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ABSTRACT Although they may have small velocity values, small slope failures can cause damage to
facilities such as roads and pipelines. The main goals of this paper are to detect and map, and quantify
the kinematics of small and slow-moving landslides in Kutlugiin, Northeastern Turkey. Object-based image
analysis (OBIA) and rule-based classification techniques were utilized to detect and map the small and
slow-moving landslides. The horizontal displacement of the landslides was investigated using the sub-
pixel image correlation method, Cosi-Corr software, and Pleiades-1 images. Kalman filtering method and
Real-Time Kinematics-Global Positioning System (RTK-GPS) observations were utilized to formulate a
kinematic analysis model for the landslides. A total of 123 small landslides covering an area of approximately
413.332 m? were detected in the study area. The displacements determined by image correlation compare
very well with the RTK-GPS measurements, with a maximum deviation of 0.86 mm. The movement rate of
the small landslide from RTK-GPS results ranged from 0.80 — 8.28 mm during the six-month monitoring
period. The average displacement value for all the monitoring points is 9.88 mm, while the average movement
rate is 3.11 mm during the monitoring period. Compared to the deformation obtained using only the
RTK-GPS measurements, the optical image correlation produced a more coherent deformation pattern and
more detailed information on the extent and distribution of deformation. The results of the kinematic analysis
suggest that the entire body of the small landslide moved slowly during the monitoring period.

INDEX TERMS Image correlation, kinematic, Pleiades-1 images, real time kinematics-global positioning
system, small and slow-moving landslides.

I. INTRODUCTION

Landslide is one of the major natural hazards causing sig-
nificant damage to lives, properties, and infrastructure, par-
ticularly in mountainous terrain. One of the main problems
faced in landslide studies is the challenge of detecting and
assessing the conditions of small failures. Small failures typ-
ically require more precise and accurate sensors to enhance
the mapping of landslide surface features. The availability
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of the latest generation of very high resolution (VHR) opti-
cal satellite images (e.g. RapidEye, QuickBird, Ikonos-2,
and Pleiades-1) permits the production of highly informative
landslide inventory maps.

This paper was motivated by the existence of small and
slow-moving landslides in Kutlugiin of Macka, Turkey. The
available landslide inventory map for this area shows the exis-
tence of 51 landslides with a length of 117 to 995 m [1]. There
is no available inventory for small landslides with lengths
less than 10 m and areas smaller than 100 m?. These small
landslides are often ignored because of their perceived less
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severe impact. If not urgently remediated they may escalate
and cause damage to facilities such as roads and pipelines.

Slow-moving landslides exhibit seasonal variations in their
rate of movement depending on the causal factors [2].
Their displacement rates are extremely slow and very slow
(< 1.6 m/year) according to the classification proposed by [3].
They generally exhibit active and continuous movements
with some fluctuations in displacement rates caused by
variations in environmental forces such as earthquakes and
rainfall. A good case is the Slumgullion landslide in the
United States of America which has been moving slowly with
seasonally varying velocities for more than 300 years [4].
Although slow-moving landslides may not necessarily lead
to loss of lives, compared to rapid slope movements, they
may be precursors for faster and more destructive mass move-
ments and can cause severe disruption to roads, buildings, and
other infrastructures. According to the United States Trans-
portation Research Board, the yearly expenditures for the
maintenance of small slope failures by the State Department
of Transportation were estimated to be over $100 million [5].

It may be difficult to detect the effects of slow-moving
landslides as they are usually recognized by cracks or ruptures
on ground surfaces or the affected facilities. The detection of
slow-moving landslides is also challenging due to difficulties
in determining their mechanisms, the exact area vulnerable to
landslides, the displacement rate, and the prediction of their
future behavior. However, increasing pore-pressure driven by
seasonal rainfall is the known mechanic that acts upon slow-
moving landslides [6]. It is important to monitor the displace-
ment rates of slow-moving landslides for an improved under-
standing of the kinematics of the landslide processes and to
provide support for decision-makers in land management and
hazard assessment. Kinematics provides information on the
temporal and spatial forces operating within the landslides,
the geometries of the landslide boundary, mechanical prop-
erties of soil or rock, conditions of external forcing such
as rainfall and earthquake, and the characteristics of future
landslide displacements [7].

Due to their complex nature, the displacements of slow-
moving landslides can be measured using the widths of
the cracks associated with them. The conventional methods
employed to determine the displacement of slow-moving
landslides are mostly extensometer, inclinometer, total sta-
tion, and Global Positioning System (GPS). These methods
are not economical as they have limitations in spatial cov-
erage, and they are time-consuming and labor-intensive [8].
Among these methods, the GPS technique has been fre-
quently used in periodic and continuous three-dimensional
(3D) monitoring of slow-moving landslides [9] and [10].
The deformation information acquired by GPS is point-based
and numerous GPS points are required for wider area cov-
erage. This is not economical in terms of time and cost.
It is also challenging to deploy GPS in a typical rugged
landslide environment, and the possibility of the equipment
being damaged during a landslide event. The development
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of Real Time Kinematics-Global Positioning System (RTK-
GPS) technology with the characteristics of high-precision,
low-cost, and simple operation has become a fast, efficient
tool in landslide monitoring, but there still exists the problem
of heavy field workload.

The accessibility of the difficult mountainous terrain is
challenging with the above conventional methods. The recog-
nition of cracking and the determination of crack widths
associated with small and slow-moving landslides are often
difficult. This is because some cracks may be hidden under
debris or sand boils, and some of the visible cracks may not
have an obvious cause. Also, the measurement of the crack
width requires good skill and judgment, as the width may
be overestimated if the sides of the crack have slumped [11].
These challenges can be overcome by using the optical image
correlation method to measure the displacement rates of the
small and slow-moving landslides.

The correlation of VHR optical satellite images has been
used to measure 2-dimensional (2D) displacements (with
decimeter accuracy) caused by landslide phenomena on the
Earth’s surface. QuickBird images were used to compute
landslide displacements in different time intervals and deter-
mine the movement of the slope slide mass with a yearly
displacement of 2.5-20 m [12]. A study to evaluate the per-
formance of the least squares matching (LSM) technique by
comparing it with the normalized cross-correlation (NCC)
method was carried out using QuickBird satellite images
acquired at the La Clapiere landslide in France [13]. The
results of the study using the signal-to-noise ratios (SNR)
gain show comparable enhancement in the accuracy of the
estimated displacement when using the LSM technique. P1éi-
ades satellite images were used for landslide displacement
measurement with a focus on using minimal ground con-
trol requirements and without using external digital eleva-
tion models (DEMs) and the largest error of 0.13 m was
reported [14]. The findings of the study by [14] show that
ground control requirements are useful for precise georefer-
encing of the digital surface model (DSM) and the displace-
ment maps but have a nominal effect on the absolute values of
the determined displacements. A study by [15] explored the
potential of using ZY-3 and WorldView-2 images to simul-
taneously analyze the 2D displacements and strain field of
the Xishan landslide in China using digital image correlation
technique and recommended the possibility of 3D image
correlation in the future.

In this paper, the kinematic analysis of small and slow-
moving landslides in Kutlugiin, Magka District, Turkey is
presented. The main objectives of this paper are to detect
and map, and quantify the kinematics of the small and slow-
moving landslides in the study area. In order to accomplish
these objectives, the object-based image analysis (OBIA)
technique, rule-based classification approach, and Pleiades
images were employed to detect and map small and slow-
moving landslides using the attribute parameters, namely
spectral, texture, spatial, and topography. The correlations
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of two Pleiades images were performed to determine the
horizontal displacements of the small landslides using the
software Co-Registration of Optically Sensed Images and
Correlation (Cosi-Corr) [16]. Also, the Kalman filtering tech-
nique and Real Time Kinematics-Global Positioning Sys-
tem (RTK-GPS) data were applied to develop a kinematic
deformation analysis model, for determining the horizontal
displacements and velocity fields of the landslide study area.

Il. MATERIALS AND METHODS

A. STUDY AREA

The study area is Kutlugiin in the Macka district of Turkey,
covering an area of 25 km? (Fig. 1). The area has a temperate
climate in the summers and rainy season normally lasting
from September to April. The average annual rainfall of the
area is about 830 mm [17]. February is the coldest month with
an average temperature of 6.7 °C, while the hottest month
is August with an average temperature of 23.2 °C [18]. The
topographic components of the area include hillsides, moun-
tains, valleys, and stream channels, and the hydrology of the
area is controlled by the activities of the Degirmendere River
Basin. The geology of the Kutlugiin landslide area consists of
weathered andesite-basalt and pyroclastic rocks, with clays
developing due to the weathering of the rocks [19]. The type
of landslide movement in the study area is translational, and
the movement amounts to several centimeters per month [19].
The Kutlugiin landslides have contributed to the deformation
of the highway, and the destruction of a retaining wall and
potable water pipeline in the study area [20].

B. DATA AND MATERIALS
Table 1 gives the details of the data sets used for the analysis
in this paper.

The main causative factor for the Kutlugiin landslides was
identified as changes in the groundwater level [19]. In order
to determine the temporal changes of deformation in the
study area, it was important to choose the most appropri-
ate observation periods. The period with the highest rainfall
regime was chosen as the most appropriate window for the
data acquisition (Fig. 2, [21]). Based on this consideration,
RTK-GPS observations were carried out between October
2012 and March 2013 using TUSAGA-Aktif GNSS Network
in Turkey. The RTK-GPS data was acquired at almost the
same time as the Pleiades-1 image.

C. METHODOLOGY

The work packages in this paper include the detection and
mapping of small and slow-moving landslides in the study
area, orthorectification and co-registration, displacement esti-
mation, post-processing, and the kinematic deformation anal-
ysis model. The flowchart of the methodology is given
in Fig. 3.

1) DETECTION AND MAPPING OF SMALL LANDSLIDES
One of the main goals of this paper is the detection and
mapping of small landslides (with lengths less than 10 m and
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FIGURE 1. Pleiades image of study area showing GPS points.

areas smaller than 100 m?) in the study area using Pleiades-1
images and ASTER GDEM. The high spatial resolution mul-
tispectral Pleiades-1 imagery was enhanced by combining
the panchromatic data with 4-band multispectral data using
the Principal Component Analysis (PCA) pan-sharpening
module. The semi-automated object-based image analysis
(OBIA) and rule-based classification algorithms were uti-
lized to detect and map the small landslide features. These
algorithms were implemented in ENVI 5.1 software. The
parameters applied in the rule-based classification in this
paper were based on spectral, texture, spatial (geometric),
and topography attributes. The analysis of these parameters
was based on a comparison of small landslides with other
surrounding features. The rule-based approach was used to
classify the various land cover types in the study area into
either landslide or no landslide.

The spectral attributes and the range of values used for the
detection of small landslides are given in Table 2. The main
spectral parameters employed are the Normalized Difference
Vegetation Index (NDVI), the reflectance values, and the Hue,
Intensity, and Saturation (HIS).

The gray level co-occurrence matrices (GLCM) were
used to analyze textures. The five GLCM parameters com-
monly employed in texture analysis are contrast, correla-
tion, entropy, standard deviation and mean [22] and [23].
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TABLE 1. Data used for the study.

Data Data/time Mean Across/ | Mean Solar azimuth/ Spectral bands Resolution
of acquisition Mean along | Across/ elevation
(dd/mm/yyyy) track viewing | Mean along
angle track
incidence
angle
Pleiades-1A 21-10-2012 15.66/ -19.79/ 168.92/ PAN: 0.47-0.83 pm (black and | PAN=0.7m
(Mono) 08:30:15.8 -12.24 9.97 37.70 white); MS bands: Blue = 0.43- | MS=2.8m
Pleiades-1A 03-04-2013 -4.47/ 5.26/ 152.73/ 0.55 pm; Green = 0.50-0.62 pm;
(Mono) 08:18:20.9 2.08 -1.20 51.66 Red =0.59-0.71 pm; Near Infrared
=0.74-0.94 um
GPS epochl 24-10-2012 5 mm
GPS epoch2 25-01-2013
GPS epoch3 25-03-2013
ASTER 17-10-2011 30 m
GDEM
SRTM 11-02-2000 (Date acquired) 30 m
17-04-2013 (Date updated)
140 mm
120 mm _] ASTER Pleiades-1 Pleiades-1 SRTM RTK-GPS
100 mm GDEM (Image 1) (Image 2) DEM
g 80 mm
§ 60 mm J — l \—* l ‘—l
% 40mm Pan-Sharpened Orthorectification
0 i ]] Image and co-registration

0mm T T T T T T T T T T T T
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FIGURE 2. Average monthly precipitation for the study area in the period
(2010-2017).

These attributes and their range of values are given in Table 3.
The spatial attributes and the range of their values employed
in the detection of small landslides are given in Table 4.

Topography characteristics, namely slope, and elevation
were also employed as landslides always occur at high ele-
vations. These topography attributes were generated from a
digital elevation model (DEM). In the study area landslides
occurred at elevations from 1000 m to 1500 m, with slopes
greater than 50%.

2) ORTHORECTIFICATION AND CO-REGISTRATION OF
SATELLITE IMAGES

Orthorectification and co-registration are the pre-processing
steps carried out before the image correlation was performed.
Orthorectification is the process of eliminating the effects
of image perspective and relief effects to produce a plani-
metrically correct image. The procedure for orthorectifica-
tion employs the automatic creation of ground control points
(GCPs). Using a raw image (slave) a precise set of GCPs was
created based on an already orthorectified image (master).
The GCPs were created using an initial rough selection of
manually determined tie-points which are iteratively refined.
The generated tie-points were filtered and those located in
unstable areas (susceptible to displacement) were removed.
The first-order polynomial was used to fit the remaining
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FIGURE 3. Flowchart of methodology.

tie-points and the residuals for each point were computed.
A root means square error (RMSE), which represents the
scatter of all points about the best fit line, was then determined
for the entire fit. All tie-points with high residuals were
eliminated, and only those with acceptable RMSE values and
suitable distribution and density were utilized.

Ninety-one tie-points were chosen on stable objects in a
suitable distribution between ortho-image and raw Pleiades-
1 image (21 October 2012). The tie-points were then trans-
formed into GCPs for precise orthorectification. Ten GCPs
were utilized and the average misregistration between the
ortho-image and Pleiades-1 (3 April 2013) was 15 mm,
with a standard deviation of 30 mm. Eighty-seven tie
points were also chosen on stable objects in the suitable
distribution between this first master ortho-image (from
Pleiades-1 image on 21 October 2012) and raw Pleiades-1
image (3 April 2013). Eight GCPs were produced between
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TABLE 2. Spectral attributes and range of values.

Feature Explanation Bands Range of values
Reflectance Mean of pixels comprising a segmented object in the | Red 0.058-0.216
(spectral-mean) blue, green, red or near-infrared band. Green 0.056-0.168
Blue 0.055-0.102
Near-Infrared 0.120-0.240
NDVI Ratio of the difference between near-infrared and red | NDVI (spectral | 0.124-0.361
reflectance to their sum as an indicator of vegetation | mean)
greenness.
HIS Colour space transformation from red-green-blue colour | Hue 10-330
model (RGB) to Hue, intensity and saturation (HIS). Intensity 0.220-0.780
Saturation 0.040-0.340

TABLE 3. Textural attributes and range of values [22].

Feature Equation Explanation Range of values
Contrast N-1 This is a measure of contrast or local | Not Applicable
P2 i ity. Wh 1l i the
P_ (i— intensity. When cell is on
Z() ) ( J ) diagonal of the matrix (i =) = 0.
LJ=
This is a measure of linear | Not Applicable
i N-1 | — | — -
Correlation (l lul)( ] /uj) dgpendency qf gray lfe\./el betwgen
P |l — "/ pixels at specified positions relative
— ) 2 2 to each other.
i,j=0 (O-i )(O-j )
Entropy N-1 This is a measure of energy quantity | NDVI (entropy):
Z P (—ll’l P ) permanently lost to heat when there | -11.70 to -11.00
— LJ LJ is a physical transformation.
t,J=
Standard Variance: This is computed from GLCM | NDVI (Variance):
Deviation N-1 N-1 variance, which is based on the | 0.001-0.003
2 _ - 2, 2 _ . 2 | mean and the dispersion around the
o) =Y R i—p)s07 =2 B ,(j- 1) | min
i,j=0 i,j=0
Standard Deviation:
[ 2, [ 2
O;=40;; 0;,=4/0;
Mean N-1 N-1 The GLCM mean is based on the | Red band (mean): 0.007-0.180
o= i(P.); u = Z (P . pixel values weighted by the | Green band (mean): 0.06-0.15
H; Z ( ”/)’ ’u/ ~ ]( ”J) frequency of its occurrence in | Blue band (mean): 0.06-0.11
£,j=0 1,j=0 combination  with neighbouring | R band (mean): 0.12-0.24
pixel value. NDVI (mean): 0.20-0.40

the image pairs and the average misregistration was 10 mm,
with a standard deviation of 25 mm. After the generation
of accurate GCPs, the computation of the mapping matrices
linking ground coordinates with raw pixel coordinates was
carried out, to resample the raw image to the orthorectified
image.

Co-registration was carried out to precisely align the pre-
and post-event images such that when the images were over-
laid, the homologous points between the images were at the
same location. This process eliminates errors associated with
distortions and geo-referencing that remain after orthorec-
tification. In this process, the orthorectification of image
spots from the raw slave image was accomplished and their
misregistrations with the master image were determined from
correlation.

The SRTM 30 m resolution digital elevation model (DEM),
prepared by the United States Geological Survey (USGS) was
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used in the orthorectification and co-registration processes.
A digital elevation model is not indispensable when applying
Cosi-Corr for image correlation. But in mountainous terrain
such as the Kutlugiin study area, it was useful to integrate
an elevation model to mitigate the effects of topography and
distortions during the process of image matching [24].

3) DISPLACEMENT ESTIMATION

Several techniques of sub-pixel image correlation have been
developed and used in landslide analysis [12] and [25],
co-seismic deformation studies [26] and for glacier analy-
sis [27]. In optical image correlation, a pre-event image of
the area of interest is compared with a post-event image of
the same area. From this comparison, a map of displacements
is produced, and the displacement rates can be determined
from this map. In this study, the displacements of small and
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TABLE 4. Spatial attributes and range of values.

Feature Explanation Range of values

Area Total area of the polygon, minus the area of the holes. <100.00

Length The combined length of all boundaries of the polygon, including the boundaries of the holes. <10.00

Compactness A shape measure that indicates the compactness of the polygon. <2.50

Solidity A shape measure that compares the area of the polygon to the area of a convex hull surrounding the | <0.80
polygon.

Roundness A shape measure that compares the area of the polygon to the square of the maximum diameter of | <0.50
the polygon.

Elongation A shape measure that indicates the ratio of the major axis of the polygon to the minor axis of the | <2.00
polygon.

Rectangular-Fit A shape measure that indicates how well the shape is described by a rectangle. <0.60

slow-moving landslides were determined using very high-
resolution Pleiades-1 satellite images.

Cosi-Corr [16] is the sub-pixel algorithm implemented in
this study. It is a robust coarse-to-fine algorithm based on an
iterative, unbiased processor that estimates the phase plane
using the Fourier algorithm. The software package is a free
add-on to the IDL-based module for the remote sensing plat-
form ENVI. Cosi-Corr has a graphical user interface, and the
user can define the type of correlator (frequency or statistical)
and the size of the correlation window.

The sub-pixel correlation approach employed in this study
is the phase correlation. This method is more robust and
accurate compared to other classical techniques. The relative
displacement between two pre-and post-event images can be
derived from the phase difference of the Fourier transform as
follows [28] and [29]:

x,y) =i1(x = Ax,y — Ay) ey

where i1 and i are the two images; A, and A, are changes
in displacement

DL(wy, wy)eij(waXJr"))'Ay) )

where I and I, are the Fourier transform of the two images;
w, and wy, are the amplitudes of the frequencies.

The expression of the normalised cross power spectrum of
images i1 and iy is given as

I (wx’wy) I3 (“’x’a’y) — @Aty
[ (wy , wy)];(wxv wy)|

Cin (a)x, a)y) =

3

Using the Fourier shift theorem, the relative displacement
is given as

Fl el (@cdetoydy)y — s 4 ALy + Ay) )

The first step of the process involves the computation
of the pixel displacement between two windows and moving
the windows to make allowance for the relative displace-
ment. The subpixel displacement is then determined based
on a correlation conducted on the relocated windows. The
results include two correlation images: the horizontal ground
displacement components (East-West and North-South), and
a Signal-to-Noise Ratio (SNR) for each measurement, for
assessment of the quality of the results. The accuracy in the
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measurement of horizontal offsets using Cosi-Corr is in the
order of 1/20-1/10 of the pixel size.

4) POST-PROCESSING

Post-processing is required to remove (or edit) wrong
matches in the displacement field, which are caused by ambi-
guity and occlusion. The common indices used in the editing
process are the signal-to-noise ratio (SNR) and correlation
coefficient [30], where low signal-to-noise ratio and low cor-
relation coefficients matched are removed. The displacement
estimates are filtered by removing any pixel with SNR val-
ues lower than 0.90, thus allowing only displacements from
well-correlated chips to remain. More sophisticated post-
matching filtering methods were also used for filtering the
measurements. Some of the filtering methods include using
coherence of the displacement, the displacement direction,
the maximum displacement, the maximum cross-correlation
coefficient, efc. [25]. All these filtering methods require man-
ual tuning of thresholds.

5) KINEMATIC DEFORMATION MODEL

Ninety-five (95) GPS points covering the study area and its
environment were established to acquire measurements at a
specified interval of time. These GPS points were employed
to monitor the small landslides. Two periods of RTK-GPS
observations of about 2 minutes were acquired at each point
(on October 2012, January 2013, and March 2013), and
10-epoch of observations (for every three months) were
acquired at each GPS point using TUSAGA-Aktif GNSS Net-
work in Turkey. In order to determine the displacements and
velocities of the study area, the analyses were concentrated on
the area with a high concentration of small landslides, which
consisted of 35 GPS points (see circled area in Fig. 4).

The kinematic deformation model based on the Kalman
filtering technique was developed using the adjusted coordi-
nates X, Y, Z; of the points and their RMSE my, , my, , mz,
values at the period k. Equation (5) below gives the differ-
ences of the coordinates between two periods for the object
point [19] and [31].

AXp 1 = X1 — Xk
AYg g1 = Yir1 — Vi
AZg k41 = Zk+1 — Zk (5)
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FIGURE 4. Area with high concentration of small landslides.

Applying the error propagation rule to (5) results to:

0AXk k+1 IAXk k+1
AAXy 41 = —— X + ——— . dX
k,k41 X, k+ o k+1
OAYk k+1 IAYk k+1
dAAYj j41 = ————= - dYV} + ——"= . Y]
kk+1 Y kK + YN k-+1
OAZy k41 OAZk k+1
dAZ = ——— . dZ} + ————— -dZ 6
k. k+1 o7 k + 0 AZion k+1 (6)
Re-writing (6) in matrix form gives:
dXi
dAXy iy -10 0100 Zg"
dAY 411 =] 0 =1 0010 X k (7
dAZy j11 0 0 -1001 le’fI
+
dZy 11
The A matrix is given in (8).
-1 0 0100
A= 0 -1 0010 (8)
0 0 —-1001

From (7) the variance and co-variance matrix of the func-
tional model is given as follows:

m, 0 0 0 0 0
k
0my 0 0 0 O
PR my 0 0 0 9
W= 0 0 0o ml, 0 0 ©)
00 0 0 my, O
L0 0 0 0 0 my
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Using (7) and (9), a time-dependent kinematic model con-
sisting of displacements and their velocities can be obtained
as follows [19] and [31]:

X1 = Xk + (k1 — 1) Vx,
Yir1 = Ye + (k41 — 1)V,
Ziy1 = Zi + (k1 — 1) Vz,

VXk+l = Vx,
VYk+1 = Vy,
Vzir = V7 (10)

where: X, Yi, Z; are the adjusted point coordinates at a time
or period k, and Vy, , Vy,, Vz, are the velocities of point coor-
dinates. The matrix form of (10) also known as the functional
model for the kinematic single point model is given in (11)
and a shorter form in (12).

X X
Y Y
= | Z | I — 1) Z
Ye=1y, - [0 I Vx an
VY VY
Vz k+1 Vz 1k
Yie =T k1Yk (12)

where: Yy Prediction status (displacements and velocities at
period k); Yi: Status vector at period k; Ty x+1: Prediction
matrix; and /: Unit matrix. The prediction state vector at
period k and its covariance matrix can be obtained as (13)
and (14).

Yi = Tixs1 Ye 4 N gr1wi (13)
Opyr = Tk,k+1Qf/f/,kaT,k+1 +Nk,k+1wa,kN;Zk+1, (14)

where: Ny r+1 is the system noise matrix; wy is the random
noise vector at period k; ny’ « 1s the cofactor matrix of status
vector and Q,,, « is the cofactor matrix of system noises.

The kinematic model was adjusted and given in matrix
formin (15) and (16). The functional model and the stochastic
model for the Kalman filtering method are given in (16) and
(17), respectively [19] and [31]

Ly + Vi = ATy (15)
YT1_[L7s  [Vix
A L A

_ | Qv O
Qk_[ 0 QLL,k] (17

where: V is the innovation vector; L; is the actual observa-
tion; Ay f/k is the predicted observation. Using (16) and (17),
the solution of the kinematic model was determined, and the
displacements and velocities were computed based on the two
periods of RTK-GPS observations.

lll. RESULTS

A. DETECTION OF SMALL LANDSLIDES

The results of the proposed semi-automated object-based
methodology for the detection of small landslides are given
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in Fig. 5. A total of 123 small landslides covering a total area
of approximately 413.332 m?, were detected in the study area.
The inventory map consisting of coordinates of 95 points
acquired in the landslides study area using RTK-GPS periodic
field surveys was employed to evaluate the accuracy of the
proposed methodology for small landslides detection. The
accuracy of the detected landslides was realized by using
ArcMap 10.3 to compare the observed GPS points with the
polygons obtained from the semi-automated OBIA-derived
landslides.

The results of the accuracy assessment for detected small
landslides in this study produced 81.8% (user’s accuracy)
and 80.6% (producer’s accuracy). An area-based confusion
matrix produced the accuracy of the landslide mapping as the
user’s accuracy (89.8%) and the producer’s accuracy (90.4%).
The quality percentage (82%) and kappa index (0.87) were
high and showed the efficiency of using the proposed method-
ology for the detection and mapping of small landslides in the
study area.
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B. CORRELATION RESULTS

The correlation results consisting of the East-West displace-
ment map, North-South displacement map, and Signal Noise
Ratio (SNR), are given in Fig. 6-8. In the image correlation,
a chipped window of 128 x 128 pixels was used to determine
the displacement estimates. The displacements with SNR less
than 0.90 were considered decor-related pixels and removed
from the results.

For the pre- and post-event images, the difference in angles
of the line-of-sight in the East-West direction (mean along
track viewing angle) was much greater than the difference
in angles of the line-of-sight in the North-South direction
(mean across track viewing angle). Thus, the East-West dis-
placements have more noise compared to the North-South
displacements. The areas of decorrelation in the East-West
displacement map can also be attributed to the presence of
clouds in the Pleiades-1 image acquired on 21 October 2012.
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The area close to the toe of the landslides also experienced
decorrelation due to high displacement rates caused by soil
removal.

In the correlation, the SNR generally has high values with
an average of 0.95. However, lower SNR values are obtained
in areas with low elevation, while relatively high SNR values
appear in areas with high elevation. As agricultural activities
are mostly concentrated in the mountain foothills, changes
can occur in the vegetation cover leading to decorrelation.
Thus, there may be unreliability in the displacements detected
in this part of the landslide. The valley areas have a lower level
of noise after correlation as they have little vegetation with no
agricultural activity.

The schematic diagram of the Kutlugiin landslide is given
in Fig. 9, while the plot of GPS points in the landslide area is
given in Fig. 10. The average displacement value (24.04 mm)
is highest in the area close to points (Pt. 21, Pt. 22, and Pt. 23)
due to the presence of minor quarry activities there. For the
area close to the toe of the landslide the average displace-
ment is 9.18 mm, while the area close to the crown section
of the landslide has an average displacement of 8.35 mm.
Generally, the direction of displacements from optical image
correlations is northward (Fig. 11). The circled areain Fig. 11
coincides with the area captured in Fig. 4, 9, and 10.
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FIGURE 9. Schematic diagram of Kutlugiin landslide area.

C. GPS DISPLACEMENTS AND VELOCITIES

The kinematic deformation model based on the Kalman fil-
tering method was implemented in Microsoft Excel. The
kinematic analysis was performed using two periods of RTK-
GPS observations: October 2012-January 2013 and October
2012-March 2013. The movement parameters of the small
landslides include point displacements and their velocities.
Tables 5 and 6 show the results of velocities for October
2012-January 2013 and October 2012-March 2013, respec-
tively. The values of velocity were divided by the square-
mean errors. Statistical tests were performed by comparing
the test values (T) with the t-distribution table values (q).
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If velocity values have meaningfully changed, a (4) sign
is assigned; alternatively, a (-) sign is assigned. As shown in
Tables 5 and 6 almost all the points in the landslide area show
significant movements, with varying magnitudes of velocity.

The deformation of GPS points from 24 October
2012 to 25 March 2013 is given in Table 7. The displacement
of the small landslides from the RTK-GPS observations var-
ied from 2.77 mm (Pt. 11) to 24.87 mm (Pt. 21) in 6 months,
while the velocity varied from 0.80 mm to 8.28 mm/6 months.
31% of the GPS points have displacement values of less than
5 mm, which is largely attributed to the relatively gentle
slopes there. 46% of the points have displacement values
ranging from 5 - 15 mm. 14% of the points have displace-
ment values ranging from 15 — 20 mm, and 9% of the
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TABLE 5. Velocity values calculated with kinematic model between october 2012 and january 2013.

Velocities Test Values for velocities and decisions (q = 2.04)
Pt. (mm/3Months)
Vx, Vy, Vz, Tx, Decision Ty, Decision Ty, Decision

1 -0.17 | 0.51 -4.24 | 2.36 + 6.85 + 38.58 +
2 -0.01 | 0.45 -2.33 | 0.20 - 7.05 + 22.79 +
3 -0.22 | 0.05 -1.61 | 4.26 + 1.00 - 15.05 +
4 -042 | -0.27 | -1.51 | 3.26 + 2.12 + 6.46 +
5 -0.70 | 0.85 -1.70 | 14.41 + 17.46 + 13.14 +
6 -0.33 | 0.47 -0.23 | 5.07 + 7.07 + 2.35 +
7 -0.11 | 0.31 -1.05 | 2.49 + 6.38 + 10.29 +
8 -0.02 | 0.11 -0.10 | 0.63 - 2.36 + 1.45 -
9 0.13 0.12 1.05 2.56 + 2.35 + 7.04 +
10 1.23 0.25 -5.03 | 29.13 + 6.00 + 50.17 +
11 -0.10 | 0.35 -4.18 | 1.12 - 353 + 26.73 +
12 1.79 0.29 -1.08 | 39.30 + 6.63 + 11.40 +
13 6.70 0.57 -6.63 | 86.72 + 7.45 + 30.45 +
14 -2.20 | 00.00 | 1.62 29.37 + 0.09 - 10.31 +
15 0.56 -0.81 0.56 8.18 + 11.65 + 4.27 +
16 0.67 -048 | -6.19 | 8.67 + 6.30 + 45.97 +
17 0.87 0.37 0.43 9.21 + 3.99 + 3.03 +
18 0.10 -0.23 | 0.00 1.60 - 3.59 + 0.05 -
19 -2.85 | 0.30 -3.25 | 9.15 + 0.99 - 5.75 +
20 -2.89 | 0.19 -4.21 | 3.55 + 0.25 - 2.99 +
21 -4.06 | 1.47 -1.92 | 57.22 + 20.69 + 14.88 +
22 0.57 0.50 -0.11 | 6.85 + 6.01 + 1.12 -
23 -045 | -038 | -1.25 | 7.65 + 6.52 + 6.99 +
24 -0.13 | 0.88 -0.73 | 3.03 + 17.29 + 14.25 +
25 -042 | -0.11 | -1.03 | 6.92 + 1.89 - 10.28 +
26 -0.15 | 0.56 -0.86 | 2.28 + 7.71 + 6.56 +
27 -0.95 | 2.41 -2.07 | 18.42 + 46.59 + 12.69 +
28 -0.30 | 1.52 -1.55 | 532 + 26.15 + 11.35 +
29 -1.01 1.02 0.18 16.87 + 17.03 + 1.61 -
30 -0.16 | 6.02 -1.75 | 3.02 + 106.39 + 13.75 +
31 1.12 0.73 0.74 14.58 + 9.53 + 4.75 +
32 -0.16 | l.04 -1.11 | 2.03 - 19.51 + 5.92 +
33 -045 | 1.62 -1.23 | 1047 + 37.66 + 12.78 +
34 0.24 0.71 0.30 3.86 + 11.05 + 1.81 -
35 -0.22 | 1.21 -1.84 | 4.83 + 24.76 + 15.69 +

points (Pt. 21, Pt. 22, and Pt. 23) have displacement values
above 20 mm (average value of 23.35 mm). The high dis-
placement values of these points can be ascribed to small
quarrying activities close to them. The average displacement
value for points close to the toe of the landslide is 8.32 mm,
while the average displacement for points close to the crown
section of the landslide is 7.58 mm.

Fig. 12 indicates the trends in the directions of movement
of the 35 points between October 2012 and January 2013.
23 points (representing 65.7%) moved in the northwest direc-
tion; 7 points (representing 20%) moved in the northeast
direction; 3 points (representing 8.6%) moved in the south-
east direction, and 2 points (representing 5.7%) moved in the
southwest direction.

Fig. 13 indicates the trends in the directions of move-
ment of the 35 points between October 2012 and March
2013. 30 points (representing 85%) moved in the northwest
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direction, and 5 points (representing 15%) moved in the
northeast direction.

These trends show that the landslide movements in the
study area are dominantly in the directions of northwest and
northeast. The results agree with that of previous work in the
study area [19].

D. COMPARISON OF DISPLACEMENT PATTERNS

The results of optical image correlation are plotted as velocity
vectors in Fig. 11, while the results of GPS vector measure-
ments are plotted in Fig. 12 and 13. All the vector plots
indicate dominant northward motion. The GPS monitoring
results indicate that the movement rate of the small landslide
ranged from 0.80 — 8.28 mm during the monitoring period.
The average displacement value for all the monitoring points
in the study area is 9.88 mm, while the average movement
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TABLE 6. Velocity values calculated with kinematic model between october 2012 and march 2013.

Velocities (mm/6months) Test Values for velocities and decisions (q = 2.04)
Pt. Vx, Vy, V. Tx, Decision Ty, Decision Ty, Decision
1 -1.04 0.70 -2.77 24.49 + 16.50 + 44.17 +
2 -0.7 1.3 -54 7.66 + 5.99 + 13.82 +
3 -0.72 0.75 -2.31 5.30 + 8.18 + 7.42 +
4 -0.85 0.41 -3.54 8.93 + 4.82 + 17.23 +
5 -1.73 1.17 -2.87 33.21 + 22.31 + 21.27 +
6 -0.52 1.42 -2.54 3.95 + 10.70 + 14.19 +
7 -1.18 1.25 -2.07 9.99 + 9.15 + 6.87 +
8 -0.26 0.85 -0.73 3.20 + 7.01 + 4.21 +
9 -0.57 0.69 -1.30 4.53 + 5.56 + 3.30 +
10 1.46 0.50 -7.09 11.90 + 4.23 + 24.30 +
11 -0.49 0.63 -7.56 4.97 + 4.72 + 30.33 +
12 0.48 1.09 -3.95 4.54 + 10.80 + 17.93 +
13 6.12 1.93 -7.83 74.85 + 24.19 + 40.66 +
14 -3.85 0.77 0.00 12.94 + 7.54 + 0.00 -
15 -1.29 3.24 -1.27 10.61 + 26.41 + 5.61 +
16 -0.49 3.19 -8.94 3.05 + 19.97 + 34.30 +
17 -0.47 3.22 -2.06 2.16 + 15.71 + 6.30 +
18 -1.49 2.79 -1.52 6.32 + 9.55 + 4.90 +
19 -5.09 2.46 -6.17 14.55 + 11.25 + 9.33 +
20 -3.45 1.75 -6.78 8.11 + 14.59 + 7.40 +
21 -7.09 4.28 -3.65 45.01 + 27.29 + 11.19 +
22 -2.08 6.28 -0.77 9.59 + 29.25 + 3.53 +
23 -4.47 6.72 -2.88 20.86 + 31.71 + 3.94 +
24 0.19 2.04 -0.34 1.21 - 9.96 + 1.69 -
25 -0.88 0.68 -2.67 5.87 + 5.45 + 9.02 +
26 -0.61 1.43 -2.14 6.03 + 11.49 + 8.21 +
27 -3.06 5.42 -4.44 4231 + 74.57 + 22.07 +
28 -1.86 3.61 -3.28 18.29 + 33.94 + 13.28 +
29 -2.67 2.14 0.63 28.44 + 22.81 + 3.66 +
30 -3.61 391 -3.53 18.36 + 17.54 + 7.21 +
31 0.56 1.85 -0.79 5.47 + 18.12 + 3.52 +
32 -0.63 3.50 -2.41 7.95 + 37.48 + 9.62 +
33 -1.31 3.56 -3.53 12.68 + 33.96 + 13.54 +
34 0.04 1.59 -0.48 0.40 - 14.35 + 1.61 -
35 -0.09 0.25 -0.36 5.50 + 14.05 + 9.33 +
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FIGURE 12. Trends of landslide movements (Oct. 2012 - Jan. 2013).

rate is 3.11 mm during the 6-month monitoring period. The
RMSE of the overall accuracy of displacement was estimated
to be £0.50 cm.

For the area of largest movement, the average displacement
computed from the Pleiades-1 image correlation (24.04 mm)
is close to that of the GPS measurements (23.35 mm).
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FIGURE 13. Trends of landslide movements (October 2012 - March 2013).

The average displacement values for the area close to the
toe of the landslide are 9.18 mm from the optical image
correlation and 8.32 mm from the GPS measurements. Also,
the average displacement values for the area close to the
crown section of the landslide are 8.35 mm from the optical
image correlation, and 7.58 mm from the GPS measurements.
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TABLE 7. Deformation of GPS points from 24 october 2012 to 25 march 2013.

GPS Pt. Displacement (mm) Velocity (mm/6 months)
1 7.54 1.25
2 5.56 1.48
3 3.94 1.04
4 3.13 0.94
5 6.29 2.09
6 4.62 1.51
7 5.59 1.72
8 3.16 0.89
9 3.17 0.89
10 4.64 1.54
11 2.77 0.80
12 3.63 1.19
13 19.28 6.42
14 12.49 3.93
15 10.55 3.49
16 9.96 323
17 10.38 3.25
18 10.79 3.16
19 18.92 5.65
20 15.28 3.87
21 24.87 8.28
22 20.40 6.62
23 24.77 8.07
24 6.17 2.05
25 3.64 1.11
26 4.84 1.55
27 18.70 6.22
28 12.28 4.06
29 10.30 342
30 16.72 5.32
31 5.86 1.93
32 10.72 3.56
33 11.39 3.79
34 4.80 1.59
35 8.54 2.83

The results obtained from these two approaches compare very
well, with the deformation pattern obtained from the optical
image correlation producing better coherency.

IV. DISCUSSION
In this paper small and slow-moving landslide objects, which
can cause damage to facilities such as roads and buildings,
were extracted from segmentation of very high-resolution
Pleiades-1 imagery and ASTER GDEM. The landslide recog-
nition parameters were quantified using spectral character-
istics of the objects such as NDVI, textural characteristics
such as GLCM, spatial characteristics such as area, length,
roundness, and elongation, and topography information such
as slope and elevation. The developed landslide algorithm
was validated in the Kutlugiin test site in Northeastern Turkey,
and the accuracy assessment of the results showed better
landslide detection using the proposed methodology.

While the optical image correlation technique was able to
detect small landslide movements in the study area, many
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factors influenced the quality of the correlation results.
The difference in the acquisition angles between the two
Pleiades-1 images posed the greatest influence on the cor-
relation results. This influence caused false matches during
the correlation process, and thus, the displacement results,
especially the East-West displacement map, tended to have
more noise. The second influence on the precision of image
correlation was the co-registration errors. The RMSE of the
tie points was a reliable predictor of correlation precision and
the dominant error source. A greater number of tie-points was
generated in urban areas with diverse features/textures com-
pared to agricultural areas with similar features/textures. The
texture of the area of interest also affected the results of the
correlation process [11]. The correlation process produced
better results in areas with diverse features/textures.

The results obtained from both image correlation and GPS
monitoring show that the landslide has experienced move-
ment with a consistent rate of slow displacement. The fastest
displacement was recorded at Pt. 21 and the slowest at Pt. 11.
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Given that the GPS observations were carried out during the
highest precipitation regime, it is believed that changes in the
groundwater level caused by increasing rainfall pattern are
the main cause of the Kutlugiin landslides.

Although the 35 ground stations monitored with GPS
were limited, the monitoring results indicate that the vector
directions of the monitoring points were similar to those
derived from the image correction. All the monitoring points
experienced movement, ranging from 2.77 to 24.87 mm.
The quantitative results and the dominant northward trends in
the direction of movement suggest that the entire body of the
landslide moved as a whole during the 6-month monitoring
period.

The movement rates have been quite slow, yet the small and
slow-moving landslides have been known to cause damage
to the Trabzon-Macka highway and the pipeline conveying
drinking water to Trabzon. The materials that form the land-
slide body consist of mainly weathered andesite-basalt and
pyroclastic rocks. The weathering of the rocks has led to
the formation of clays, and also resulted in the reduction
of the strength of andesite-basalt. The weak constitution of
these materials makes them vulnerable to deformation. It can
be inferred that local compression, tension, and shearing of
the materials caused internal deformation in the landslide
body [32]. The release of the internal deformation may have
been responsible for the formation of cracks and some minor
slides on the road surface.

V. CONCLUSION

One of the objectives of this paper was to employ the OBIA
technique in the detection and mapping of small landslides
of less than 100 m? in area. This is the first time that the
OBIA algorithm is being developed to quantify the attribute
parameters of small translational landslides that distinguishes
them from other surrounding features. This is also the first
time that the Pleiades-1 image is being employed to develop
metrics for the detection and mapping of small landslides.
The landslide inventory map produced in the study will con-
stitute a benchmark for future mapping of small landslides in
the study area.

The kinematics of small and slow-moving Kutlugiin land-
slide was also investigated based on quantitative analysis
of VHR Pleiades images of October 2012-April 2013 and
GPS monitoring data for October 2012-March 2013 period.
The comparison of results for optical image correlation and
GPS measurements was better in areas consisting of diverse
features/textures such as urban areas than in areas with similar
features/textures such as agricultural fields. In all, the dis-
placement detected by Cosi-Corr compares very well with the
GPS measurements, with a maximum deviation of 0.86 mm.
However, some discrepancies were detected in the optical
image correlation results due to decorrelation caused by dif-
ferences in the viewing angles and the presence of clouds in
the Pleiades-1 images. Compared to the deformation obtained
solely using GPS measurements, the deformation pattern pro-
duced from the optical image correlation was more coherent.
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Also, the results of image correlation yielded a bigger density
of vectors which produced more comprehensive information
on the extent and distribution of deformation.

The analysis of the kinematics results suggests that the
entire body of the small landslide moved slowly during the
6-month monitoring period. Based on the kinematic results,
it is inferred that the small landslide is largely influenced by
the steep mountainous terrain and the rainfall regime. The
results of this study will provide vital tools for engineers and
planners to mitigate hazards and manage disasters associated
with small and slow-moving landslides on infrastructure.

The precision of optical image correlation is largely influ-
enced by the coregistration process. The suggestions to
improve the co-registration process may include the develop-
ment of algorithms for the automatic generation of tie-points,
and the formulation of improved approaches to evaluate the
quality of the tie-points. Also, given that the GPS monitoring
data used to validate the optical image correlation results were
acquired during the highest rainfall period, it is believed that
the main causal factor of the small landslides is increased
rainfall. However, for future study, it is important to also
acquire GPS data during low rainfall periods to investigate
the correlation between rainfall and displacement in the study
area.

The efficient performance of optical image correlation in
measuring horizontal displacements provides a platform to
create a detailed database of small landslides in the study
area. This database can be employed by engineers and plan-
ners to analyze the complex mechanics of small and slow-
moving landslides for an improved theoretical understanding
of their mechanisms [11]. Also, this database can be utilized
by researchers as input data to calibrate existing empirical
models and produce comprehensive empirical models to pre-
dict the future spread of small landslides.

While landslides in the study area have been previously
monitored using only periodic and real-time GPS observa-
tions, for the first time this study performs rigorous analy-
ses of movement characteristics of small and slow-moving
landslides in the study area using optical image correlation
and GPS monitoring data. The techniques developed in this
study have wide applications which can be efficiently utilized
to measure slow deformation in different surface processes
such as sand dunes migration and glacier flow. Further devel-
opments of this study may involve the analysis of addi-
tional datasets using Synthetic Aperture Radar Interferometry
(InSAR) techniques, as their high sensitivity can provide a
useful contribution to the understanding of landslide behavior
and dynamics [33].
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