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Abstract Landslide is one of the multitudinous serious geological hazards. The key to its control and reduction lies on
dynamic monitoring and early warning. The article points out the insufficiency of traditional measuring means applied for
large-scale landslide monitoring and proposes the method for extensive landslide displacement field monitoring using high-
resolution remote images. Matching of cognominal points is realized by using the invariant features of SIFT algorithm in
image translation, rotation, zooming, and affine transformation, and through recognition and comparison of characteristics
of high-resolution images in different landsliding periods. Following that, landslide displacement vector field can be made
known by measuring the distances and directions between cognominal points. As evidenced by field application of the
method for landslide monitoring at West Open Mine in Fushun city of China, the method has the attraction of being able to
make areal measurement through satellite observation and capable of obtaining at the same time the information of large-
area intensive displacement field, for facilitating automatic delimitation of extent of landslide displacement vector field and
sliding mass. This can serve as a basis for making analysis of laws governing occurrence of landslide and adoption of
countermeasures.

Keywords

1 Introduction

Landslide is a phenomenon of flow of rock-earth mass on
slope along the shear fracture plane and often poses threats
to people’s life and leads to destruction of property, envi-
ronment and resources. As a severe geological hazard, the
key to its control and reduction lies in its dynamic moni-
toring and early warning.

The traditional landslide monitoring methods include
precise geodetic survey, GPS monitoring, etc. (Brunner
et al. 2007). These methods belong to spot measuring
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means and it is difficult for them to obtain the information
on spatial displacement field. In recent years, interferom-
etry synthetic aperture radar (InSAR) is becoming an
important satellite-based microwave remote sensing tech-
nique, possessing significant advantages in the precise
analysis of landslides over large areas, and could provide
valuable temporal and spatial evolution information of
surface deformation with a centimeter to millimeter accu-
racy in all weather conditions for landslide monitoring,
especially for detecting small and slow motions during
landslide’s incipient stage (Hu and Hu 2007; Prati et al.
2010; Sun et al. 2015). 3D laser scanning is capable of
providing high resolution required for analyzing move-
ments and deformations of a landslide. Liu et al. (2015)
improved the Hausdorff distance algorithm,and presented
direct precise comparison algorithm based on octree
structure. Ghuffar et al. (2013) used the range flow algo-
rithm to determine the 3D motion of an active landslide in
Doren, Austria by multitemporal airborne and terrestrial
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laser scanning. But above methods have both specific
advantages and certain shortcomings. As a high-accuracy
technique for the monitoring of surface deformation field,
InSAR is liable to disposing of loss of phase correlation
and phase unwrapping when measurement is made at pla-
ces where the surface is undulating and extensive slope
deformation occurs. The terrestrial 3D laser scanning
technique is subject to the restriction of measuring range,
and the airborne 3D laser scanning equipment is high in
cost and complicated in measuring process, making it hard
to realize widespread application.

On the other hand, the high resolution images are
applied to monitor landslide hazards, mainly focus on the
identification of landslide existence, dangerous evaluation
and change detection. Nichol et al. applied the IKONOS
stereo images to investigation and demonstration in remote
sensing techniques for detailed landslide hazard assessment
of large areas (Nichol et al. 2006). Gomeza and Kavzoglub
(2005) presented an approach for assessing the landslide
risk potential, mainly for shallow landslides (Gomeza and
Kavzoglub 2005). Some workers have made significant
progress in calculation and extraction of spatial displace-
ment field of landslide mass though analysis of high-res-
olution images and the use of the correlation coefficient
method. For instance, in 2004, Delacourt et al. calculated
landslide displacements using this method based on a
number of Quick Bird Satellite images in different periods
and mapped out the movement of the slope slide mass with
an annual displacement of 2.5-20 m (Delacourt et al.
2004). In 2012, Travelletti et al. (2012) obtained the ima-
ges of Super-Sauze slope slide at Alps using fixed high-
resolution optical camera and calculated the displacement
of the sliding mass in 2008-2009. In 2014, Gance also
made the measurement of the Super-Sauze slope slide
using a novel object and landslide monitoring method
coupled with image correlation method. Gance obtained
the related images of the landslide movement in half a year
in the area under study with optical camera, and placed
white foam balls at surface for enhancement of contrast,
and in this way, the landslide displacements were made
known through Harris corner-point matching (Gance et al.
2014). As stated above, calculation of spatial landslide
displacement field can be made using computer image
recognition method based on high-resolution images.
However, the correlation coefficient method previously
used for matching images suffers the drawbacks of being
difficult to make calculation and unsatisfactory in
accuracy.

In view of the above mentioned facts, it is proposed to
use the SIFT (scale-invariant feature transformation)
algorithm for measurement of large-scale landslide dis-
placement. With the use of SIFT, the cognominal points
can be calculated through extraction of the features set of

high-resolution images obtained in different phases and
matching of images. This makes it possible to calculate the
displacement field of landslide and define the extent of
sliding mass.

2 Methodology
2.1 Processing of remote sensing images
2.1.1 Ortho-rectification

Satellite images, especially the images with large coverage
area may undergo distortion during image-forming process
because of earth curvature, terrain undulation and sensor
altitude and angle of attitude (Luan et al. 2007). The dis-
tortion is attributed to the geometric deformation of the
individual image points in varying degrees. The distortion
of image can be eliminated through ortho-rectification.
Therefore, when high-resolution image are used for cal-
culating landslide displacements, the original images need
to undergo ortho-rectification. This is done by making
corrections of projection differences of original images
using the digital elevation model (DEM) data (the images
obtained and those to be corrected are consistent in extent)
for converting the original image into orthogonal images.

2.1.2 Registration of images

Theoretically speaking, the coordinates of the stable points
of the cognominal name observed by the same satellite at
different times are consistent. Nevertheless, the stable
points on two images may have positional errors due to the
effects of satellite attitude, orbital error, structural perfor-
mance of remote sensing instrument, movement and shape
of the earth and the error produced by satellite ground
stations in rough processing (Zhao et al. 2013). So,
matching of images is necessitated. This is done in the
following way: select one image among others as a refer-
ence for registration with another image, as the study of
this paper is to define the landslide displacement field by
using high-resolution image registration: (1) The ground
control points selected should be uniformly distributed as
much as possible; (2) Keep away from landslide area for
avoiding offsetting the original deformation of sliding land;
(3) Adequate ground control points should be available,
otherwise, they are insufficient to serve as a basis for
making error correction. The accuracy of registration is
ascertained with the total root-mean-square-error (RMS
error) as a measure. In general cases, the total RMS error
should be controlled within one pixel on flat terrain and in
hilly area, and should not exceed 2 pixels in mountain area.
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2.2 Image matching
2.2.1 SIFT algorithm implementation

SIFT is a feature matching-based algorithm (Lowe 1999,
2004). It was proposed by professor David GL of Columbia
University in 1999 and was named scale-invariant feature
transformation after improvement and perfection. SIFT has
found widespread application in image splicing (Sun et al.
2014), and dynamic image tracking (Sun et al. 2010). It is
an image of local feature extraction algorithm capable of
performing translation, rotation, zooming of images and
even keeping invariant in affine transformation. Its main
feature is to transform the matching between images into
similarity measure between characteristic vectors. It
involves three steps: formation of scale space,generation of
characteristic points descriptors and matching of charac-
teristic vectors. The detailed description is shown in the
document (Lowe 1999, 2004; Sun et al. 2010, 2014).

2.2.2 Rejection of mismatching points

The presence of background noise can possibly lead to
mismatching of characteristic points. Such points need to
be rejected. Mismatching points are characterized by the
slope of the line connecting 2 images, which is obviously
different from that of correctly matching points (Fig. 1a).

Phase 1 image Phase 2 image

(b) After rejection

Fig. 1 Matching of feature points before and after rejection of
mismatching points
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Therefore, mismatching points can be rejected by making
use of the above mentioned characteristics in a way as
follows: calculate the slopes of the connecting lines of
individual matching points, k; (i = 1, 2,...n), and take the
mean value k as the true value to obtain the residual errors
of individual matching points, y; = k;—k. If the residual
error of the slope (Iy;l > 30) of the connecting line j of a
certain matching points is greater than 3 (standard error),
the said matching points can be rejected as mismatching
ones (Yang et al. 2014).

2.3 Definition of landslide displacements

By following the procedures as described above, the cog-
nominal points in the images at different time periods are
determined. The next step is to determine the displace-
ments between two cognominal points. As the points have
undergone displacements in the remote sensing images of
different time periods, it is required to define the difference
of the cognominal points in two images in image space
coordinate systems, so as to determine the displacements of
the points of the same in land sliding period. The method
for calculating the displacements is as follows: calculate
first the number of pixels between the cognominal points in
two images, and then multiply the calculated value by the
actual distance represented by individual points. The
technical flow-sheet for defining the landslide displace-
ments and extent is shown in Fig. 2.

3 Application at Fushun west open mine
3.1 Overview of the study

Located in Fushun city of China (Fig. 3), the West Open
Mine is the largest opencast coal mine in Asia, with length
of 6.6 km, width of 2.2 km and depth of 500 m. As a result
of mining over 100 years, repeated landslides have
occurred at the south and north slopes of the mine. Since
2010, in Qiantai mountain district of the mine’s south
slope, a ground fracture with a length of about 3100 m has
appeared. In June 2014, the fracture reached a width of
40 m with the maximum drop of over 18 m, and was seen
to be moving northward rapidly at a rate of 8-10 cm/day.
This leads to the presence of uplift at the bottom and
damage of belt conveyors and nearby buildings under the
effect of tensile strain (Fig. 4). Although GPS points were
available for displacement monitoring, the extent of land-
slide displacement field failed to be defined because of the
low density of monitoring points. D-INSAR was applied to
observe the displacement field during the period of
2007-2011 and the information on the displacement field at
the mine’s south slope was obtained. However, following
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Fig. 2 Technical flow-sheet for defining landslide displacement vector field

Fig. 3 Location map of the studied area

the entry into 2013, with the increase of displacements, the
use of D-INSAR met with phase unwrapping trouble. Such
being the case, the support of areal observation means is
needed for the monitoring of extensive landslide dis-
placement. Therefore, the high-resolution image-based
method is applied for measuring displacement field and
defining the extent of landslide.

3.2 Data selection

Pléiades 1 was successfully launched in December 17, 2011,
and its revisit cycle is a day. It has 4 bands, respectively blue
band, green band, red band and near infrared band, in addi-
tion to one panchromatic band. In the paper, the Pléiades 1B
panchromatic band data with a spatial resolution of 0.5 m in
2 phases were selected as data source for measuring dis-
placement field. The acquisition time of the two images was
in the spring without vegetation, snow cover and cloud cover.
The data of the 2 phases were recorded at 10:40 respectively
on April 21, 2013 and March 18, 2014 (Table 1).

3.3 Data processing

For the images of the 2 phases, the following work is
respectively made: ortho-rectification, registration, SIFT
algorithm operation, rejection of mismatching points and
definition of sliding displacement. Theoretically, for ortho-
rectification of images, the DEM data should be obtained at
the same time as that of the high-resolution images and
make sure that their spatial resolutions are consistent.
However, in actual ortho-rectification of images, their
spatial resolutions are inconsistent. For the ortho-rectifi-
cation of images in this paper, two kinds of DEM data can
be used. These are the Aster DEM data in July 2010,
actually measured by 3D laser scanning instruments
respectively in November 2013 and August, 2014
(Table 2). The latter two are obviously higher in resolution.
In order to enable the image data and DEM data to be
consistent as much as possible in time, spatial resolution
and surface features for reduced error, the image acquired
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Fracture at rear fringe of slump

Fractured wall

Fig. 4 Landslide-induced surface phenomena

Table 1 High-resolution image data source

Uplift at bottom

% LR
Scratched sliding face

Data source Image acquisition time

Orbit height (km)

Resolution (m) Shooting angle (°)

Pleiades full-color band 2013.4.21

2014.3.18

0.5 17.7
0.5 6.6

Table 2 Information of the three kinds of DEM data

Time of data acquisition Acquisition method

Spatial resolution (m)

July 2010
November 2013
August 2014

Aster 3D relative extraction
3D laser scanning instrument point-cloud data generation

3D laser scanning instrument point-cloud data generation

30
0.5
0.5

at April 21, 2013 was ortho-rectified using Aster DEM
obtained in July, 2010, while, the image acquired at March
18, 2014 was ortho-rectified using DEM data from 3D laser
scanning instrument obtained in November 2013.
Registration of images was made manually. For the
images of 2013/4/21, the ortho-image of 2014/3/18 was
taken as a reference, and the registration was made in a
stable area around the pit with well-defined surface features
such as the intersection of roads, corners of playground,
farmland limits and river mouth as characteristic points.

3.4 Monitoring result
Through the processing procedures as described above,

the vector diagram of the displacement field observed at
the mine’s south slope during the period of

@ Springer

2013.4.21-2014.3.18 was obtained (Fig. 5). In Fig. 5, the
yellow arrows indicate the directions of the movement of
targets. While the displacements are indicated by the
lengths of the arrows. In Fig. 5a, the ground crack and the
faults are shown by red lines.

It can be seen from Fig. 5, the area encompassed by
ground cracks and faults is subjected to a larger displace-
ment up to 37 m. Outside this area, the displacement
becomes smaller. As can be seen from Fig. 5, there exist
Fault F5 at the eastern limit and Fault F2 at the western
limit of the landslide. It is obvious that the development of
the landslide towards the two sides is restricted by the
presence of the two faults, a fact verified by actual ground
investigation. The contour diagram of the displacements of
sliding area is shown in Fig. 5b for better demonstration of
the monitoring result. From this diagram, the extent of
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“— Ground fracture

IS
(a) Vector field of landslide

Fig. 5 Result of monitoring of landslide displacement field at Fushun
west open mine

landslide and the displacements at individual points can be
clearly observed.

4 Accuracy evaluation

For better evaluation of the monitoring method proposed in
this paper and verification of the monitoring accuracy
attained, the paper makes a comparison between the result
so far obtained and the monitoring result made by GPS
points arranged in the mining area (Fig. 5a). Table 3 shows
the comparison results, and it indicates that: for the three
monitoring points in contrast, M1 has an error of 0.9 m in
south-to-north direction and 1.2 m in east-to-west direc-
tion, with a total error of 1.5 m; M2 has an error of 1.9 m
in south-to-north direction and 0.3 m in east-to-west
direction, with a total error of 1.9 m; M3 has an error of
0.2 m in south-to-north direction and 1.5 m in east-to-west
direction, with a total error of 1.5 m. As GPS monitoring is
relatively high in accuracy (class: mm), the result observed
by GPS in this paper is taken as a true value. By com-
parison, the maximum error of the three points in south-to-
north direction is approximately 1.9 m.

The result of the analysis of the error sources is as
follows:

(1) For the ortho-rectification error, it comes from the
following aspects:

€5

High-resolution image not in step with DEM in time:
The 1st-phase images were obtained in April 2013
while the DEM used for ortho-rectification was in
July 2010. The 2nd-phase images were formed in
March 2014 while the use of DEM was in November
2013. They were out of step with each other in time.
Furthermore, in the above-mentioned time period,
landslide displacement occurred in the study area.
This led to the generation of error in ortho-rectifi-
cation due to change of landform. Results of
observation by GPS points M1, M2 and M3 indicate
that during the period from November 2013 to
March 2014, the vertical sliding displacements of the
3 points were 5.386, 4.701 and 4.880 m respectively.
As the high-resolution image shooting angle was
6.60°, it can be inferred according to geometric
principle of ortho-rectification (Fabio et al. 2009)
that the errors produced by the 3 monitoring points
in lateral displacement observation were 0.623,
0.543 and 0.564 m respectively.

For the error of DEM, it is particularly the case of
the 1st-phase data. The DEM data used for this phase
were the relative data extracted from Aster sensor on
TERRA ground observation satellite launched by
NASA. It is relatively low in accuracy, with a
horizontal accuracy of around 30 m and a vertical
accuracy of approximately 20 m. The DEM’s low
accuracy unavoidably adds to the error in ortho-
rectification. Likewise, according to the geometric
principle of ortho-rectification, and calculated at an
image shooting angle of 17.7° and the maximum
vertical accuracy of 20 m, it can be deduced that the
maximum ortho-rectification error is up to 6.38 m.
Such an error brought about by DEM’s low accuracy
is most likely the major source of errors in landslide
monitoring.

For the error of ortho-rectification algorithm, cur-
rently, the main models used for ortho-rectification
involve affine transformation-based strict geometric
models, collinear equation model, rational function
model and polynomial model. However, in any case,
the error is likely to occur because of their incapa-
bility to simulate the actual conditions.

Error in image registration

In the study, the image registration was done by hand
and it was strived to make the cognominal points to
be uniformly distributed. However, in order to
ensure that the coordinates of the points of the
images in 2 phases were consistent, image registra-
tion was made only with the stable features around
the surface mine as cognominal points while in the
landslide area, unfortunately no such points can be
used. Therefore, the points were uniformly
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Table 3 Comparison between the calculated results of SIFT algorithm and GPS points (eastward and southward: positive, westward and

northward: negative)

GPS Point Displacement (m) Difference (m) Total error
GPS SIFT Algorithm
S-N E-W S-N E-W S-N E-W

Ml 17.373 —1.439 18.3 —-2.6 0.9 —-1.2 1.5

M2 20.501 —2.434 22.4 —2.1 1.9 0.3 1.9

M3 16.701 —1.730 16.6 -0.2 —0.1 1.5 1.5

distributed. This added to the error in registration in
landslide area. Moreover, errors were also produced
due to identification of points by naked eye.
(3)  Error produced by SIFT algorithm

The effect on measuring accuracy produced by SIFT
algorithm is decided mainly by image quality
(including, among others, spatial resolution, clarity
and contrast) and the specific characteristics of SIFT
algorithm. The remote sensing images used for
measuring landslide displacements at Fushun West
Open Mine are Pleiades panchromatic band data
with a spatial resolution of 0.5 m. In theory, the error
produced by SIFT algorithm should be less than
0.5 m which can be reduced in case of higher image
clarity and contrast.

It should be noted that the analysis of the source of
errors as descried above is made on a factor by factor
basis. In fact, these factors are interrelated. As there
exists the possibility for them to counteract with one
another, reduction of errors can be expected in this
case. The total error is therefore, not a sum of
individual errors. For example, in the operation of
ortho-rectification, the error from high-resolution
image not in step with DEM in time and the error
from error of DEM may counteract with each other.

5 Conclusions

An approach for monitoring intensive landslide displace-
ment using high-resolution remote sensing images and
SIFT algorithm is proposed in the paper. Application of
this method at Fushun West Open Mine indicates that:

(1) Generally, a landslide appears tiny deformation in
the early stage, large deformation in the later stage,
and accompanying fracture and swelling in the
surface of the ground. The approach proposed in
the paper is suitable for monitoring extensive spatial
displacement field in the later stage of landslide. The
method offers the merits of being low cost, easy to
operate and high efficiency.

@ Springer

(2) A comparison between the proposed method and
GPS in field monitoring at Fushun west open mine
shows that the accuracy attained through the use of
the method is 1.9 m. Analysis of the cause of errors
indicates that the errors not only stems from SIFT
algorithm itself but also are closely related to ortho-
rectification and registration of images, and more
closely to DEM resolution and accuracy. So it is
advised to use high-solution DEM data and to be in
the same time with the remote sensing image.
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