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 This paper aims to accurately visualize the surface deformation of landslide. For this purpose, 

the authors proposed a surface modelling method based on cloud data of discrete points and 

triangulated irregular network (TIN). Firstly, an ordinary camera was adopted to take photos 

of the landslide at a high speed. Then, the close-range photogrammetry, a long-distance 

noncontact measurement technology, was integrated with surface modelling method, laying 

the basis for landslide monitoring. The hybrid method was applied to acquire the cloud data of 

discrete points of the landslide, reconstruct the movement pattern, and predict the future trend 

of movement. Lab tests show that the minimum of the largest residuals fell within 

0.5612~0.9993 mm. The 3D deformation pattern reconstructed by our method in field test 

deviated from the actual value by less than 1mm, and from the optical measurement by less 

than 5mm. The results show that our method can realize accurate non-contact measurement of 

landslide.  
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1. INTRODUCTION 

 

Photogrammetry refers to the use of camera technology to 

capture the image of an object, and accurately identify the 

shape and position of the object. The first attempt to 

automatize photogrammetry was made in 1950, when the 

Engineer Research and Development Center (ERDC) 

cooperated with an optical instrument company to develop an 

automatic photogrammetry system. Since the 1990s, 

photogrammetry has entered the era of full digital automation. 

Many digital photogrammetry systems (e.g. Virtuoso 

Workstation) have been applied in production and commercial 

services. These systems generally convert the gray values of 

the image into electrical signals, and then use electronic 

technology to realize automation.  

The multi-view photogrammetry is a cutting-edge digital 

photogrammetry technique. Based on a group of images 

captured by ordinary digital cameras, the 3D structure of the 

real scene and the position and direction of each camera can 

be reconstructed under geometric constraints. The key to 

multi-view photogrammetry is surface modeling. The surface 

modelling mainly deals with non-uniform rational basis spline 

(NURBS) surface, triangular surface and polyhedral surface 

[1-4].  

The triangulated irregular network (TIN), a popular surface 

modelling technique, is a representation of a continuous 

surface consisting entirely of triangular facets. The TIN model 

has a unique advantage: the ability to describe the surface at 

different levels of resolution [5-6]. Compared with the grid 

data model, the TIN model can describe complex surface at 

any resolution accurately in a short time, especially the terrains 

with many tectonic and fracture lines [7-9]. Therefore, this 

model provides a suitable tool to monitor surface deformations. 

The traditional techniques for surface deformation 

monitoring mainly include geodetic survey and close-range 

photogrammetry [10-12]. In recent years, the sensor 

technology, GPS, and 3D laser scanning have been applied to 

monitor the deformation on engineering slopes, but the 

application faces many limitations [13-16]. Table 1 compares 

different minoring methods for surface deformations. 

 

Table 1. Comparison of monitoring methods for surface deformations 
 

Monitoring methods Precision Operability Cost 

Total station, precision 

level 

High precision, 2~5mm+2ppm for total 

station and 0.01mm for precision level 

Easy to operate, with high labor 

intensity 
Low 

GPS, remote sensing High precision, high disturbance Easy to operate, intelligent, and efficient High 

Traditional close-range 

photogrammetry 
General 

Easy to collect field data, complex to 

reconstruct the 3D model of the interior 
Low 
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This paper proposes a surface modelling method based on 

cloud data of discrete points and the TIN for visualize the 

surface deformation of landslide. The TIN was integrated with 

the close-range photogrammetry, a long-distance noncontact 

measurement technology, and applied to acquire the cloud data 

of discrete points of the landslide, reconstruct the 3D surface 

and predict the future trend of movement [17-21]. 

 

 

2. PRINCIPLE OF TIN SURFACE MODELING 

 

The TIN is a mature tool for digital modelling of terrains. In 

TIN modelling, the surface of each terrain is described by a 

series of interconnected triangular surfaces, which do not 

interest or overlap each other. 

The most prominent advantage of the TIN lies in its ability 

to describe terrain surfaces at different levels of resolutions. 

The traditional grid data model cannot represent complex 

surfaces in a limited space within a short time. This defect is 

fully resolved through TIN modelling, whichever is the 

required resolution for the model. The TIN takes full account 

of the fault lines and structural lines of the target terrain, and 

thereby provides an accurate and reasonable description of the 

shape of the terrain surface. To sum up, the TIN enjoys high 

accuracy, fast speed and high efficiency, and the ability to deal 

with fault lines and other terrain features.  

The TIN relies on Delaunay triangulation for terrain fitting. 

This triangulation approach has the best fitting results for 

various terrains. In the TIN model, the modelling quality 

hinges directly on the geometry of triangles. In general, long 

and narrow triangles have better interpolation effects than 

regular triangles, for they can better reflect the anisotropy of 

the terrain and the autocorrelation of space. The triangles in 

the TIN are unique triangles that are approximately regular, 

yet long and narrow. The triangles are created by linking up 

the nearest points. 

 The data of the Tin have a typical vector structure. The 

storage and organization structures are efficient to explicitly 

or implicitly express the topological relationship of scattered 

points on the target terrain as the relationship among nodes, 

triangle edges and triangle faces. 

In addition, TIN modelling must follow six principles, 

namely, space circumcircle criterion, maximum and minimum 

angle criterion, minimum distance criterion, maximum angle 

criterion, area ratio criterion and diagonal criterion. Under 

these principles, the TIN can be estbalished accoridng to the 

original elevation points that are randomly distirbuted on the 

surface of the target terrain. 

The TIN is useful for the description and analysis of general 

horizontal distributions and relationships. The network 

represents the topological relation between discrete points 

explicitly or implicitly, based on the relations between 

triangular nodes, edges and planes. With an efficient storage 

and organizational structure, the TIN obeys the following 

principle in triangular partitioning: the meshing quality 

directly hinges on the geometric shape of TIN triangles. 

Considering the anisotropy and spatial autocorrelation of 

terrains, the interpolation precision of long skinny triangles is 

lower than that of regular triangles. Therefore, the TIN 

triangles should be as equiangular as possible. Then, the most 

adjacent nodes connected to each other can form the only 

triangular. On this basis, the triangularization can be achieved 

at a high efficiency. 

3. CALCULATION PRINCIPLE OF SPACE 

COORDINATES 

 

Based on the parameters of the digital camera and the 

patterns of image points, the close-range photogrammetry 

calculates the 3D coordinates of the target point based on 

optical principles and the positions of known image positions.  

Let P (X, Y, Z) be the coordinates of a point in space, and 

P'(x_1, y_1) and P''(x_2,y_2) be the coordinates of its 

projections in two photos, respectively. As shown in Figure 1, 

the position 𝑆(𝑋𝑠, 𝑌𝑠 , 𝑍𝑠) of the camera that shot the photos 

was taken as the projection center. The three angles between 

the target point and the three axes in the camera’s cordinate 

system are denoted as 𝜔 , 𝜑  and 𝑘 , respecitvely. The focal 

length of the camera was denoted as f.  

 

 
 

Figure 1. The sketch map of the coordinate system 

 

Since P, P'(P'') and S are in the same line, their relationships 

can be expresed as follows based on the collinearity equation: 

 

𝑥𝑖 = −𝑓 ∙
𝑟11(𝑋−𝑋𝑠)+𝑟12(𝑌−𝑌𝑠)+𝑟13(𝑍−𝑍𝑠)

𝑟31(𝑋−𝑋𝑠)+𝑟32(𝑌−𝑌𝑠)+𝑟33(𝑍−𝑍𝑠)
           (1) 

 

𝑦
𝑖
= −𝑓 ∙

𝑟21(𝑋−𝑋𝑠)+𝑟22(𝑌−𝑌𝑠)+𝑟23(𝑍−𝑍𝑠)

𝑟31(𝑋−𝑋𝑠)+𝑟32(𝑌−𝑌𝑠)+𝑟33(𝑍−𝑍𝑠)
           (2) 

 

where, i=1,2; rij can be described as: 

 

𝑅(𝜔𝑖 , 𝜑𝑖 , 𝑘𝑖) = 𝑅(𝜔𝑖)𝑅(𝜑𝑖)𝑅(𝑘𝑖) = [

𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]   (3) 

 

where, 

 

𝑅(𝜔𝑖) = [
1 0 0
0 𝑐𝑜𝑠 𝜔𝑖 𝑠𝑖𝑛 𝜔𝑖

0 − 𝑠𝑖𝑛 𝜔𝑖 𝑐𝑜𝑠 𝜔𝑖

] 

 

𝑅(𝜑𝑖) = [

𝑐𝑜𝑠 𝜑𝑖 0 − 𝑠𝑖𝑛 𝜑𝑖

0 1 0
𝑠𝑖𝑛 𝜑𝑖 0 𝑐𝑜𝑠 𝜑𝑖

] 
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𝑅(𝑘𝑖) = [
𝑐𝑜𝑠 𝑘𝑖 𝑠𝑖𝑛 𝑘𝑖 0
− 𝑠𝑖𝑛 𝑘𝑖 𝑐𝑜𝑠 𝑘𝑖 0

0 0 1

] 

 

The collinearity equation alone cannot determine the 3D 

coordinates of the point P. However, the above expression 

shows that P and the two projection points S' and S'' belong to 

the same plane. Then, the collinearity between them can be 

described as: 

 

𝐹 = |
𝑏𝑥 𝑏𝑦 𝑏𝑧
𝑢1 𝑣1 𝑤1

𝑢2 𝑣2 𝑤2

| = 0                         (4) 

 

where, 

 

[

𝑢𝑖
𝑣𝑖
𝑤𝑖

] = [

1 −𝑘𝑖 −𝜑
𝑖

𝑘𝑖 1 −𝜔𝑖

𝜑
𝑖

𝜔𝑖 1
] [

𝑥𝑖
𝑦
𝑖

−𝑓
] 𝑖 = 1, 2 

 

where, [

bx
by
bz

] is the vector between en S′ and S′′. 

 

 

4. LAB TEST 

 

The first step of the lab test is to calibrate the focal length, 

variation coefficient, optical parameters and error parameters 

of the camera. 

 

4.1 Camera calibration 

 

Before the close-range photogrammetric monitoring, it is 

necessary to calibrate the camera on the software, and store the 

calibrated parameters as data files. First, the photos shot by the 

camera, which contain camera parameters and dynamic 

parameters of the shooting process, were inputted to the 

software. Then, the software would identify the parameters in 

the photos, find the corresponding camera parameters in the 

data file, and perform back calculation with both of them. If 

the camera was used without calibration, the software would 

receive errors during the identification process. 

The camera was calibrated with a 630cm-long square 

calibration board. There are 100 equidistant calibration points 

on the board, with the interval of 70mm. Each calibration point 

is 9mm in diameter. Four control points were selected on the 

board, with the inner diameter of 9mm and outer diameter of 

38mm. In this paper, the focal length of the camera is adjusted 

to that of Panasonic DMC-FZ35 or Canon EOS 7D before 

shooting. 

During the calibration (Figure 2), the digital camera was 

erected to shoot the calibration board from four directions at 

90° directions. All the calibration points must appear in each 

photo, covering no less than 70% of the whole photo. Then, 

the camera was rotated counterclockwise by 90° for another 

round of shooting. Finally, the camera was rotated clockwise 

by 90° for the last round of shooting. In total, 12 photos were 

taken at each focal length. The photos were analyzed to 

evaluate the calibration results (Figures 3-5). 

 

 
 

Figure 2. The calibration processes 

 

The calibration results in Figures 3-5 show that the 

maximum residual minimized at 0.56 (Panasonic DMC-FZ35 

[9.00mm]). According to the user manual of the PMS software, 

the maximum residual should be less than 1. Therefore, 

smaller the residual, the better the calibration precision. With 

a zoom length of 18~135 mm, the focal length of Canon EOS 

7D is easy to control. However, its response time is too short 

for photo collection. To minimize the residual, this paper 

selects the calibration results of Canon EOS 7D at the focal 

length of 18mm for lab test and field test. 

 

 
 

Figure 3. Calibration results for Panasonic DMC-FZ35 

[9.00] 

 

 
 

Figure 4. Calibration results for Panasonic DMC-FZ35 

[13.80] 
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Figure 5. Calibration results for Canon EOS 7D [18.00] 

 

4.2 Model testing 

 

After calibration, a digital camera (DC) and a digital single-

lens reflex (DSLR) camera were tested on a calibration board 

(Figure 6). On the board, there are 9 calibration points of the 

same size. The cap of each point is black except for a white 

dot in the center. The first eight points were arranged at the 

vertical interval of 25 cm and the lateral interval of 15 cm. The 

last point was placed at the rightmost with the vertical interval 

of 12.5 cm and the lateral interval of 15 cm. All these points 

have the same vertical coordinate. Each calibrated camera 

(with the focal length of 18 mm) shot eight photos of the 

calibration board at different focal lengths from varied 

directions. The photos were then analyzed on the PMS 

software to reconstruct the data of the nine calibration points. 

 

 
 

Figure 6. Layout of the calibration points 

 

Figure 7 shows the calibration results of Cannon EOS7D 

(focal length: 18 mm). The three break lines represent the 

deviation of the reconstructed position from the actual position 

of each calibration point in the x-, y-, and z- directions. It can 

be seen that the maximum deviation was smaller than 1mm. 

Thus, the calibrated camera achieved the monitoring precision 

for engineering slope. 

 

 
 

Figure 7. The calibration results of Cannon EOS7D 

5. FIELD TEST 

 

After the lab test, the authors conducted a field test on a 

slope in Changsha, southern China’s Hunan province. First, 

the point cloud data of the slope were collected through close-

range photogrammetry (Figure 8). Then, the surface of the 

landslide on the slope was modelled by the TIN (Figure 9). 

The PMS data were compared with the data measured by a 

third party (Figure 10). 

 

 
 

Figure 8. The point cloud data of the slope 

 

 
 

Figure 9. The TIN modelling of landslide surface  

 

As shown in Figure 10, the maximum error between the 

PMS data and the third-party data was within 5%, which 

satisfies the precision requirement for engineering 

measurement. The results demonstrate the speed, efficiency 

and real-time performance of the TIN surface modelling. 

 

 
 

Figure 10. Comparison between data from different sources 

 

 

6. CONCLUSIONS 

 

This paper combines ordinary photographic method with 

close-range photogrammetry and TIN surface modelling into 

a novel approach to measure the surface deformation of 

landslide. This approach can collect the cloud data points, 
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reconstruct the movement pattern, and predict the movement 

trend of the landslide. Through theoretical analysis, lab test 

and field test, the following conclusions were put forward: 

(1) Based on the principle of TIN surface modelling, the 

authors established a non-contact close-range 

photogrammetry and back-solving model for landslide. 

(2) The calibration test shows that, after TIN surface 

modeling, the maximum residual was minimized at 0.56 mm 

for Panasonic DMC-FZ35 [9.00 mm]. The error was smaller 

than the 1 mm threshold, fulfilling the precision requirement 

for engineering measurement.  

(3) In field test, the point cloud data of the slope were 

collected through close-range photogrammetry, and the 

surface of the landslide on the slope was modelled by the TIN. 

The deviation of the PMS data from the actual data was 

controlled within 5 mm. The results verify the feasibility of 

TIN surface modeling in deformation monitoring of landslide. 

(4) The lab test and field test show that, in addition to predict 

the trend of landslide, our method has the potential to analyze 

the cause and failure mechanism of landslide. 
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