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The objective of this work is to present the applicability of image correlation techniques (applied to very-high resolution terrestrial optical photographs and to very dense Terrestrial Laser Scanning (TLS) point clouds) to monitor the displacement of continuously active landslides. The method has been developed to characterize the kinematics of very active landslides with cumulated displacement of several decimeters per year. The monitoring system consists in a high resolution optical camera installed on a concrete pillar located on a stable crest in front of the Super-Sauze landslide (South East French Alps) and on repeated TLS acquisitions over the period [2008][2009]. The data are processed with a cross-correlation algorithm applied on the full resolution images (photographs and DEMs produced from the TLS data) in the acquisition geometry. Then, the calculated 2D displacement field is ortho-rectified with a back projection technique. The method allows to characterize the heterogeneous displacement field of the landslide in time and space, and to produce displacement maps. The performance of the technique is assessed using as reference differential GPS surveys of a series of benchmarks. The sources of error affecting the results are discussed. Because the proposed methodology can be routinely and automatically applied, it offers promising perspectives for operational applications like, for instance, in early warning systems.

Introduction

Displacement monitoring of unstable slopes is a crucial tool for the prevention of hazards. It is often the only solution for the survey and the early-warning of large landslides that cannot be stabilized or that may accelerate suddenly. The choice of an adequate monitoring system depends on the landslide type and size, the range of observed velocity, the required frequency of acquisition, the desired accuracy and the financial constraints. Displacement monitoring techniques applied on landslides can be broadly subdivided in two main groups: geodetic and remotesensing techniques.

Geodetic surveying consist in detecting geometrical changes in the landslide topography by measuring geometric parameters such as angles, distances or differences in elevation (e.g. levelling, tacheometry). These techniques necessitate the installation of targets in and outside the landslide and in measuring their position at different times. They have the advantage to be very accurate (0.2 to 2.0 cm) with a high potential of automation [START_REF] Malet | The use of global positioning system techniques for the continuous monitoring of landslides[END_REF][START_REF] Jaboyedoff | Design of a geodetic database and associated tools for monitoring rockslope movements: the example of the top of Randa rockfall scar[END_REF][START_REF] Foppe | Autonomous Permanent Automatic Monitoring System with Robot-Tacheometers[END_REF]. However, because landslides can show highly variable displacement rates in time and space according to the local slope conditions (bedrock geometry, distribution of pore water pressures), the major drawbacks of the geodetic techniques are (1) to provide only discrete point measurements of the displacement and (2) the costs of installation and maintenance of the survey network.

Remote-sensing techniques are interesting tools to obtain spatially-distributed information on the kinematics [START_REF] Delacourt | Remote-sensing techniques for analysing landslide kinematics: a review[END_REF] and can be operational from spaceborne, airborne and ground-based platforms. Remote-sensing techniques give the possibility to discriminate stable and unstable areas and to map sectors within the landslide with different kinematics from a regional to a local scale [START_REF] Casson | Contribution of multitemporal sensing images to characterize landslide slip surface -Application to the La Clapière Landslide (France)[END_REF][START_REF] Teza | Characterization of landslide ground surface kinematics from terrestrial laser scanning and strain field computation[END_REF][START_REF] Oppikofer | Collapse at the eastern Eiger flank in the Swiss Alps[END_REF]. Three main categories of remote sensing techniques, either operated from terrestrial or airborne platforms, are used in landslide monitoring: Synthetic Aperture Radar Interferometry (InSAR), Laser Scanning (LiDAR) and Optical Photogrammetry (OP).

The objective of this work is to highlight the possible applications and limitations of cross-correlation techniques applied both on airborne and terrestrial LiDAR point clouds and on very-high resolution optical images. Several datasets of multi-source images acquired on the La Valette and Super-Sauze landslides (South French Alps) over the period 2007-2010 from different platforms are analysed. The influence of external factors on the precision and the accuracy of the results are discussed. Throughout this work, the accuracy is defined as the systematic difference between a measured quantity and the true value, and precision is defined as the random difference between multiple measurements of the same quantity.

Principle of the Image Correlation technique

Using matching techniques, two-dimensional displacement fields can be derived by tracking objects in two images acquired at different time. The technique is based on the automatic identification of identical texture patterns within an image by maximizing a correlation function [START_REF] Lewis | Fast normalized cross-correlation[END_REF]. Its principle adapted for landslide kinematics analysis is described in [START_REF] Delacourt | Remote-sensing techniques for analysing landslide kinematics: a review[END_REF]. Visible ground features have to be superimposed on two successive images on stable parts located outside the landslide. On the areas affected by landslide movements, the visible and recognizable features are shifted by the displacements. In order to quantify the ground displacements, a correlation window is defined on a reference (often the oldest) image. The corresponding window is searched in a pre-defined explored area belonging to the second image (Fig. 1). The starting point of this explored area is the expected position of the window with the assumption that no displacement occurred between two acquisitions. The process is repeated for each pixel of the reference image. The Euclidean distance between the reference point and the matching point represents the displacement amplitudes in the image plane. By modifying the zone of interest, it is then possible to determine the displacements at various positions within the images. It is important to note that the normalized cross-correlation technique cannot track objects that start to rotate significantly or are affected by important perspective distortions [START_REF] Lewis | Fast normalized cross-correlation[END_REF].

The size of the correlation window is a compromise between the desired accuracy on the displacement estimates and the spatial resolution of the velocity field [START_REF] Delacourt | Remote-sensing techniques for analysing landslide kinematics: a review[END_REF]. An increase of the size of the correlation window ensures a good signal to noise ratio and thus a good precision, but the accuracy on the displacement estimates decreases because of their averaging on a larger correlation window. This compromise is difficult to define when some parts of the landslide are well represented in terms of ground texture while others parts are not. Hierarchical correlation techniques allow one to overcome this problem by automatically changing the physical size of the correlation window and of the explored area during the correlation computations. The physical size is defined as the effective landslide surface covered by the correlation window [START_REF] Rohaly | Reverse hierarchical PIV processing[END_REF]Aloui & Ibn-Elhaj, 2009).

So far, Image Correlation techniques have been applied only on aerial and satellite images (e.g. SPOT, QuickBird, OrbView, EROS) for the creation of landslide displacement maps [START_REF] Casson | La Clapière" landslide motion observed from aerial differential high resolution DEM[END_REF][START_REF] Delacourt | Velocity field of the "La Clapiere" landslide measured by the correlation of aerial and Quick-Bird satellite images[END_REF][START_REF] Leprince | Monitoring earth surface dynamics with optical imagery[END_REF][START_REF] Debella-Gilo | Sub-pixel precision image matching for measuring surface displacements on mass movements using normalized cross-correlation[END_REF].

Characteristics of the hierarchical cross-correlation technique used in this work

In this work, a sub-pixel hierarchical correlation technique is used [START_REF] Hild | Mesure de champs de déplacement par corrélation d'images et applications en mécanique des solides[END_REF]. The original images are first converted in gray-scale images on which a 3x3 pixel Sobel convolution matrix is applied to highlight the ground surface texture. The gradient values are then correlated [START_REF] Chambon | Caractérisation expérimentale du frottement effectif des zones de faille[END_REF]. Four successive degradations of the image resolution are applied following a pyramidal approach for changing the physical size of the correlation window and of the explored area by down-sampling the gradient values of the full resolution image [START_REF] Kumar | Development and application of a hierarchical system for digital particle image velocimetry to freesurface turbulence[END_REF]) (Fig. 1). The optimum sizes of the correlation window and of the explored area are identified with a trial and error procedure. The correlation starts with the lowest resolution image in order to determine the largest displacements. Then the location of the pixel with the maximum cross-correlation value is used as the centre of the zone of interest for the next correlation step at a higher resolution. The spatial location of the maximum correlation value in the highest resolution image is thus progressively better estimated (Fig. 1). Ignoring high resolution information at the first computational step decreases the probability to reach a local minimum of the correlation function and, consequently, to obtain a wrong matching in the correspondence solution (Aloui & Ibn-Elhaj, 2009). In addition, this approach ensures very often a higher probability of detecting a reliable correlation peak. The sub-pixel displacement is computed after the correlation at the highest resolution image. An iterative procedure is used to find the maxima of the correlation function interpolated with a bi-parabolic formula and with a maximization procedure based on the simplex method [START_REF] Press | Numerical Recipes[END_REF].

The correlation results consist in matrices of displacement ∆u and ∆v along the u-and v-axes in the image plane with their associated correlation index (Fig. 1). In case of orthorectified airborne images, the pixel size is constant, only the effective pixel size at the ground has to be calculated to estimate metric displacements. In case of terrestrial images, the pixel size is not constant in the image due to the oblique acquisition; the displacements field correlated in the image plane cannot be directly interpreted in terms of metric displacements and an orthorectification procedure is compulsory for a quantitative analysis.

Application 1: Image Correlation of terrestrial photographs

A set of images acquired at the Super-Sauze landslide over the period May-July 2008 is used to illustrate the potential of the technique for the characterization of the kinematics during an acceleration period (Travelletti et al., in press). Figure 2 presents the monitoring system installed in front of the landslide. The instrumentation consists in a low-cost D70 Nikon reflex digital camera installed on a concrete pillar located at a distance of 300 m from the lower part and 900 m from the main scarp (Fig. 2A,B). The acquisition system is controlled by a datalogger and the power is provided by a 40 W solar panel. Every four days, a serie of images is acquired at 11:00, 12:00, 13:00 and 14:00 GMT. The upper part of the landslide displays the highest velocity ranging from 1 to 7 pixels.day -1 while the lower part displays velocity of less than 4 pixels.day -1 . From the 20 May to the 13 June, cumulated displacements up to 110 pixels are observed in the upper part. The maximum of displacement rate is observed around the 1 st June. Then the landslide decelerates to displacement rate of about 1 pixel.day -1 . No quantitative comparisons can be carried out at this stage because the pixel sizes vary strongly in the image (Fig. 4). The displacement fields computed in the image plane are then orthorectified in a local geographic coordinate system by transforming the central projection of the image into an orthogonal view of the ground using the collinearity equations (Kraus & Waldhaüsel, 1994). The details of the methodology are explained in Travelletti et al. (in press). Figure 5 presents the amplitude of the 3D orthorectified displacement rates for the period 1-4 June. The difference of kinematics between the upper (until 3 m.day -1 ) and the lower (until 1 m.day -1 ) parts is important The geometrical effect induced by the presence of the stable in-situ crest on the landslide kinematics is also clearly pointed out.

The precision of the computed displacements is assessed by performing a null hypothesis on the stable areas. Only the points with a correlation coefficient r> 0.8 are taken into account. In the image plane coordinate system, the average error µ ranges from 0.5 to 0.9 pixels with standard deviation σ of 0.3 to 1.2 pixels for the image pairs between the 20 May and the 25 June 2008. In the local coordinate system, the average error µ ranges from 0.03 m to 0.11 m with standard deviation σ of 0.10 to 0.31 m for the image pairs between the 20 May and the 25 June 2008. The performance of the method has been evaluated by comparing the displacements derived from the image correlation, and the displacement monitored by dGPS on several benchmarks distributed in the stable parts and on the landslide. A correlation coefficient of r=0.95 is found on 219 measurements and an average relative accuracy of 20% is determined (Travelletti et al., in press)

Application 2: Image Correlation of terrestrial LiDAR point clouds (TLS)

The potential of terrestrial LiDAR (TLS) for the monitoring of geomorphologic processes has been demonstrated in the last years, mainly for defining the structure of rocky slopes susceptible to rockfalls and rockslides (Abelan et al., 2009;[START_REF] Oppikofer | Characterization and monitoring of the Aknes rockslide using terrestrial laser scanning[END_REF] or characterizing the dynamics of ice glaciers [START_REF] Avian | LiDAR for monitoring mass movements in permafrost environments at the cirque Hinteres Langtal, Austria, between 2000 and 2008[END_REF] and landslides [START_REF] Teza | Characterization of landslide ground surface kinematics from terrestrial laser scanning and strain field computation[END_REF]. Automatic matching algorithms applicable to TLS data have started to be developed because of their capability to fully exploit all the geometric information available in the point clouds. The approach is to find correspondences among typical features located in multi-temporal point clouds assuming that the tracked object has a constant geometry in time and/or a perfectly rigid behaviour.

Correlation techniques can be applied on repeated TLS acquisitions in order to characterize the 3D displacement field. The hypothesis is that for objects scanned from a unique view point, simple 2D correlation functions can be applied on multi-temporal point clouds and yield the same range of accuracy than complex and time-consuming 3D surface matching algorithms [START_REF] Teza | Characterization of landslide ground surface kinematics from terrestrial laser scanning and strain field computation[END_REF]. The performance of the cross-correlation algorithm is tested on datasets acquired at the toe of the Super-Sauze landslide. A long-range terrestrial laser scanner Optech ILRIS-3D has been used for the monitoring (Travelletti et al., submitted). Ten acquisitions were acquired between October 2007 and May 2010 for the same base station at an average distance of 100 m from the landslide toe (Fig. 6). At this distance, the laser diameter on the ground surface is estimated between 3 to 5 cm. Only the last return pulse is registered to maximize the number of points reflected on the ground surface. The average point density at the ground surface varies from 153.0 pts.m -2 to 234.9 pts.m Filtering of vegetation and co-registration of the point clouds have been carried out with the software Polyworks 11 [START_REF] Innovmetric | PolyWorks User's Manual -3-D scanner and 3-D digitizer software from InnovMetric Software Inc[END_REF]. A projective transformation is used to represent the entire geometrical information in a plan perpendicular to the viewing direction of the laser scan using the collinearity equations (Kraus and Waldhaüsel, 1994). The point density varies from 0.78 to 0.94 pt.pixels -1 with a relatively low standard deviation of 0.18 pt.pixel -1 . The distance between the point clouds to the position of the laser scanner is then determined and linearly interpolated in a regular grid. Because the correlation function gives better results where the input data contains regions of rapidly varying pixel information [START_REF] Duffy | Application of spatial cross correlation to detection of migration of submarine sand dunes[END_REF], the norm of the 2D gradient in u and v directions of the distance between the point clouds and the TLS station is calculated for emphasizing the morphology of the landslide. The generated images are then converted in grey-scale values (16 bits) and are used as inputs for the image correlation algorithm (Fig. 7).

The computed displacements are generally well reproduced for all periods of acquisition. Two acquisition periods (July-October 2008, July-October 2009) are presented to illustrate the performance of the approach and the behaviour of the landslide (Fig. 8). For the period July -October 2008, displacements between 0.5 and 1.5 m are observed, corresponding to an average displacement rate of 0.6 to 1.7 cm.day -1 . The displacement field displays significant spatial heterogeneities. The largest displacements are detected in the front of the toe where the slope gradient increases. The detachment of a toe compartment is also highlighted in the front. The displacements perfectly correlate (r 2 =0.99), and a mean error and a standard deviation of 0.04 m and 0.03 m are determined (Fig. 9). This results show that the error due to the co-registering is about 3 cm.

Application 3: Image Correlation of airborne LiDAR point clouds (ALS)

A similar approach can be used for the creation of displacements maps from repeated airborne LiDAR point clouds (ALS). In this case, the landslide of La Valette is taken as example to illustrate the potential of the technique. Two DEMs with one-metre mesh size are interpolated from airborne LiDAR data acquired in Octobre 2007 and July 2009. The average point density at the ground surface varies from 0.7 pts.m -2 to 7.2 pts.m -2

with a standard deviation up to 12.1 pts.m -2 . Two complementary pieces of information are directly derived from the DEMs (Fig. 10): + the elevation differences (Z component) indicating an accumulation of mass in the transit zone; + the horizontal displacement field (E-N components)

obtained by correlating the 2D gradient of the topography with a size of the correlation window of 20 m; the results indicate a decrease of the displacement magnitudes from the transit zone to the accumulation zone where nearly null displacements are observed. The landslide behavior is controlled by a drainage system installed to stabilize the accumulation zone. Consequently, an increase of strain and an accumulation of mass occur near the Serre road demonstrating that the drainage system might not be the best solution to control the long term behavior of the slope. 

Conclusion

The potential of Image Correlation technique applied to multi-temporal terrestrial photographs or airborne or terrestrial LiDAR point clouds has been evaluated using datasets available on the Super-Sauze and La Valette landslides (South French Alps). Operational methodologies are available to compute displacement rates both in the image plane coordinate system and in local geographic coordinate systems. The technique allows to clearly characterize heterogeneous displacement field of landslides in space and in time, with a high detection thresholds (cm.day -1 ). The displacements maps computed from the images are in good agreement with local information on the displacement rates observed with classical geodetic techniques such a dGPS.

Using terrestrial images, the effect of pixel size at the ground (according to the distance to the target), the incidence of the line of sight to the ground and the resolution of the image are limiting factors to detect low displacement rates. Moreover, areas of low incidence angles (<5°) are very sensitive to small movements of the acquisition platform, that can partly be corrected. Other limiting factors for optical images are related to the meteorological and illumination conditions and the ground surface changes inducing partial or complete loss of coherence between image pairs.

The results demonstrate that Image Correlation techniques implemented in permanent monitoring system are particularly interesting for monitoring landslides characterized by annual pluri-decimetric displacements. This work offers very promising perspectives for operational applications which can be potentially integrated in early warning systems by considering additional efforts in direct data transmission. Finally, inversion of the displacement field could be developed to characterize the macroscopic rheological properties of the landslide material.

Figure 1

 1 Figure 1 Principle of the normalized hierarchical image correlation technique.

Figure 2

 2 Figure 2 Monitoring system with a very-high resolution camera installed in front of the Super-Sauze landslide on a stable crest. Top: Monitoring system. Bottom: Image acquired by the monitoring system presenting the different parts of the landslide from the camera location. The numbers refers to: (1): Lower part (toe) of the landslide, (2) Middle part (transition zone), (3) Upper part (abalation zone), (4) Main scarp (1980 m), (5) Front (1734 m), (6) Stable crests.

Figure 3

 3 Figure 3 Displacement rates amplitude (color) and direction (arrows) in the image plane and cumulated displacements along eight profiles crossing the landslide over the period 20 May-25 June 2008. In order to highlight the displacement direction, the arrow length is normalized for each image.

Figure 3

 3 Figure 3 shows an example of displacement rates (in pixel.day -1 ) of the ground surface in the image plane derived from image pairs of 20-28 May 2008, 1-4 June 2008 and 9 June-13 June 2008. The reference is the image of 20 May 2008.The contrast in displacement rates between the landslide area and the stable area gives confidence on the calculated velocity field. One can notice that the pattern of displacement rate is heterogeneous spatially and temporally.The upper part of the landslide displays the highest velocity ranging from 1 to 7 pixels.day -1 while the lower

Figure 4

 4 Figure 4 Effective pixel size calculated for the optical images by using an airborne laser scanning DEM acquired in 2009 and projected in the image geometry (in m 2 ).

Figure 5

 5 Figure 5 Displacement rates map for the period 1-4 June 2008 in the local geographic coordinate system.

Figure 6

 6 Figure 6 View of the scanned area at the Super-Sauze landslide from the TLS base station, and schematic presentation of the projective projection applied on the TLS point clouds with the different coordinate systems involved in the procedure. The alignment of the stable parts of TLS point clouds on the ALS (airborne laser scanner) point cloud is indicated.

Figure 7

 7 Figure 7 Images derived from the gradient calculation on the TLS point clouds for the period October 2007 -October 2008 at Super-Sauze. The morphology of the landslide toe is very well represented and the progression of the landslide toe is highlighted.

Figure 8

 8 Figure 8 3D displacements field obtained by TLS measurements related to the acquisition periods of July-October of the years 2008 and 2009. The dashed circle indicates the detachment of compartment at the front of the toe.

Figure 9

 9 Figure 9 Comparison and validation of the displacements obtained by correlation with dDGPS observations on a series of blocks.

Figure 10

 10 Figure 10 Displacement field calculated at the La Valette landslide from two airborne LiDAR acquisitions in October 2007 and July 2009.Left: Displacement field in the Z direction indicating changes in elevation, and possible zones of material accumulation or erosion. Right: Displacement field in planimetry indicating changes in distribution of mass.
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