinc)
=~ Bil-f_32890 (Bilinear)
§ [ - Bic-f_32890 (Bicubic) |
o
B
> 8
(S
C
[ o
3 a
g
I 38 > =
™ n o
N A\ )
N v’\\ﬂ\( \q\\/.\/\——\\/
o o a o = ~ a o
S o 5 . =
o T T T T T T T T T T T

7 22 37 53 68 83 97 112 127 142 158 173 188 203 217 233 248 262 277 292 308 323 337 353

Average Angle (Degrees) w.r.t. North
Figure A- 10. Average angle (direction of displaesi) of different intervals for resampling
methods
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Figure A-12. Rose diagrams showing displacemaettons for three resampling methods

Angle Comparisons using Sinc (K-size: 25, 31, 37) Resampling Method
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Figure A- 13. Average angle (direction of displaesit) at defined different intervals for
resampling methods
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Comparisons Kernel Sizes of Sinc Resampling Method
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Figure A- 14. Histograms of displacement in Northuth direction for kernel sizes of Sinc
resampling method
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Figure A- 15. Histograms of displacement in Eastst\éirection for kernel sizes of Sinc
resampling method
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Displacement Comparisons for Kernel Sizes of Sinc Resampling Method
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Figure A- 16. Average resultant displacement diedént kernel sizes of Sinc resampling method
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Figure A-17. Mean and standard deviation botiNforth-South and East-West components of
displacement for kernel sizes of Sinc resamplintho
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Figure A- 18.
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Frequency

Comparisons Correlation Engines (Frequential vs Statistical)
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Figure A- 19. Histograms of displacement in Northut direction for different correlation
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Figure A- 20. Histograms of displacement in Eaststi#rection for different correlation methods
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Displacement Comparisons By Correlation Engines
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Figure A- 21. Average resultant displacement diedént intervals for correlation methods using
Bilinear resampling method
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Figure A- 22.  Average resultant displacement diedént intervals for correlation methods using
Sinc25 resampling method
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Angle Comparisons using (Bilinear) Frequential and Statistical Correlators
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Figure A- 24. Average angle (direction of displaeem) of different intervals for correlation
methods using Bilinear resampling method
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Figure A- 25. Average angle (direction of displaeam) of different intervals for correlation
methods using Sinc25 resampling method
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Comparisons Window Sizes for Sinc (Freq_Step8-th90) ppDEM
2000

——Win 4 (S25f_890pp)

1800 ——Win 8 (S25f_890pp)
——Win 16 (S25f_890pp)
1600 ——Win 32 (S25f_890pp)
Win 64 (S25f_890pp)
1400
1200
>
o
c
oo
o
o
w
800
600
400

o

NI » N O WP ey A A I DRSPS AV v \2 \ > P Ay Ao
@qungp/\‘b’\q’é\b\'@‘boﬁ ) Q,bb(q,‘bq/'b /\\,q’g‘bg'\'g“gq’ ‘:,‘,Qq’b,b "3 v’vb“b%‘bo’%bbt,\Q,\ﬁ‘b\/%bq'L A

Displacement North

Figure A- 26. Histograms of displacement in Northu direction for different window sizes of

Frequential correlation method
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Figure A- 27. Histograms of displacement in Eaststiirection for different window sizes of
Frequential correlation method
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Displacement Comparisons By Window Sizes
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Figure A- 28. Average resultant displacement diedént intervals for window sizes of Frequential
correlation method
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Figure A- 29. Mean and standard deviation botiNorth-South and East-West components of
displacement for window sizes of Frequential catieh method
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Figure A- 30. Vector Field comparisons of displaeaifor window sizes of Frequential correlation
method

67



Comparisons Step Sizes for Sinc (Freq_W32-th90) ppDEM
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Figure A- 31. Histograms of displacement in Northuth direction for different step sizes of
Frequential correlation method
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Figure A- 32. Histograms of displacement in Eaststéirection for different step sizes of

Frequential correlation method
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Displacement Comparisons By Step Sizes
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Figure A- 33. Average resultant displacement diedént intervals for step sizes of Frequential
correlation method
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Figure A- 34. Vector Field comparisons of displaeairfor step sizes of Frequential correlation
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Angle Comparisons using Different Step Sizes for Correlation
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Figure A- 35. Average angle (direction of displaeat) of different intervals for Step sizes of
Frequential correlation method
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Figure A- 36. Rose diagrams showing displacemesttons for different step sizes of Sinc
resampling method
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Displacement Comparisons By Threshold
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Figure A- 37. Average resultant displacement diedént intervals for Threshold of Frequential
correlation method
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Figure A- 38. Mean and standard deviation botiNforth-South and East-West components of
displacement for Threshold of Frequential correlatnethod
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Figure A- 39. Vector Field comparisons of displaeetrfor Threshold of Frequential correlation
engine using Bilinear resampling method
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Figure A- 40.
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Angle Comparisons using Different Thresholds for Correlation
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Figure A- 41. Average angle (direction of displaeam) of different intervals for Threshold of
Frequential correlation method
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Figure A- 42. Rose diagrams showing displacemeettions for different threshold values using
Sinc25 and Bilinear resampling methods
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Displacements (+ive to North & East) along the Fault Using Different Resampling Methods
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Figure A- 43. Displacement measurement along thk & selected locations using different
resampling methods
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Figure A- 44. Displacement measurement along thk & selected locations using different kernel
sizes of Sinc resampling method
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Displacements (+ive to North and East) along the Fault using Different Correlators
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Displacements (+ive to North and East) along the Fault using Different Step Sizes
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Figure A- 47. Displacement measurement along thk & selected locations using different step
sizes
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Figure A- 48. Displacement measurement along thk & selected locations using different
threshold values
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Figure A- 49. Correlation image of 2nd pair of iredgracketing the earthquake
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Figure A- 50. Histograms of displacement in Northuth direction for two pairs of images
bracketing the earthquake
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Figure A- 51. Histograms of displacement in EassW\direction for two pairs of images bracketing
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Figure A- 52. Average resultant displacement diedént intervals for two pairs of images

bracketing the earthquake
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Standard Deviation and Mean Displacement along the Fault for Image 00-05 and Image 05-05
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Figure A- 53. Mean and standard deviation botiNorth-South and East-West components of
displacement for two pairs of images bracketingetaehquake
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Figure A- 54. Average angle (direction of displaesi) of different intervals and their respective
rose diagrams for two pairs of images bracketimgedrthquake
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Appendix B

Nomenclature conventions used to different pararaetes given as:

pre-post-DEM

pre-DEM

post-DEM

S25f_32890pp

S25f 32890pre

S25f 32890post

S25f 321690pp

S25f_321695pp

S25f_641695pp

S25s_32810pp

pre-earthquake imagery orthoridifvith respective pre DEM and post-
earthquake imagery orthorectified with respectigstfipEM.

Both pre- & post-earthquake images atieovectified using pre-
earthquake DEM

Both pre- & post-earthquake imagesaatieorectified using post-
earthquake DEM

Resampling method Sinc with kesizd 25 and correlation using
Frequential method with window size 32, step 8shpold 90 and pre-
post-DEM

Resampling method Sinc with Kesize 25 and correlation using
Frequential method with window size 32, step 8shpold 90 and pre-
DEM

Resampling method Sinc with Kesize 25 and correlation using
Frequential method with window size 32, step 8gshold 90 and post-
DEM

Resampling method Sinc with Kesize 25 and correlation using
Frequential method with window size 32, step 16ghold 90 and pre-
post-DEM

Resampling method Sinc with Kesize 25 and correlation using
Frequential method with window size 32, step 16gghold 95 and pre-
post-DEM

Resampling method Sinc with Kesize 25 and correlation using
Frequential method with window size 64, step 1feghold 95 and pre-
post-DEM

Resampling method Sinc with kesizel25 and correlation using
Frequential method with window size 32, step 8rateaange 10 and pre-
post-DEM
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S31f 32890pp Resampling method Sinc with kesied 31 and correlation using
Frequential method with window size 32, step 8&shold 90 and pre-

post-DEM

S37f _32890pp Resampling method Sinc with kesizel 37 and correlation using
Frequential method with window size 32, step 8&shold 90 and pre-

post-DEM

Bil-f_32890pp = Resampling method Bilinear andrelation using Frequential method
with window size 32, step 8, threshold 90 and psHDEM

Bic-f_32890pp = Resampling method Bicubic and@ation using Frequential method
with window size 32, step 8, threshold 90 and psHDEM
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