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Abstract 

The task of geodetic monitoring by means of a deformation analysis for buildings and struc-
tures can be highly relevant, since during construction or operation of any object possible de-
structive deformations might occur. Subject of monitoring can be the subsidence of a building, 
respectively of its foundation, or all other kinds of statically harmful deviations of the structure. 

This work covers the specialty of using a 2D and 3D laser scanning system for contactless and 
therefore non-invasive periodic monitoring of a surface geometry. Comparisons of the results 
from 2D analyses and 3D analyses are made on different surfaces (plane and arched surface 
types in laboratory conditions and on a construction site). Especially the focus lies on the us-
age of a relatively inexpensive 2D laser scanner which has been tested for the deformation 
analysis. 

For analysing deformations an algorithm has been developed and implemented with Matlab. 
The approach is based on a polynomial approximation of the surface geometry based on the 
measured point clouds of different epochs. Information about the object’s deformations in 
different directions can be gathered after a point-based comparison of interpolated points 
according to SCHÄFER (2004). Combining the approximation of complex surface structures first 
with the established approach of comparison of interpolated pseudo-homologous coordinates 
can be seen as a new contribution to the field of deformation analysis by laser scanning. 
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Kurzfassung 

Prinzipiell liegt die Aufgabe von geodätischem Monitoring darin, während der Bau- oder Nut-
zungsphase eines Gebäudes oder anderer Ingenieurbauwerke, auftretende Deformationen zu 
überwachen. Gegenstand der Überwachung können insbesondere Setzungen des Gebäudes 
bzw. dessen Gründung oder alle weiteren statisch bedenkliche Geometrieänderungen der 
Baukonstruktion sein. 

Die nachfolgend vorgestellte Arbeit beinhaltet die Besonderheit ein 2D oder 3D Laserscan-
ningsystem für eine berührungslose und somit nicht invasive periodische Überwachung der 
Oberflächengeometrie zu verwenden. Verschiedene Oberflächentypen (ebene und gewölbte 
Strukturen) dienen als Testobjekte unter Labor- und Baustellenbedingungen. Der Schwerpunkt 
der Arbeit liegt hier auf dem Einsatz eines relativ kostengünstigen 2D-Laserscacnningsystems. 

Für die flächenhafte Deformationsanalyse wird ein Verfahren vorgestellt wobei die enthaltenen 
Algorithmen mit der Software Matlab umgesetzt werden. Der Ansatz basiert auf der polyno-
mialen Approximation der Oberflächengeometrie auf Grundlage der gemessenen Punktwol-
ken. Deformationsinformationen werden abgeleitet, indem ein Vergleich interpolierter Koordi-
naten nach SCHÄFER (2004) entsprechend der gewählten Vergleichsrichtung angewendet wird. 
Die Kombination der Approximation welliger Oberflächenstrukturen mit dem etablierten Ver-
gleich pseudo-homologer Interpolationspunkte stellt einen neuen Beitrag im Bereich der De-
formationsanalyse mit Laserscanning dar.  
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1 Introduction 

1.1 Previous work 

The general ability for using the 2D laserscanner SICK LMS511 for geodetic measurements 
has already been shown by several studies at the Chair of Geodesy: 

FRIEDEL (2011) investigates the accuracy of the distance measurement unit concerning its pre-
cision and resolution within its working distance of 65 m. Figure 1 shows the precision of a 
single distance measurement on a white, plane target resulting in a linear term over the work-
ing distance for the standard deviation σD. 

 

Figure 1: Precision of the 2D laserscanner SICK LMS511 as standard deviation of a single 
distance measurement on a white, plane target, plotted against the distance 

Furthermore FRIEDEL (2011) creates a Matlab user interface for a real time visualization of the 
scanner’s profile measurements and a direct setup of the measurement parameters of the 
scanner. As an application towards deformation monitoring a real-time tool has been imple-
mented. This tool enables the user to monitor a profile of a plane object surface by real-time 
approximation and fitting of a straight line and change detection by an appropriated statistical 
parameter test. 

As a supplement to the work of FRIEDEL (2011), WAGATHA (2012) automatically segments geo-
metric primitives by using the Hough-transformation within a scanning profile of the SICK 
LMS511 to be possible monitoring objects in a next step according to FRIEDEL (2011). In addi-
tion WAGATHA (2012) shows the possibility of a registration of several scanning profile by using 

σ
D
 = ± 3.6 mm + 0.6  
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an in-house development of special targets for the SICK LMS511. This approach supports the 
possible usage of more than one profile scanner for a combined monitoring task. 

YAO ET AL. (2011) implements the SICK LMS511 in a low cost mobile mapping system (MMS) 
and makes further investigations concerning the precision of the scanner, especially with re-
gard to the angle of incidence which directly influences the noise level. 

1.2 New work with respect to deformation analysis 

Scan results are presented as discrete point clouds. The task has been to find an applicable 
approach for detection of deformations, based on the knowledge concerning the accuracy of 
the SICK LMS511 scanner and judging about the possibility to use such kind of profile scan-
ner for geodetic monitoring purposes in future projects. 

The new work presented within this publication focuses on a possible usage of the SICK 
LMS511 profile scanner to detect deformations not only for segmented parts of the profile but 
rather for the entire scanning profile. Whereas the approach of FRIEDEL (2011) needs a well-
defined geometry within the profile the following approach demonstrates the detection of de-
formations in a more complex or even natural scanning profile which has not to be geometri-
cally modelled with simple geometrical primitives in advance. 

Therefore experiments are carried out within this work on different test-objects: To begin with 
a rectangular profile with a smooth surface in a room of a building with simulated deformations 
is scanned and analyzed. Secondly an archway with a more complex profile and finally a new-
built tunnel profile with a natural profile as excavated on a construction site in Vienna has been 
evaluated. The first experiments have been carried out at the Technische Universität München 
and deformations of the building and the archway were simulated by moving the position of 
the scanner itself at a defined distance as well as using additional devices of a certain size, 
tacked within the scanning profile. The results of the profile scanner SICK LMS511 were also 
compared with the results of other scanning instruments like the Leica HDS7000 laserscanner 
and the Leica MS50 tacheometer, using profiles out of the 3D-point datasets. 

2 Evaluation of scan-data for deformation analysis 

The general task for this work is to evaluate the deformations of a scanned object surface or 
fragments of it. The surface is represented by point clouds obtained at different scanning 
epochs. Different types of scanning systems are used. According to the scanning device a 2D 
or 3D scan is a discrete model of the object surface and provides information only about those 
points of the object that are visible from the scanner position. Often it is necessary to detect 
and evaluate object deformations an contribute to the appropriate engineering analysis 
(stresses) even when small deviations (strains) at surfaces are existing. 

The solution of the problem involves the assessment of deformations of two surfaces in a pre-
defined coordinate system. The approach developed here to solve this problem has the condi-
tion that unambiguous surfaces are compared (see later chapters for further explanations). 
This reduces the problem for the comparison of functions of one variable (for two-dimensional 
scanning) and the comparison of functions of two variables (for three-dimensional scanning) 
which are defined on basis of discrete sets of points in a calculation plane or according to one 
of the coordinate axes. Hereinafter, the two-dimensional case (2D) is theoretically described 
and applied to test-datasets; an extension to the three-dimensional case (3D) is possible. 

To gain deformations of the scanned surface, values of pseudo-identical points can be directly 
compared, in particular realized at the nodes of a regular square grid (see SCHÄFER 2004 for 
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bilinear interpolation). To preserve the scanned details of the scanned surface, the grid spac-
ing should be chosen sufficiently small, commensurate with the minimum or average distance 
between points in the original irregular point cloud. The proposed approach to the problem is 
based on the following principles: For comparison of more complex surfaces, higher order 
functions are used in this work as a supplement instead of an only linear approach (based on a 
Delaunay triangulation) as implemend by SCHÄFER (2004). 

2.1 Basic aspects and general approach 

Basically two interpolated sets of coordinates are defined by [1]: S1 (before deformation) and 
S2 (after deformation), which are both based on the original point clouds for each measure-
ment epoch. N1 and N2 indicate the number of interpolated points describing the object sur-
face in each epoch with indices i and j as serial numbers i = 1 … N1 for points of S1 and j = 1 
… N2 for points of S2 respectively. 

 , , , , , 		  and  , , , , , 		 [1] 

The coordinate system has to be well defined that all points are used for approximation in an 
unambiguous way with respect to the chosen xy-plane Oxy. The principle of unambiguousness 
is important to create an appropriate approximation function. One pair of xy-coordinates has 
to match to only one value of z-coordinates. Furthermore it is supposed that g1 and g2 are 
two-dimensional regular grids [2]. 

 , , ,   and  , , ,  [2] 

To determine the deformations of the surface, corresponding values are necessary for all 
nodes in both grids. Interpolation in the nodes of a grid g depends on the type of approxima-

tion. The function  approximates the available original point clouds and =  in all nodes g. 

Functions  and  interpolate f1 and f2 on the set of grid nodes  and . A method of poly-
nomial regression using the least squares method is used for approximation of complex sur-
face geometries. Finally all grid nodes in g1 and g2 can be defined in formulas [3]: 

 , , , ,    and   , , , ,  [3] 

A measure of distinction between the two interpolated surfaces can be defined in [4] as aver-
age distance between two sets of functional values at N corresponding grid points, as the so-
called average deformation q: 

  = ∑ , 	 , /, ∈  [4] 

To avoid ambiguous situations, as already mentioned above, it is necessary to split curved 
scanning profile into several fragments in such way that the resulting parts describe unique 
parts of the surface. In the next steps it is required to introduce the method of approximation 
and interpolation to calculate the functional values f (see following chapters). 

2.2 Detailed aspects for arched surfaces 

This chapter examines in particular the problem of comparing arched surfaces which cannot 
be projected in an unambiguous way on a single plane, e.g. the xy-plane of a chosen local 
calculation coordinate system. Such surfaces may include rectangular-shaped, arched surfac-
es in buildings or tunnels. It should be noted that the interpolated values, e.g. the z-
coordinates, for a defined common grid, e.g. a set of x- and y-coordinates, can be created 
independently from the original orientation of the coordinate system of the scanner relative to 
the object geometry. To analyse an entire scanning profile or scene (e.g. a part of a building or 
a tunnel) it is necessary to use different local coordinate systems for the interpolation tasks to 
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guarantee an unambiguous solution. Using the available point clouds, representing the sur-
face, all projected z-coordinates relating to the plane Oxy can be used for calculating the dis-
placement parallel to the z-axis z. In an analog way, interpolated coordinates x related to the 
plane Oyz for displacement calculation parallel to the x-axis, and y-coordinates onto the plane 
Oxz to calculate the displacement parallel to the y-axis. 

In general, dividing an arched surface into three parts and changing the projection plane for 
interpolation, allows calculating displacements parallel to different local axes. The defragmen-
tation of an arched surfaces into three parts before and after deformation, results in the sub-
point sets  S1

top, S1
left and S1

right derived from the point set , and the sub-point sets S2
top, S2

left 
and S2

right, derived from the point set .  

Average displacements of the sub-surfaces, represented by S1
j and S2

j where the index k de-
scribes the single sub-surfaces, parallel to the local z-axes, are defined by [5] based on [4]: 

 ,  = ∑ , 	 , /, ∈ ,    k={top, left, right} [5] 

The values f1 and f2 in [6], are sets of interpolated coordinates at all grid nodes g1 and g2 in [7] 
analog to [2] and [3].  

 , , , , ,    and   , , , , ,  [6] 

 , , , ,   and  , , , ,  [7] 

Deformations at the surfaces S1
j and S2

j parallel to the x-axis and y-axis, can be defined in [8] 
and [9]: 

 ,  = ∑ , 	 , /, ∈  [8] 

 ,  = ∑ , 	 , /, ∈  [9] 

The grid nodes are defined according to [2] analog in [10] and [11] and the functional values 
according to [3] analog in [12] and [13]: 

 , , , ,   and  , , , ,  [10] 

 , , , ,   and  , , , ,  [11] 

 , , , , ,   and  , , , , ,  [12] 

 , , , , ,   and  , , , , ,  [13] 

2.3 Deformations by approximation and interpolation  

Each measurement point of the deformed surface can be directly assigned to the up, down, 
left and right sub-section of the scanned surface. In general the average deformations accord-
ing to [8] and [9] do not show directly the direction and magnitude of the complete defor-
mation vector of the surface. To determine the direction of the deformation vector and to allo-
cate it to the axes of the chosen coordinate system the following method for approximation of 
the surface and deformation analysis by interpolation is proposed: 

A two-dimensional profile taken from a point clouds, describing an arched surface before de-
formation, can be approximated (in segments) by a polynomial of n-degree in [14]: 

  = * 	 + *  + … + *  +  [14] 

The polynomial degree has to be adapted to the complexity of the surface, because the more 
complicate the surface geometry the higher the degree of the polynomial should be chosen to 
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increase the level of detail of the description even though computational times can increase at 
the same time. 

In a second step the same segment of the arched surface after deformation is approximated 
with formula [15]: 

  = * 	 + *  + … + *  +  [15] 

All parameters an ... a0 in [14] and bn ... b0 in [15] are in a first instance estimated from the point 
clouds coordinates of each measurement epoch.  

To verify the assumption that there is no change in the surface geometry, but a shift (as part of 
a rigid body transformation) of the surface takes place it has to be checked if parameters an ... 
a0 in [14] equal to parameters bn ... b0 in [15]. The assumption corresponds with the relevant 
deformation information to be obtained from the experimental and real data in following chap-
ters. Now it can also be assumed that coefficients bn ... b0 in [15] can be replaced by parame-
ters an ... a0 from [14]. The previous assumptions and findings directly lead to formula [16]. 
Offsets Δx and Δz for the chosen axes of the local coordinate systems represent the defor-
mation information of the chosen approach here.  

  = * 	 + *  + … + *  +  [16] 

With parameters an ... a0 are known it is possible to calculate values z1,i and z2,i in each interpo-
lation point xi with i = 1, … N according to formulas [1] to [4]. The difference to the general 
theoretical approach presented in chapter 2.1 is that the y-axis can be neglected for the 2D-
case, as a convention made here. At all defined coordinates x functional values z according to 
[6] can be interpolated with [14] and [16] for a deformation analysis using [5]. 

To find the values Δx12
k and Δz12

k, representing the deformation information, a system of equa-
tions with 2 unknowns has to be solved. As all values z1,i and z2,i in each coordinate xi are 
known from [15] and [16] the values Δz12

k for a subsurface k can be calculated according to 
[17]. 

The average deformation q, as introduced in [4] and [5], can be directly calculated from all in-
terpolated z-values. To get Δx12

k, as introduced in [16], an over-determined system of equa-
tions with formulas [15] and [16] in [17] has to be solved. The final results are values Δx12

k and 
Δz12

k. 

 
∆ 	 , 	 ,
…………………… .
∆ 	 , 	 ,

    [17] 

∆ 	 ∗ 		 	 ∗ x 	 	…	 	 ∗ 	 	 	 ∗ x Δx 	 	 ∗ x Δx 	… 	 ∗ x Δx 	
……………………………………………………………………………………………………………………………………………………………… .
∆ 	 ∗ 		 	 ∗ x 	 	…	 	 ∗ 	 	 	 ∗ x Δx 	 	 ∗ x Δx 	… 	 ∗ x Δx 	

 

Furthermore it can be seen as a highly-redundant problem of an adjustment with respective 
observations and two unknowns for each segment. A parameter estimation according to the 
adjustment theory would deliver accuracies of the unknowns as further valuable results of the 
calculations. 

The sign of Δx12
k shows the direction of displacement along the x-axis, the sign of Δz12

k the 
direction of displacements along the z-axis, and their quantitative values a shift of the objects 
surface. From these values a displacement vector q can be constructed. For plotting [8] con-
tains the displacement vector q12 of the analyzed surface k:  

 q12 = { ( x1,i, z1,i ), ( x1,i + Δx12
k, z1,i + Δz12

k ) } [18] 



A contribution to the application of the 2D laserscanner SICK LMS511 for deformation analysis 
S. Malikov, J. Ohlmann-Lauber 

 

 

11 

  

2.4 Outlook: Aspects for 3D surfaces 

The same method can be applied to a 3D surfaces analysis, but with some amendments. Two 
surfaces (before and after deformation) are then described with two sets of three-dimensional 
point coordinates as introduced in [1]. The surfaces can be treated as piecewise linear two-
dimensional functions on the basis of a plane interpolation grid. 

3 Application for deformation analysis 

To apply and verify the theoretical findings in chapter 2 three types of objects have been cho-
sen. A rectangular room profile, an archway and an excavated tunnel profile. Point clouds, 
representing the object surfaces, were obtained by laser scanning in 2D and 3D mode using 
different types of scanners. For data evaluation according to previous chapters, the surfaces 
are represented by a scanning profile with x- and z-coordinates in a 2D data-format. For 3D 
data acquisition a 2D profile of the surface has been extracted. 

To perform all necessary calculations and data visualization the software MATLAB is used and 
own programs have been developed. The calculation results as deformation analyses are dis-
played in tables and figures for each example of use. 

3.1 Deformation analysis of a rectangular profile 

A rectangular profile in a building has been first scanned with a SICK LMS511 laserscanner 
mounted of a tripod and places inside the profile (Figure 2). 

 

Figure 2: Rectangular profile (red marked) and laserscanner SICK LMS511 (yellow circle) 

Deformations of the profile were simulated by moving the laserscanner on its tribratch in sev-
eral steps: 

 Moving the scanner in horizontal direction (left and right), 
 Moving the scanner in vertical direction (up and down) and 
 Moving the scanner in both directions (simultaneous horizontal and vertical). 

Since the deformations of the left and right segments of the rectangular surface cannot be 
approximated by a single-valued function along one coordinate axis, the surface has been 
split to three sub-surfaces (left, top and right). 

After transformations of the point clouds of the single segments, appropriate approximation 
functions are describing the surface. A function according to [14] with n = 1, representing a 



A contribution to the application of the 2D laserscanner SICK LMS511 for deformation analysis 
S. Malikov, J. Ohlmann-Lauber 

 

 

12 

  

polynomial degree of one would be sufficient, polynomials of higher degrees can be used as 
well without a plus of information.  

The obtained results of the deformation analysis are coinciding with the simulated values (1 
mm horizontal movement to the left and 3 mm vertical movement down) by moving the scan-
ner manually on its tribratch. The obtained deformation information and the raw data are 
shown in Figure 3. 

 

 
Figure 3: SICK LMS511 raw data (above) and results of the deformations analysis 

For 3D scanning two scanning instruments are used: The Leica HDS7000 laserscanner and 
the Leica MS50 a tacheometer with scan-functionality. 

Values for approximation functions according to [3] are directly gained with MATLAB built-in 
functions. Here the function griddata is used for data interpolation. A “nearest neighbor 

method” was first chosen here and compared with other methods which are laid down in 
griddata: Four methods can be used: linear approximation, cubic approximation, nearest 

neighbor interpolation and “v4”, a MATLAB own method for interpolation. The linear method 
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fits to the polynomial approach of n = 1 and the cubic method to n = 2, whereas the nearest 
neighbor approach does not fit strictly spoken to the approach as described before and 
should not be used here. 

Summarizing, the results of the deformation analysis are presented in Table 1. It can be con-
cluded that the calculated displacements are almost equal to the simulated ones for both 
types of data evaluation (2D and 3D). 

Table 1: Simulated displacements and calculated values for two-and three-dimensional analy-
sis of a scanned profile (SICK LMS511 and Leica MS50) 

 
Simulated displacement [m] Calculated displacement [m] 

x y z x y z 

2D 0.001 0.003 - 0.0098 0.0293 - 

3D 0.150 0.100 -0.050 0.1320 0.0990 -0.0551 

3.2 Deformation analysis of an complex arc-shaped profile 

The profile of an archway has been scanned as second test object scanned using again the 
SICK LMS511 laserscanner mounted of a tripod and places inside the profile (Figure 4). 

 

Figure 4: Arc-shaped profile (red marked)  

The surface has been divided into three sub-surfaces that describe the left and right columns, 
and the central top part. The calculation of displacements has been conducted along the x- 
and y-axes respectively. To approximate the surfaces properly, they have been divided into 
another 6 sub-sets and displacement vectors at the center points of each subset have been 
calculated according to [18]. As the surface shows a complicate shape they are described by 
polynomials of the 10th degree (the degree results from a heuristical approach, showing the 
best results for this type of surface here). Regarding the necessary coordinate transformations, 
the magnitude and directions of all displacement vectors have been plotted. 
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The obtained results of the deformation analysis are coinciding with the simulated values (5 
mm horizontal movement to the left and 5 mm vertical movement down) by moving the scan-
ner manually on its tribratch. The obtained deformation information and the raw data are 
shown in Figure 5. 

 

 

Figure 5: SICK LMS511 raw data (above) and results of the deformations analysis 
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In the case of 3D surface evaluation the point cloud was divided into three sets which describe 
the left and right columns and the central part again. The calculation of displacements was 
conducted along the x-, y- and z-axis. 

With subsequent results, shown in Table 2, it can be concluded that the calculated displace-
ments are almost equal to simulated ones for both types of surfaces. 

Table 2: Simulated displacements and calculated values for two- and three-dimensional analy-
sis of a scanned arc-shaped profile (SICK LMS511 and Leica MS50) 

 
Simulated displacement [m] Calculated displacement [m] 

x y z x y z 

2D 0.005 0.005  0.0047 0.0052  

3D 0.030 0.045 0.045 0.030 0.045 0.047 

3.3 Deformation analysis of an excavated tunnel profile 

A subway tunnel in Vienna, Austria was chosen by the authors for evaluation of the approach 
on real project data. Therefore measurements using a SICK TIM511 laserscanner have been 
conducted. A semicircle shape of a cross section has been scanned. The results of the defor-
mation analysis are presented on Figure 7. 
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Figure 5: SICK TIM511 raw data (above) and results of the deformations analysis 

To calculate the displacement vectors of the tunnel profile each part of data sets describing 
the left, right and center part of the profile, was divided by another 6 subsets and the dis-
placement vector at the center point of each subset was plotted.  
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4 Conclusion 

The results of all calculations coincide with the simulated values of displacements not only for 
simple geometry surfaces but also for complex and real surfaces like an archway using the 
presented method for deformation analysis. By calculating the displacements for complicated 
surfaces the polynomial degree for the approximation can be increased and therefore chosen 
in a flexible way, but with respect to the available point density. 

As the method of deformation analysis involves the approximation of complex surfaces, the 
number of scan points describing the surface has to be sufficiently high to avoid approxima-
tion errors. If the approximation poorly describes the scan data, it is necessary to either in-
crease the number of points defining the surface, or modify the type of approximation by 
changing the degree of the polynomial functions. 

Finally, further examination has to be done on the evaluation of three-dimensional data sets. 
The preliminary results presented in this publication are based on built-in Matlab functions 
without sufficient visualisation so far. Therefore, future work can be based on a detailed trans-
fer of the presented two-dimensional polynomial approach to a three-dimensional application. 
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