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ACRONYMS
ACI

American Concrete Institute

AEC

Architecture, engineering and construction

ANU

Along-normal uncertainty

BIM

Building information modelling

COBIM

Common building information modelling

CSU

Combined standard uncertainty

DIN

German Institute for Standardization

FM

Facility management

GSA

General Services Administration, USA (gsa.gov)

HUE

Gradation of colours

I

Intensity

ISO

International Organization for Standardization

JCGM

Joint Committee for Guides in Metrology

kHz

Kilohertz (103 Hz)

MHz

Megahertz (106 Hz)

PS

Phase-shift

RGB

Colour model of three colours: red, green, and blue

TLS

Terrestrial laser scanning

TOF

Time-of-flight

WFD

Waveform digitizing

3D

Three-dimensional
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1. INTRODUCTION
1.1. Terrestrial laser scanning technology
Terrestrial laser scanning (TLS) is an innovative geodetic surveying technique
that allows remote capturing of high resolution and accurate spatial data. The
number and variety of applications of the TLS technology in the architectural,
engineering, construction and facility management (AEC/FM) industry are
continuously increasing. In addition to the wide range of its applications in the
AEC/FM industry, the TLS technology has been adopted by many other fields
as well. For example, the technology has been widely used for forensic
applications and surveying accident and disaster scenes. The collected TLS data
are very versatile making it possible to document and reconstruct the
surrounding three-dimensional (3D) environment with a high level of accuracy.
The benefit of the TLS survey compared to the traditional geodetic
surveying techniques (e.g. geometric levelling and total station surveying) is its
ability to record the surrounding environment by measuring a countless number
(millions) of survey points within a matter of seconds. The surveying process is
contactless, therefore there is no danger of damaging the object or the scene
(e.g. accident documentation). Contactless surveying also reduces health risks to
the surveyor (e.g. while surveying hazardous objects). TLS provides an
automated data capture of everything within the instrument’s field of view and
maximum surveying range. The panoramic field of view can be up to 360° (full
circle) in the horizontal and 310° in the vertical direction, thus leaving only a
small area under the scanner unsurveyed. Since the TLS survey uses laser
technology, bright light conditions are not required unlike for surveys with
optical instruments. This, for example, is very beneficial for underground
mining surveys or surveys that are only feasible at night-time (e.g. surveying of
large traffic intersections).
Each TLS survey point in the resulting point cloud can be generally
characterized by the coordinate components, i.e. the 3D position of the point
(the rectangular x, y and z coordinates) and the intensity (I) value. The intensity
value is proportional to the power of the backscattered laser beam represented
generally in greyscale or in graduation of colours (i.e. HUE, Pesci and Teza
2008, Kaasalainen et al. 2009, cf. Fig. 1). The intensity values can be used for
example to detect surface damages (Armesto-González et al. 2010) or
distinguish different surface materials (González-Jorge et al. 2012). In addition
to the coordinate components and the intensity, many scanners are capable of
recording also RGB images with true colours. From these images, RGB values
for each survey point are derived resulting in a data packet where each (i-th)
data-point is characterized by xi, yi, zi, Ii and RGBi. The photorealistic TLS point
cloud images (Fig. 1) are beneficial for visualization purposes and for example
conservation and management of historic heritage sites (Wilson et al. 2013).
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Figure 1. Rendered point clouds with intensity values represented in HUE colours
(upper figure) and with true colours (lower figure) of the studied building (cf. Paper
IV). The scale bar units are in metres.

In general, TLS survey results are referred to the instrument’s internal
coordinate system or in some external coordinate system (e.g. project coordinate
system). In many cases, the object of interest is either too large (cf. Fig. 1) or
complex-shaped to be scanned from one position only. Therefore, multiple
scanning stations are usually needed. To obtain a complete representation of the
scanned object, the data from different scanning stations need to be referred to a
common coordinate system. For this, data can be transformed (also known as
registering) into a selected coordinate system during the post-processing stage
of the surveys. Also, surveys can be conducted directly in a common coordinate
system on site by orienting the TLS instrument using survey control network
points. Note that modern TLS instruments, similarly to other geodetic
instruments (e.g. total stations), can be centred over a known ground control
point and be oriented using back-sighting to a known control point. It is also
possible to use resectioning (in surveying also known as free stationing) for
orientation which is beneficial on construction sites where the occupation of a
pre-established control point may not be possible. In addition, some modern
scanners are also equipped with traverse functions that enable establishing
control networks required for example in building surveying and in road
surveying (GSA 2009, Caltrans 2011, BIM Task Group 2013).
Today TLS has become a standard tool in geodetic surveying. The impetus
for this has been the quite rapid development of the TLS technology in recent
12

years. Due to the technological developments, TLS instruments have become
more efficient, for example, data acquisition rates have increased within a
decade from approximately 2 kHz up to 1 MHz. The user interface of
instruments has become easy to handle and is rather similar to that of traditional
geodetic instruments that surveyors are accustomed to. In terms of data
processing, over the years different commercial and open source software has
become available.
TLS technology, in general, is based either on time-of-flight (TOF) principle
or continuous-wave principle. The latter is generally known as the phase-shift
(PS) principle. From the user’s perspective, the main differences between the
two technologies are the data acquisition time, working range and the
dependence on environmental conditions.
The TOF technology utilizes laser pulse measurement, the succeeding
measurement is only carried out after the detection of the backscattered echo of
the emitted laser beam. Due to this time delay, the data acquisition rate of TOF
scanners is limited (usually <50 kHz). Since the TOF technology generally
implements a high concentration of transmitted laser power, the possible
measuring distances can exceed a kilometre. In addition, TOF scanners are, in
general, more resistant to environmental conditions (e.g. air humidity), thus
making these scanners suitable for outdoor applications (Schulz 2007, Lerma
García et al. 2008, Vosselman and Maas 2010).
The PS scanners, on the other hand, being based on continuous wave laser
principle, are able to acquire data at a rate exceeding 1 MHz. Generally, due to
the atmospheric attenuation of the laser signal, PS scanners measure shorter
distances (~100 m) and are more sensitive to environmental conditions,
especially air humidity and precipitation (Schulz 2007, Lerma García et al.
2008, Vosselman and Maas 2010).
The most recent scanning technologies implement for example an enhanced
TOF principle that uses the waveform digitizing (WFD) technology. This
allows faster data acquisition rates up to 1 MHz with scanning distances
exceeding 250 m and better distance measuring accuracies compared to the
common TOF principle (Bayoud 2006, Maar and Zogg 2014).
In conclusion, due to remote measurements, moderate measuring distances
and very fast data acquisition rates TLS has become a very efficient tool. The
advantages of TLS can be summarized as follows:
•

Fast and accurate reconstruction of 3D spaces;

•

Reduction of data acquisition costs and shortening fieldwork
(Reshetyuk 2009);

•

Reduction of the need for possible re-survey;

•

Improving surveyor safety (e.g. hazardous objects);
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•

Facilitating better information management on AEC/FM projects (BIM
Task Group 2013).

1.2. Limitations related to TLS
As TLS provides an excess of data compared with traditional surveying
methods, engineers and structural designers have become more aware of the
potential of the TLS technology. This includes benefits from better evaluation
of the existing spatial (geometry of the object) conditions, performing detailed
structural analysis, 3D recording of as-built conditions and improving an overall
information management on construction projects. Today the TLS technology
has been used in many AEC/FM applications including for example as-built or
as-maintained surveys (e.g. Golparvar-Fard et al. 2011, Larsen et al. 2011,
Bosché and Guenet 2014, Wang et al. 2015), surveys for building information
modelling (BIM) and FM purposes (e.g. Wunderlich 2003, Murphy et al. 2013,
Xiong et al. 2013, Paper IV), surveying of different technical infrastructure like
roads (Paper I, Hiremagalur et al. 2009, Akgul et al. 2017, Barbarella et al.
2017) tunnels (Pejić 2013, Nuttens et al. 2014) and bridges (e.g. Tang and
Akinci 2012, Paper II). The TLS technology has also proven to be beneficial
for the monitoring of structural deformations (e.g. Pesci et al. 2013, Holst et al.
2014, Papers II and III, Wunderlich et al. 2016, Xuan et al. 2016, Yang et al.
2017).
Over the years the TLS technology has been used in many different projects;
however, two challenging problems exist: (i) gaining sufficient knowledge of the
accuracy of the obtained TLS data and (ii) determining the optimal data
processing methods.
The present study addresses primarily the first problem: gaining/estimating
sufficient knowledge of the accuracy of the TLS data. The accuracy of the TLS
survey has been studied by many authors. For example, Barbarella et al. (2017)
implemented the covariance matrix to estimate the uncertainty of the position of
a generic point. Cuartero et al. (2010) investigated TLS accuracy by analysing
survey point locational errors using coordinate vectors. Chen et al. (2016), Xuan
et al. (2016) and Zhengchun et al. (2016) investigated TLS uncertainties by
modelling an error ellipsoid. These studies generally focus on survey point
uncertainties relative to the TLS coordinate origin rather than with respect to the
principal axes of the object itself. In contrast, the present study focuses on
estimating along-normal uncertainties (ANU) of TLS surveyed surfaces as these
uncertainties have a critical influence on geometric modelling results. The
present study makes use of the concept of the combined standard uncertainty
(CSU). The CSU originates from the classical theory of geodetic measurement
errors (e.g. Bjerhammar 1973) and has been adopted in contemporary guidelines
for the measurement industry (JCGM 100:2008). The concept of CSU has been
used in many previous studies, for example, Koch (2008) studied CSU for
correlated measurements. Alkhatib et al. (2009) investigated CSU in the case of
14

combining both the aleatoric (referred to as irreducible) and epistemic (referred
to as reducible) uncertainty quantities. Niemeier and Tengen (2016) used the
concept of CSU to model the uncertainty within a geodetic control network
adjustment. Papers II and III investigated CSU, in particular, ANU for the
cases of TLS surveying of engineering structures. The present study presents a
method to calculate ANU values using the estimates of CSU.
The second challenge concerns the complexity and time consumption of data
processing (e.g. Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Bosché
and Guenet 2014). Due to the complexity of data processing, it is also possible
to obtain different processing results by using different processing methods, for
example by using an iterative geometric modelling or a non-iterative modelling.
Some issues concerning geometric modelling of TLS data were identified in
Paper IV. In addition, e.g. Holst et al. (2014), Wang et al. (2015) and Holst and
Kuhlmann (2016) indicated the need for calibrating the obtained TLS
measurements. Calibration of measurements is intended to reduce the influence
of systematic errors due to the instrumental imperfections of TLS instruments.
The calibration parameters can depend on TLS application (Holst et al. 2014).
These parameters may vary due to the object’s reflectance, surveying
conditions, instruments used etc. (Holst et al. 2014, Wang et al. 2015). For
geometric modelling of TLS data, in the case of some methods it is also
important to provide uncertainty estimates (i.e. ANU values) for each data point
after the field surveys have been carried out. The uncertainty estimates are
needed for example to properly weight the TLS data to be modelled (e.g. Gruen
and Akca 2005, Holst et al. 2014, Mao et al. 2015). Therefore, to provide
reliable laser scanning project results, the data should go through several
processing steps: data reduction, data segmentation, data calibration and
geometric modelling (Holst et al. 2014). These processing steps, in particular
data calibration, can make the time lag between the actual surveying and
handing over the scanning results to the customer quite long. Such a time lag is
a significant limiting factor in the usage of TLS technology in the AEC/FM
industry (Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Tang et al.
2011, Bosché and Guenet 2014). However, several methods have been proposed
to speed up data processing for example for construction quality assessment
purposes and for as-built survey purposes using TLS data (Boukamp and Akinci
2007, Bosché et al. 2009, Golparvar-Fard et al. 2011, Bosché and Guenet
2014).
The insufficient knowledge of the accuracy of the obtained TLS data and the
possibility that the results of data processing can differ, make it challenging to
assure the reliability and the quality of the obtained results solely relying on
TLS data. It is thus quite common that results obtained by TLS are verified
using a conventional geodetic surveying method, e.g. precise levelling or total
station survey (e.g. Zogg and Ingensand 2008, Rönnholm et al. 2009, Nuttens et
al. 2014, Papers II and III).
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1.3. Objectives of the study
In geodetic surveying, particularly in engineering surveying, it is relevant to be
able to assess the expected quality of the surveys both before and after the
surveys. Firstly, a prior quality assessment makes it possible to predict the
obtainable accuracy of the surveys and plan better the work ahead. By knowing
the expected quality of surveys, the surveyor can estimate whether the obtained
results are within the acceptable quality limits. Secondly, the quality assessment
of the surveying results mitigates risks and improves reliability for the clients.
Tang et al. (2011) pointed out that quality assurance for TLS surveying results
can be done by assessing deviations by (i) computing the minimum Euclidean
distance from each survey point to its nearest geometrically modelled surface or
(ii) computing point-surface distances along user-specified directions, e.g. the
direction of the surface normal.
The objective of the present doctoral thesis is to investigate TLS applications
for engineering structure surveys. In particular, a novel method that enables
assessing ANU of the surfaces is presented in this thesis (also in Paper I). More
specific goals are
(i) elaboration on a method for calculating ANU of surfaces of engineering
structures to be surveyed;
(ii) adapting a classical concept of the error propagation law of random
variables in investigating TLS uncertainties for engineering applications.
These complement the wide range of methods proposed in the literature for
assessing TLS surveying accuracy. An investigation of ANU occurring in the
surveying of engineering structures is also presented. The methodology for
calculating ANU values was tested and rigorously proved by the results
achieved in two geodetic surveying case studies. The first case study deals with
monitoring bridge deformations occurring during a unique bridge load test
where the collapse of the bridge was expected due to extreme loading (Paper
II). The second case study deals with investigating the range and spatial
distribution of frost heave (the occurrence of which is common in seasonal frost
regions) of roads (Paper III). The developed method for calculating ANU
values (Paper I) proved to be beneficial for surveying projects where
deformations are numerically small and repetition of the measurements is
impossible (Papers II and III).
In addition to the wide range of applications of TLS in the AEC/FM industry
(see the aforementioned literature sources), a number of empirical case studies
have been conducted by the author of the present thesis. The conducted
empirical case studies (Papers II to V) investigate the application of the TLS
technology for engineering structure surveys considering the following
limitations: (i) scanning under a large angle of incidence (Papers II, III and
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IV), (ii) the influence of atmospheric conditions on TLS surveying (Papers III
and V) and (iii) validation of the obtained TLS results in engineering
applications (Papers II, III and IV).
The results of the empirical case studies have been published in peerreviewed journal articles and in international conference proceedings.
In summary, the aims of the present study are to
(i) study and analyse ANU occurring in the TLS surveying of engineering
structures (Paper I);
(ii) study and analyse the application of the TLS technology for engineering
structure surveys (Papers II to V).

1.4. Outline of the thesis
The introduction with the literature review provides a brief overview of the
current state of the TLS technology, brings out main limitations of using the
TLS technology in the AEC/FM industry and defines the problem statement.
The rest of the thesis is divided into two parts and is structured as described in
the following sections.
The first part of the thesis, which includes Chapters 2 to 5, focuses on the
theoretical assessment of TLS uncertainties occurring in the surveying of
engineering structures (Paper I). The study of the theoretical assessment of
TLS uncertainties uses the classical concept of the error propagation law of
random variables (e.g. Bjerhammar 1973). Investigations are carried out to
determine the influence of the distance and the angle measurement uncertainties
(horizontal and vertical angle) to the CSU of a survey point. In particular, the
emphasis is on ANU with respect to the surface to be surveyed. A method is
derived on the basis of CSU to calculate ANU values for the general cases. In
addition, the magnitudes and the distribution of ANU values across the surfaces
are investigated based on computer-simulated engineering structures. The study
includes suggestions to optimize scanning locations in order to reduce ANU
values. The modelling of ANU distribution for engineering structures concludes
the first part of the thesis.
The second part of the thesis, from Chapter 6 onwards, focuses on the
application of the TLS technology for engineering structure surveys. The
developed method for calculating ANU values, as described in Chapter 3, was
tested in two empirical case studies. The first case study deals with monitoring
deformations occurring during a unique static bridge loading using the TLS
technology (Paper II). The results obtained by TLS were verified by precise
levelling. The second case study deals with the monitoring of road surface
deformations occurring due to frost heave at selected road sections using the
TLS technology (Paper III). The results obtained by TLS were verified by
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geometric levelling. Both of the mentioned case studies generally focus on
detecting structural deformations in the vertical (either down- or upwards)
direction.
Applications of TLS, in particular for road surveying purposes, are
investigated with a case study dealing with road surface surveying using TLS
and total station technologies (Paper V). The optimal scanning distance and the
effectivity of using TLS in road surveys are studied. Also, two surveying
technologies, the TLS surveying and the traditional total station surveying, are
compared (Paper V).
Lastly, the application of the TLS technology for building surveying is
investigated (Paper IV). The study highlights benefits and problematic areas of
using TLS data for the purpose of compiling parametric building models for the
FM industry. The geometrical accuracy of the created model was verified using
pointwise total station survey data.
The conclusions and the discussion on further research needs conclude the
thesis.
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2. TLS MEASUREMENTS AND UNCERTAINTY
2.1. Relevant statistical estimates of measurements and uncertainty
Every measurement can contain errors. The measurements of the same quantity
may yield different values, the difference is called discrepancy. If discrepancies
are only of a small magnitude (below a certain threshold), the observations can
be referred to as being precise. However, these results may not be accurate,
since their definitions are different (Chilani and Wolf 2006, Schofield and
Breach 2007):
(i) precision is described by the compatibility rate between the repeated
observations, showing how close the observation results are to each
other;
(ii) accuracy is described by the absolute closeness of the observed value
and the true value.
Measurement precision is assessed through measurement uncertainty, which
is generally denoted by u (Fig. 2).

Figure 2. Relations between the true value, the best estimate w (i.e. mean value), single
observation wi and measurement uncertainty u (adopted from Ehrlich 2014).

An error is the difference between the measured quantity and the true
quantity (i.e. true value, cf. Fig. 2). Since in many occasions the true quantity is
unknown, the deviation, i.e. the difference between the measured quantity and
the estimated quantity (e.g. the mean value) is used (Eq. 2.1). Uncertainty is a
non-negative parameter that describes the dispersion of the obtained quantities
within the vicinity of the best estimate value, i.e. the mean value (JCGM
100:2008, Sładek 2016). The larger the measurement uncertainty, the lower is
the measurement precision. The parameters for uncertainty can be for example
the standard deviation (Eq. 2.2) or the combined standard uncertainty, i.e. CSU
(Eq. 2.3).
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where n is the total number of observations, uPˆ is the combined standard
uncertainty of a survey point, u wi is the standard uncertainty of an i-th
observable quantity (e.g. distance, angle, height difference etc.), P̂ is an
estimate of the location (3D position, expressible via specific x, y and zcoordinates) of the true location of the survey point P, f is the function
P = f ( wi ) i =1,...n associated with the observations ( wi )i =1,...n . For instance, the
coordinates can be derived from observables by

 xi   ρi cos θ i cos ϕi 
 y  =  ρ sin θ cos ϕ 
,
i
i
 i  i
 zi   ρi sin ϕi  i =1,..., n

(2.4)

where ρ is the distance, θ is the horizontal angle accounted from the TLS
device’s x-axis, φ is the vertical angle (e.g. accounted from the horizontal
plane).
The knowledge of the accuracy and precision of the surveying equipment is
critical in order to meet the requirements of a survey project. However, due to
the novelty and the complexity of the TLS technology, independent and reliable
testing procedures provided by e.g. International Organization for
Standardization (ISO) or German Institute for Standardization (DIN) are still
missing for TLS (Tsakiri et al. 2015, Holst and Kuhlmann 2016, Pandžić et al.
2017). Such procedures exist for ordinary geodetic instruments, for example for
levelling instruments (ISO 17123-2:2001) and for total stations (ISO 171235:2012). At present, according to ISO (iso.org) a standard for testing terrestrial
laser scanners, under the name of ISO 17123-9, is under development.
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Nevertheless, once the standard is available, the application of these
standardized methods by the manufacturers of scanners will take some time. For
the time being, the users of the TLS technology mainly rely on the accuracy
characteristics provided by the manufacturers of scanners. The absence of
uniform knowledge of the accuracy of TLS instruments makes it difficult to
classify and make a selection from different brands and technologies for the use
in a specific surveying project. The accuracy characteristics can be considered
essential since the AEC/FM industry comprises the majority of the customers of
the TLS hardware, software and service markets (Higgins 2007). In addition
Bosché (2012) reported that for example the US General Services
Administration (GSA), one of the world’s largest facility owners, has strongly
encouraged the use of TLS for building surveys. The use of the TLS technology
in the AEC/FM industry shows a growing trend. Not knowing the quality of the
obtained TLS survey data in terms of accuracy weakens the reliability of the
obtained results.

2.2. TLS related uncertainties
2.2.1. Factors affecting TLS accuracy
TLS instruments, like any other conventional geodetic instruments, are
influenced by many factors affecting the surveying accuracy and thus the final
results. In combination, these factors increase measurement uncertainty. The
factors affecting TLS accuracy are identified as follows:
(i) Uncertainties caused by the user, i.e. human errors (also including the
operator’s mistakes). At engineering surveying, it is expected that the
operator has basic land surveying and data processing skills, including a
theoretical background and practical surveying experience. Thereby the
operator is capable of minimizing and quantifying possible surveying errors
by better planning the scanning works (Chilani and Wolf 2006, Schofield
and Breach 2007, Hodge 2010). In laser scanning, human errors can occur
for example due to insufficient placement and the number of used TLS
targets for data registration purposes, unfavourable locations of TLS
instruments and incorrect data processing.
(ii) The metrological specifications of the TLS instruments used. The problem
with the available TLS specifications is that they are obtained using
calibration procedures not set by ISO or DIN standards (Gottwald 2008,
Tsakiri et al. 2015, Pandžić et al. 2017).
(iii) Uncertainties caused by the object’s physical properties. Object-related
uncertainties due to surface roughness, colour, temperature and moisture
etc. are reported to have an influence on the scanning results by e.g. Määttä
et al. (1993), Kersten et al. (2005), Pesci and Teza (2008), Hejbudzka et al.

21

(2010), Lichti (2010), Soudarissanane et al. (2011), Krooks et al. (2013)
and Roca-Pardiñas et al. (2014).
(iv) A TLS survey can also be influenced by systematic errors. The sources of
systematic errors are generally due to the imperfections of TLS instruments
(Chow et al. 2012, Holst et al. 2014) and objects physical properties
(Kersten et al. 2005 and 2009, Reshetyuk 2009). The presence of systematic
errors and methods to minimize their effects are reported in many studies
e.g. Reshetyuk (2009), Chow et al. (2012), Abbas et al. (2013), Tsakiri et
al. (2015) and Holst and Kuhlmann (2014 and 2016).
In addition, a considerable number of researchers have investigated the
effects of scanning geometry on TLS accuracy. The following section gives a
brief overview of the matter as one of the factors affecting TLS accuracy.
2.2.2. Uncertainties due to scanning geometry
Scanning geometry describes the location of the scanning instrument with
respect to the object of interest. The scanning geometry influences for example
the density of the surveyed points on the surface and the angle of incidence
values (Fig. 3).


Figure 3. Angle of incidence (α), accounted with respect to the surface normal ( n ).

The influence of the angle of incidence on TLS uncertainty is studied for
example by Lichti (2007), Kaasalainen et al. (2009), Kersten et al. (2009),
Soudarissanane et al. (2009 and 2011), Krooks et al. (2013) and Soudarissanane
(2016). Many of these studies report that TLS measurement noise is mostly
influenced by the scanning geometry. A large angle of incidence leads to the
spreading of the laser footprint on the surface. The energy of the signal within
the footprint does not therefore obey a symmetrical Gaussian distribution. This
will increase the rise time of the backscatter signal pulse to reach a certain
threshold for the returned signal to be registered precisely. Thus surveying noise
is likely to occur (Deems and Painter 2006, Schaer et al. 2007, Vosselman and
Maas 2010).
According to Lichti (2007), Soudarissanane et al. (2009 and 2011) and
Soudarissanane (2016), the critical limit of the angle of incidence is reached
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already at 60°. Exceeding this threshold yields a sharp increase in the overall
noise. It should be noted that the aforementioned studies focused only on PS
scanners. Less noise occurs when scanning under a smaller, i.e. near-zero angle
of incidence values. At a near-zero angle of incidence the maximum backscatter
signal power (i.e. the intensity of the emitted signal) is obtained (Weichel 1990,
Hancock 1999, Wagner et al. 2006, Pesci and Teza 2008). Kaasalainen et al.
(2009) explained that the digital signal processor in the TLS signal receiver unit
of PS scanners optimizes the power of the backscatter signal, enabling thus the
scanner to produce better results at a near-zero angle of incidence.
An empirical study by Kersten et al. (2009) investigated the effects of angle
of incidence using both PS and TOF scanners. In the case of PS scanners,
Kersten et al. (2009) reported similar results as reported, for example, by
Soudarissanane et al. (2011). In contrast, TOF scanners did not exhibit
significant effects due to the change of angle of incidence. The study by Kersten
et al. (2009) thus concluded that a large angle of incidence is not critical in the
case of TOF scanners.
Engineering surveying often deals with uneven and coarse-grained surfaces
(e.g. historic and pre-manufactured contemporary structural elements). Thus a
laser signal at a near perpendicular angle of incidence (i.e. 90° with respect to
the surface normal) may easily backscatter from such coarse-grained surfaces.
Nevertheless, further derivations aim to include the possible influence of the
angle of incidence on ANU.
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3. THE RESULTING METHOD FOR UNCERTAINTY
ESTIMATION
Since the TLS technology has been used in many fields in the AEC/FM industry
(e.g. in as-built surveys and quality assessment), there is a need for a method to
estimate the range and spatial distribution of TLS uncertainties occurring during
surveying of engineering structures. The users of TLS data are mainly interested
in uncertainties in the direction of surface normal, i.e. ANU, as these influence
most the geometric modelling of TLS data. The knowledge of the probable
magnitudes of the ANU of a particular TLS instrument helps to better plan
different scanning activities for different projects.

3.1. Development of the ANU calculation method
A methodology was developed in this study for calculating ANU values for
engineering structures. This methodology allows conducting a priori quality
assessment of the expected scanning results (Paper I). For this, the basic
concept of CSU presented by Eq. 2.3 from JCGM 100:2008 was used, which
originates from the classical theory of error propagation law of random
variables (e.g. Bjerhammar 1973). For investigating the behaviour of ANU,
various surveying scenarios were computer-simulated and studied. Theoretical
derivations were numerically verified, and these results were compared with the
results of previous empirical studies. The influence of along-normal noise on
geometric modelling of surveyed surfaces was studied. In addition, suggestions
were made for optimizing scanning locations that would yield reduced ANU
values. The following sections elaborate on the method for calculating ANU
values for the general surveying case.
In the general surveying cases the object’s “natural” coordinate system is not
parallel to the TLS coordinate system (see more detailed discussion of
orientations of coordinate systems in Paper I). Point location uncertainty in the
surface normal direction, as the developed method proposes, can be calculated
stepwise: (i) calculating the horizontal angle (ω) between the x-axis (in the TLS
system) and X-axis (in the object’s system), (ii) calculating the inclination angle
(ν) between the z-axis (in the TLS system) and the Z-axis (in the used object’s
system), (iii) projecting the axial CSU values ( u xˆ , u yˆ and u zˆ derived using
Eqs. 3.3, 3.4 and 3.5, to be explained further on) onto the surface normal using
the error propagation law of random variables.
The surface’s horizontal rotation angle (ω) between the TLS coordinate
system’s x-axis and the object’s X-axis in the 2D plane can be calculated by
using the coordinates x and y of arbitrary points B and P on the xy-plane on the
surface (cf. Fig. 4):
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ω = tan −1

yB − yP
.
xB − xP

(3.1)

Figure 4. Top view of the vertical sub-surfaces, the furthermost one being horizontally
rotated to an angle ω (around z-axis) between the TLS coordinate system’s x-axis and
the object’s X-axis. The uncertainties un1 and un2 are parallel to the object’s Y-axis
and coincide thus with the surface normal. Points P1′ and P2′ are shifted along the
surface normal from their actual locations P1 and P2 due to the uncertainty in the
surface normal direction ( un ). θ1 and θ2 are the horizontal angles with respect to the
TLS coordinate system’s x-axis. Note that x and x’ are parallel to each other.

The surface’s inclination angle can be calculated using the coordinates y and
z of an arbitrary surface point A that is located either above or below the point P
(cf. Fig. 5):

υ = tan −1

y A − yP
.
z A − zP
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(3.2)

Figure 5. Side view of sub-surfaces, the top one is vertically inclined at an angle ν
(around the x-axis) between the surveying coordinate system’s z-axis (z) and the
object’s coordinate system’s z-axis (Z). The uncertainties un1 and un2 are parallel to the
surface’s Y-axis. Points P1′ and P2′ are shifted along the surface normal from their
actual locations P1 and P2 due to the uncertainty in the surface normal direction ( un )
and φ2 is a vertical angle measured from the horizontal direction. Note that z and z’ are
parallel to each other. A is an arbitrary surface point.

The CSU equations for u xˆ , u yˆ and u zˆ (Eqs. 3.3, 3.4 and 3.5, respectively)
are obtained using the partial derivatives of TLS observations (Eq. 2.4) with
respect to each variable (i.e. for x, dx/dρ; dx/dφ; dx/dθ; analogously, also for the
y- and z-components, for more details see Paper I), and then inserted into Eq.
2.3, incorporating also the uncertainty parameters stemming from the results of
the instrument’s individual calibration or by the manufacturer.

[

2
u xˆ = cos 2 θ cos 2 ϕ udist
+ ρ 2 cos 2 ϕ sin 2 θ uh2.angle

+ ρ cos θ sin ϕ
2

2

2

]

1
uv2.angle 2

,

(3.3)

,

(3.4)

[

2
u yˆ = sin 2 θ cos 2 ϕ udist
+ ρ 2 cos 2 ϕ cos 2 θ uh2.angle

+ ρ 2 sin 2 θ sin 2 ϕ uv2.angle

]

1
2
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[

2
u zˆ = sin 2 ϕ udist
+ ρ 2 cos 2 ϕ uv2.angle

]

1
2

,

(3.5)

where u xˆ , u yˆ and u zˆ are the calculated CSU values along the respective TLS
axes; udist is the scanner’s standard distance uncertainty, uh.angle is the
scanner’s standard horizontal angle and uv.angle vertical angle uncertainty,
respectively.
The ANU for the general cases can be calculated by projecting CSU values
onto the surface normal. For the projection, right triangles can be formed using
the calculated CSU values (Fig. 6). The CSU component ( u xˆ , u yˆ or u zˆ ) is the
hypotenuse of the right triangle formed (cf. Fig. 6).

A

B

Figure 6. Geometric relations between CSU and the surface normal. (A) Top view of
relations between CSU and the surface that is horizontally rotated to an angle (ω). (B)
Side view of the case when the surface is vertically inclined to an angle (ν). un , x , u n , y
and u n , z are axial uncertainties projected onto the surface normal.

After all the CSU components have been projected (using trigonometric
relations in the formed triangles) onto the surface normal, using the error
propagation law of random variables (e.g. Bjerhammar 1973), the ANU values
are calculated for general cases by the following expression:

[

]

1

un = sin 2 ω u x2ˆ + cos 2 ω u y2ˆ + sin 2 u u z2ˆ 2 ,

(3.6)

where un is the sought uncertainty in the surface normal direction for the
general case.

27

The maximum ANU estimates occur in special cases where the TLS axes
and the object’s axes are parallel (see a more detailed discussion of orientations
of coordinate systems in Paper I). This is also considered as the worst case
scenario. An investigation is carried out to reveal the correlations between the
independent variables (angles and distances) with the ANU values. For this the
TLS x-axis and the object’s x-axis are taken to be parallel, thus the surface
normal is parallel with the y-direction. The measured quantities θ and φ become
90° and 0°, respectively. In such a case, the ANU value is calculated using Eq.
3.4, which due to the properties of sine and cosine functions at 90° or 0°,
eventually reduces to udist only (see Eq. 3.7). This indicates that ANU is
correlated with the values of the measured angles θ and φ (cf. results in Fig. 7).

[

2
u yˆ = sin 2 θ cos 2 ϕ udist
+ ρ 2 cos 2 ϕ cos 2 θ uh2.angle

+ ρ 2 sin 2 θ sin 2 ϕ uv2.angle

[

2
→ sin 2 θ cos 2 ϕ udist

]

1
2

]

1
2

with

  →
θ = 90  and ϕ = 0 

(3.7)

2
= udist
.

A numerical example of the worst case scenario is provided based on
simulated data points that form a horizontal line on a vertical wall. The scanner
is located at an arbitrary distance from the object, in this case, 4.3 m, a realistic
surveying distance from an object. Metrological characteristics of an instrument
are generally provided by manufacturers at a 68.3% (one sigma) confidence
level. To have a more practical accuracy estimate, the characteristic must be
multiplied by the factor 3, increasing the confidence level to 99.7% (three
sigma), which is the generally accepted uncertainty tolerance in surveying.
Therefore, rather than using the typical metrological parameter values of
udist = 0.004 m and u h.angle = 12" (which are, for example, associated with
widely-used TOF scanners, e.g. Leica C10 and Leica P20), three times larger
values are used: udist = 0.012 m and u h.angle = uv.angle = 36" in numerical
verifications.
The results of the numerical example of the worst case scenario are
illustrated in Fig. 7. A maximum ANU value of u yˆ = 0.012 m is obtained, as
expected (cf. Eq. 3.7), when θ is equal to 90°, at the closest distance to the
scanner (i.e. 4.3 m). In the example (Fig. 7), as the distance (ρ) increases, the
angle of incidence (α) also increases, whereas the horizontal angle (θ)
decreases. The relationship between α and θ is in this case simply 90° − θ = α.
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Figure 7. Calculated uncertainties of a horizontal line on a vertical wall. The blue line
indicates ANU (values on the left-hand vertical scale); the red line indicates the angle of
incidence (values on the right-hand vertical scale). The horizontal angle θ (top
horizontal scale) at the closest point of 4.3 m equals 90° (i.e. α = 0°) and at the longest
distance (30.3 m) approx. 8° (corresponding thus to the angle of incidence 82°).

In general, ANU values decrease (i.e. the accuracy of measurements
increases) from the point where θ is equal to 90° (the angle of incidence is 0°)
until reaching their minimum (i.e. the most accurate point) at approximately
17 metres from the scanner θ of 14°, i.e. α = 76° (Fig. 7). This is because the
influence of udist (0.012 m) decreases as the value of sin(θ) decreases, cf. Eq.
3.7. Then ANU gradually begins to increase due to the increasing influence of
the distance (ρ). Also, the value of cos(θ) increases as θ decreases from 90° to
zero. Apparently, increasing thus the angle of incidence affects ANU only
insignificantly, cf. Fig. 7.
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4. APPROBATION OF THE DEVELOPED METHOD
The following section provides the numerical verification of the derived ANU
calculation method (Eq. 3.6). The achieved ANU values are compared to
geometrical uncertainties (cf. Section 4.2.) and are also confirmed with those of
previous empirical studies.

4.1. Set-up of the experiment
For verification purposes, a vertical surface that is horizontally rotated from its
initial direction (i.e. ω = 0°) will be simulated, as in the empirical studies by
Soudarissanane et al. (2009, 2011) and Soudarissanane (2016). In these studies,
a PS type of TLS was located at a distance (20 m) from a plane-like surface
which was rotated to different angles in increments of 10° within the interval
[0° ≤ ω ≤ 80°], cf. Fig. 8. For each 10° turn, the surface was modelled from the
TLS point cloud, and modelling residuals (i.e. deviations from the actual
surface) were estimated. The goal of these empirical studies was to identify the
effect of the angle of incidence (α) from the surveying results.

Figure 8. Top view of a vertical plane-like surface that is horizontally rotated
[0° ≤ ω ≤ 80°] by an angle ω in increments of 10°. The red dashed line illustrates the
laser beam from the scanner to the surface contact point (remains at a constant
distance). The direction of the surface normal at different angles ω is shown by the blue
arrows.

In the present example, as the surface is rotated only horizontally, both u xˆ
and u yˆ have an effect on ANU. The third component, u zˆ , can be neglected in
this case since it describes uncertainty in the vertical direction. In order to
follow the worst case uncertainty scenario (cf. Eq. 3.7), the TLS measurable
quantities θ and φ are taken to be 90° and 0°, respectively. Initially, at ω = 0°,
the surface normal is parallel to u yˆ (Fig. 8), and CSU values are calculated (by
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Eqs. 3.3 and 3.4) to be u xˆ = 0.003 m and u yˆ = 0.012 m, respectively. Note
that the effect of u xˆ on the surface normal can be completely neglected at
ω = 0°, as this is uncertainty along the surface. In the contrasting case of
ω = 90°, the ANU becomes equal to u xˆ only, as lim  f (un ) → u xˆ .
ω →90

The numerical results of ANU values of the simulated surface are presented
in Fig. 9. For the gradually rotated (with respect to the initial direction, ω = 0°)
surface (see Fig. 8) the numerical values of the ANU are calculated by Eq. 3.6
using the u xˆ and u yˆ components.

Figure 9. Results of the ANU of TLS survey points on a vertical surface that is
horizontally rotated by the angle ω; the rotation interval is [0°, 80°] with the increments
of 10°. The distance from the TLS to the surface is 20 m. Units in metres.

The results in Fig. 9 reveal that the ANU values decrease gradually as the
angle ω increases. Notably, the numerical results at θ = 90° and ω = 0° (the yaxis is parallel to the surface normal) are influenced by udist only (cf. Eq. 3.7).

4.2. Geometrical proof of ANU
The achieved ANU values are first compared to geometrical uncertainties that
are alternatively derived from the geometrical relations using the law of sines in
conjunction with the measuring uncertainties udist and uh.angle (cf. Fig. 10):
2
,
udist .h.angle = ( ρ h.angle − ρ ) 2 + udist

(4.1)

where u dist .h.angle is the total uncertainty (i.e. uncertainty in the direction of the
laser beam) due to the distance measurement associated uncertainties uh.angle
and u dist , the scanner’s standard horizontal angle measurement uncertainty and
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the standard distance measurement uncertainties, respectively; ρ h.angle is the
distance due to angular uncertainty ( u h.angle ) obtained using the law of sines:

ρ
sin τ

=

ρ h.anγle
ρ sin γ
⇒ ρ h.anγle =
,
sin γ
sin τ

(4.2)

where a triangle is formed (Fig. 10A) using the distance ρ, which is also a side
of the formed triangle; τ is the angle opposite to the side ρ and γ is the angle
opposite to the side ρ h.angle .
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A

B

C

Figure 10. Geometrical relations between the ANU components and the surface of
interest. (A) Top view of uncertainties in the direction of the laser beam ( udist .h.angle ),
where ρ h.angle is the increased distance due to angular uncertainty

uh.angle , τ is the

angle opposite the side ρ and γ is the angle opposite the side ρ h.angle . The red dashed
line indicates the true laser beam; the blue dashed line indicates the deviated laser beam;
the solid line indicates the true location of the surface; the first dashed line (starting
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from the left-hand side) indicates the surface’s locational shift due to the lengthening of
the laser beam by ( ρ h.angle − ρ ) ; the second dashed line indicates an additional shift
due to the

udist effect; the third dashed line is the total shift of the surface by udist .h.angle .

(B) Uncertainties when the surface is rotated to different angles (ω) where u n ,10 ,

u n , 40 and u n ,80 are the ANU at ω = 10°, 40° and 80°, respectively. (C) The geometric
relations between the horizontal angle (θ), the angular uncertainty uh.angle , the angle the
surface is horizontally rotated to (ω) and the angle of incidence (α) are used to calculate
the ANU ( un ). Note that x and x’ are parallel to each other.

The uncertainty in the direction of the laser beam is projected onto the
surface normal using geometric relations (Fig. 10C):

u n = u dist .h.αngle cos α ,

(4.3)

where the angle of incidence (α) can be determined by (Fig. 10C):
α = 90  − θ + ω.

(4.4)

For surfaces tilted with respect to the z-axis, the contribution of uv.angle can
be accounted for by adding an additional term to Eq. 4.1:
2
udist .h.angle = ( ρ h.angle − ρ ) 2 + udist
+ uv2.angle .

(4.5)

Therefore, by using Eq. 4.5 similar geometrical verifications (and plots) can
be generated (by analogy) in the case of a vertically tilted surface.

4.3. Verification of numerical results
The results of the geometrically derived ANU (cf. Eq. 4.3) are presented in Fig.
11. The results indicate that uncertainties in the direction of the laser beam
(yellow line, cf. Eq. 4.1) have a steep increase at larger surface rotation angles
(ω). The projected ANU values (grey line, cf. Eq. 4.3) are identical to the
results obtained by the proposed method using Eq. 3.6 (cf. Fig. 9 and Fig. 11).
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Figure 11. A comparison of the ANU estimated by the present study and that of the
Soudarissanane et al. (2011) empirical study. The yellow line indicates uncertainties in
the direction of the laser beam, derived from the geometric relations; the grey line
indicates the ANU derived using Eq. 3.6, also equal to the numerical outcome to the
geometrical uncertainties (cf. Eq. 4.3); the orange line indicates the (reconstructed)
uncertainties in the direction of the laser beam estimated by Soudarissanane et al.
(2011); and the green line indicates the (reconstructed) ANU estimated by
Soudarissanane et al. (2011). The distance to the surface is 20 m in all cases.

The achieved ANU results are compared (cf. Fig. 11) with the results of
previous empirical studies by Soudarissanane et al. (2009 and 2011) and
Soudarissanane (2016). The residuals obtained by their empirical studies
describe the noise in the direction of the laser beam (Fig. 11 orange line). The
difference between the orange and the yellow graphs appears to occur due to a
scaling factor ( udist e.g. 0.012 m). The comparison results suggest thus that the
manufacturer's specifications used in the present study could be somewhat too
pessimistic. Arguably more accurate udist estimates can be obtained using the
individual TLS calibration results, hence yielding a better agreement between
the theoretical and empirical values.
The differences between the ANU results of the previous empirical studies
(Fig. 11 green line) and the theoretical ones derived in this study (Fig. 11 grey
line) decrease with the increasing angle of incidence. This is due to the
difference in the magnitudes of the empirically obtained and the theoretically
determined values of uncertainties in the direction of the laser beam (Fig. 11
orange and yellow lines), and due to their cos(α) relation with the ANU (cf. Eq.
4.3).
Results in Fig. 11 show that the derived method can be used to obtain a
realistic assessment of ANU and makes it possible to estimate uncertainties
before the actual survey at the survey design stage.
In conclusion, the derived method was verified using the results of previous
empirical case studies and geometrical relations.
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5. MODELLING OF ANU DISTRIBUTION FOR
ENGINEERING STRUCTURES
Further approbation of the ANU is tested on computer-simulated engineering
structures, the façades of a building and the lower side of a bridge deck. Noise is
then introduced in the data to simulate realistic survey data. These noisecontaminated data are then used for geometrical modelling in order to determine
the influence of along-normal noise to the modelling outcome. In addition,
optimal scanning locations in case the simulated engineering structures were
determined based on the magnitude and the distribution of the calculated ANU
values.

5.1. Set-up of the experiment
The ANU investigation was carried out on computer-simulated engineering
structures including a building with dimensions of 60.000 m×10.000 m×6.000
m and a bridge deck with dimensions of 60.000 m×10.000 m. For both
structures, the two-dimensional point step was chosen to be 0.100 m. The
building was thus covered with a total of 85 400 points, whereas the simulated
bridge surface consists of 60 701 points. The object’s axes were set parallel to
the TLS coordinate axes, allowing us to deal with the influences of maximum
ANU values for the surveyed surfaces (cf. Section 3.1 worst case scenario).
For the building survey, the scanning stations were chosen at its corners so
that two sides would be covered by one station (Fig. 12). This is a realistic
surveying scenario. Two additional scanning stations (S4 and S5, cf. Fig 12)
were added to obtain data from the potentially most suitable scanning location
(S4) and a likely unsuitable location (S5) with respect to the side Ⓐ.
The simulated bridge deck data consists of two sets of point clouds acquired
from two different scanner locations (Fig. 12). The scanning stations were
located (i) under the bridge at the centre of the bridge deck (station B1); (ii)
alongside the bridge deck at a horizontal distance of 6.0 m away from the deck
(station B2, in practice it would be a riverbank as it was in the case study
presented in Paper II).
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A

B

Figure 12. Top view of the locations of the scanning stations. (A) scanning locations S1,
S2, S3, S4 and S5 for the building survey. The letters Ⓐ, Ⓑ, Ⓒ and Ⓓ denote sides of
the building. (B) The underbridge scanning locations B1 and B2. TLS axes are shown
near each scanning location, the object’s axes are shown in the left-hand corner of
figure A. Units are in metres.

5.2. Numerical results
The spatial distribution of uncertainties calculated using Eq. 3.4 (cf. TLS axes
in Fig. 12) with the uncertainty parameters udist = 0.012 m and uh.angle = uv.angle
= 36" (as used in Section 3.1) indicated that the data from the most remote
scanning station (station S5, max distance to the surface approximately 75 m)
yielded the largest ANU values compared to other stations, e.g. station S1 or S4
(Fig. 13).
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Figure 13. Side views of spatial distributions of ANU along the building façades for
scanning stations S1, S2, S3, S4 and S5. The height of the vertical wall is 6 m. The
coloured ANU scales are at the right-hand side. The grey colour in the fixed-value scale
denotes the non-occurring ANU values in particular surveying cases. Units in metres.

For the building façades, the ANU values from stations S4 and S5 are clearly
larger than those for data from stations S1, S2 and S3, while the ANU for data
from stations S1, S2 and S3 are almost identical. The larger ANU values for
data from station S4 are due to surveying in the perpendicular direction to the
surface (α being close to 0°, cf. also Eq. 3.7). Station S5 was deliberately
located relatively far from the north-west corner of the building façade (approx.
27 m), and as expected, the largest ANU values are associated with this station.
Larger distances are also generally more likely to yield systematic errors, e.g.
due to an increase in the backscatter signal to noise ratio (Eling 2009, Kersten et
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al. 2009). However, station S5 also provided a more even distribution of ANU
values over a larger part of the façade surface (cf. Fig. 13E).
In general, due to limited θ variation (less than ±20°), ANU values do not
vary significantly at the shorter sides (Ⓑ and Ⓓ) of the building. Note that the
uniform fixed-value scale is applied to Figs. 13 and 14 in order to make the subplots comparable to each other.
As expected based on the result of Eq. 3.7, the largest ANU values for the
bridge deck surveying cases were from station B1 located directly under the
bridge deck (Fig. 14A).

A

B

Figure 14. Top view of the spatial distribution of ANU estimates along the bridge deck
surface for scanning stations B1 and B2. The images are rotated 90°. The locations of
the stations are denoted by white dots. The grey colour in the fixed-value scale denotes
the non-occurring ANU values at particular surveying cases. Units in metres.

In conclusion, the calculated ANU values are relatively large (Figs. 13 and
14). This is most likely due to apparently pessimistic metrological values
provided by the manufacturers of the TLS instruments.

5.3. Results of geometric modelling of the noise-contaminated data
The one-signed (positive) ANU values determined by Eq. 3.6 do not fully
represent the actual measuring uncertainties, which are in general random, thus
having both negative and positive values. Therefore the simulated data are
further contaminated with random along-normal noise of a zero expectation
(yielding thus a near-zero mean value). For determining the influence of ANU
for geometric modelling of surfaces, the noise-contaminated data are to
geometrically modelled.
The modelling results indicated good surface fitting. This was most likely
due to the fact that noise in the survey data did not include any significant
systematic error and had a normal distribution with a near-zero mean value. The
simulated along-normal noise did not produce significant effects on the
geometric modelling of surfaces. The modelled surfaces were very similar to the
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true dimensions of the surfaces (cf. Section 5.1). For detailed explanations of
introducing noise to the simulated data and geometric modelling results see
Paper I.

5.4. Optimization of scanning locations
The optimality criterion for identifying the optimal scanning locations was
defined according to the magnitude and the distribution of the calculated ANU
values (cf. Figs. 13 and 14).
Based on the analysis of different simulated scenarios (and the given
metrological parameters), optimal scanning locations were determined for (i)
the vertical surfaces of a building façade and (ii) the horizontal surfaces of a
bridge deck.
In the first case, they were found to be the locations closest (less than 10 m)
to the corners of the building (stations S1, S2 and S3). Approximately 85% of
the ANU values for the longer sides Ⓐ and Ⓒ obtained from these stations
were less than 1 cm. This ratio was only 67% and 50% for stations S4 and S5,
respectively (cf. Fig. 13). For the short sides of the building, the ANU values for
stations S1, S2 and S3 were all less than 0.7 cm. In the second case, the optimal
location was found to be at the side of the bridge deck (station B2), since all the
ANU values obtained for data from this station were less than 1 cm (cf. Fig. 14).
Thus, in the case of bridge surveys, it is recommended that the TLS station
should be placed to the side of the bridge. This suggestion, however, will only
help to minimize possible ANU values. At side locations, some structural
elements of a bridge may remain hidden from the scanner’s field of view.
Therefore, in some cases, the expected ANU values may not compensate the
data void.
It is shown that maximum ANU values are expected when the surveying is
carried out in a direction perpendicular to the surface. As the surveying distance
also has a significant impact on the magnitude of the ANU, the optimal
scanning distance at which ANU can be reduced is between 10 and 25 metres
(cf. results in Fig. 7, which demonstrates that the smallest uncertainties occur
within this interval, and that beyond 25 m the uncertainties start to increase).
For detailed explanations of the optimal scanning locations see Paper I.
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6. TESTED TLS APPLICATIONS
A TLS instrument is capable of recording a countless number of survey points
within a relatively short period of time. A large number of survey points enable
acquiring information of the spatial distribution of surface deformations, rather
than describing single point movements obtained by classical pointwise
measuring techniques (e.g. total station surveys). A TLS technology, in
particular a TOF technology, was applied for deformation monitoring purposes
to monitor bridge deformations occurring during a static load test (Paper II)
and in investigating road surface deformations due to the effects of frost heave
(Paper III). In addition, the methodology for calculating ANU values (see
Chapter 3) as proposed in Paper I was tested and proved by the results achieved
in the aforementioned case studies (Papers II and III).

6.1. TLS for monitoring deformations of engineering structures
The application of the TLS technology was investigated in the case study of
monitoring deformations occurring during a static bridge load testing (Paper
II). The structure of the bridge was of beam type with two concrete cantilevers.
The TLS measurements were carried out alongside of the bridge (Fig. 15, cf.
also Fig. 12B). According to the literature, e.g. Soudarissanane et al. (2009 and
2011), TLS surveys are expected to be noisy due to large values of the angle of
incidence (ranging approx. from 80° to 87°) and relatively poor reflectivity
conditions (e.g. Kersten et al. 2005) of the lower sides of the concrete cantilever
beams (approx. reflectivity of concrete is 24%, Wehr and Lohr 1999). Since
TLS survey results can suffer some accuracy limitations reported by e.g. Holst
and Kuhlmann (2016), alternative geodetic survey methods (such as precise
levelling) were applied as well. The TLS monitoring results were also compared
with results obtained from using the 3D finite element simulation model.
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Figure 15. Scheme of the bridge structure (columns, cantilever beams illustrated by
dashed lines) with locations of TLS stations, TLS targets, load blocks and levelling
height marks.

The methodology for calculating ANU values (as proposed in Paper I) was
used to assess the theoretical TLS uncertainty in the monitoring of a bridge load
test. For this, the observation equation
z = ρ cos κ ,

(6.1)

was used to determine the height of a survey point on the lower side of a
cantilever beam. Note that in the observation equation κ is the measured zenith
angle (cf. Eq. 2.4). The estimated ANU values for the heights of the survey
points on the beams were obtained by (cf. Eq. 3.5).

[

]

1

2
u zˆ = cos 2 κ udist
+ ρ 2 sin 2 κ uv2.angle 2 ,

(6.2)

where u zˆ is the estimated ANU value for the heights (z-component) of the
survey points on a beam, ρ is the measured distance, u dist is the scanner’s
standard distance measuring uncertainty, uv.angle is the scanner’s standard
vertical angle measuring uncertainty. For detailed explanations of the
uncertainty estimations see Paper II.
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The application of the TLS technology was also investigated in the case
study of detecting road surface deformations (Paper III) occurring due to frost
heave (the occurrence of which is common for seasonal frost regions) of roads
(Fig. 16). To study the effects of frost heave of roads, TLS surveys were
expected to be affected by environmental conditions, the near-perpendicular
angle of incidence values and the relatively poor reflectivity of the asphalt
concrete surface of the road (approx. reflectivity of dry asphalt is 17%, Wehr
and Lohr 1999). The scanning works were carried out at near-zero air
temperatures (+1 °C and +4 °C) and contrasting air humidity (98% and 3%).
According to e.g. Lerma García et al. (2008) and Hejbudzka et al. (2010), such
combinations of atmospheric conditions can have a significant influence on the
survey data quality.

Figure 16. Locations of the scanned areas (depicted in green) and the levelling
benchmarks. Section A was scanned from benchmark 5, section B from benchmark 3
and section C from benchmark 2.

The methodology for calculating ANU values (as proposed in Paper I) was
used to assess the theoretical TLS uncertainty in detecting road surface
deformations. For the theoretical uncertainty assessment, an observation
equation (Eq. 6.3) for the calculation of the absolute height (above sea level) of
the survey point was used. Note that the observation equation takes into account
the geometrically levelled height of the benchmark (zb) and the tape measured
height of the instrument above the benchmark (iTLS). Also in this case, κ is the
measured zenith angle. The estimated ANU values for the heights of the survey
points were obtained by (cf. Eq. 3.5)
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H = zb + iTLS + ρ cos κ ,

(6.3)

and

[

]

1

2
+ ρ 2 sin 2 κ uv2.angle 2 ,
u Hˆ = u z2ˆb + uiˆ2 + cos 2 κ udist
TLS

(6.4)

where H is the absolute height of the survey point; u Hˆ is the ANU of the height
of a survey point, u zˆb is the estimated uncertainty of the benchmark height
determined by geometric levelling and uiˆ is the estimated uncertainty of the
TLS

tape measured height of the instrument. The estimated values for the worst case
scenario for u zˆb and uiˆ were 3 and 2 mm, respectively. For detailed
TLS

explanations of the uncertainty estimations see Paper III.
6.1.1. Results of deformation monitoring
For either case study, no significant unfavourable behaviour was detected in the
obtained point clouds, e.g. due to surveying under a large angle of incidence
values. According to results of studies by Kersten et al. (2009) and Hiremagalur
et al. (2009), TLS of TOF type are not very sensitive to scanning under a large
angle of incidence values. The latter is also supported by the results reported in
Paper I.
The result of the theoretical uncertainty assessment for the bridge
deformation monitoring is reported in Paper II. The estimated ANU (Eq. 6.2)
for sequential TLS data sets for the lower surface of the cantilever beam
reached 2.8 mm (±2.0√2) at 95% confidence level (two sigma). The differences
of the obtained beam deflection magnitudes (TLS vs. precise levelling) in the
central parts of both cantilever beams (Fig. 15) were of the ±2 mm magnitude.
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Figure 17. Comparison of TLS and levelling results of the southern beam. At the centre
of the beam (SL.7) the deflection difference between TLS and levelling is under 785 kN
+0.108 cm; under 1608 kN +0.169 cm; under 1961 kN +0.342 cm.

Figure 18. Comparison of TLS and levelling results of the northern beam. At the centre
of the beam (SP.7) the deflection difference between TLS and levelling is under 785 kN
−0.177 cm; under 1608 kN −0.24 cm; under 1961 kN −0.289 cm.

Precise levelling shows slightly larger deflection values for the southern
beam (cf. Fig. 17). In the case of the northern beam, precise levelling results
show slightly smaller deflection values (cf. Fig. 18). They remain just within
millimetres (see detailed values in Table 1).
Table 1. Comparison of deformation results

Load [kN]
758
1608
1961

Differences at the centre of the beams [cm]
(TLS – Precise levelling)
Southern beam
Northern beam
+0.108
−0.177
+0.169
−0.240
+0.342
−0.289

These differences between TLS and precise levelling results (cf. Figs. 17 and
18) occurred for the following reasons: (i) the large angle of incidence values
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(close to 90°) associated with the TLS measurements, (ii) the eccentric
placement of the levelling marks on the bridge deck with respect to the TLS
monitored bridge beams, (iii) different deformation behaviour of the bridge
deck and the bridge beams, and (iv) the asymmetric placement of the load with
respect to the bridge deck and the two beams. These reasons are also
summarized and confirmed by Lõhmus et al. (2017).
The predicted maximum deflection of the beams using the 3D finite element
simulation model was 50.3 mm, the obtained maximum with TLS was
30.2 mm, which is 1.6 times less than predicted (see Paper II). Since the 3D
finite element simulation model relied on the idealized geometry of the
structure, not based on its existing geometry, such differences can be considered
reasonable (Riveiro et al. 2011). In general, geodetic surveying results can be
considered an indispensable source of information to test and adjust theoretical
assessments made by bridge engineers. For more detailed information about the
obtained case study results see Paper II.
In the case study of detecting the magnitude and spatial distribution of frost
heave (Paper III), the theoretical ANU assessment for two sequential TLS data
sets in the case for the road surface surveying (Eq. 6.4) was 11.3 mm (±8.0√2)
at 95% confidence level (two sigma). Such results were obtained by averaging
the results of four ANU values calculated for the survey points at distances 5,
10, 25 and 50 metres. The verification of TLS surveyed heights was carried out
using the benchmark heights obtained by geometric levelling. The verification
results indicated ±2.9 mm for TLS surveying accuracy. The verified accuracy
differed from the theoretically estimated TLS uncertainty by 5.1 mm (2.9 mm
vs. 8.0 mm). This indicates that the actual TLS surveying accuracy is better than
the theoretical one. The maximum estimated magnitude of frost heave was
determined to be 90.0 mm in a small part of road section A (Fig. 19A). The
main parts (up to 50%) of the selected road sections indicated a rise from
22 mm up to 63 mm, the rest of the areas indicated smaller or no rise at all.
According to the guide for the design of elastic pavements from the Estonian
Road Administration (2001), the maximum allowed pavement vertical rise for
asphalt concrete pavements is 40 mm. Thus the obtained deformations due to
frost heave were generally a little over the normative threshold. To conclude,
the TLS technology benefits in determining accurate magnitudes and spatial
distribution of frost heave of roads, which may also be an evidence of relatively
poor road design quality.

46

A

B

C

Figure 19. Comparison of road surface models November 2012 vs. April 2013 (cf. Fig.
16). (A) Road section A; length of the section 63 m. (B) Road section B; length of the
section 42 m. (C) Road section C; length of the section 94 m. The non-coloured halfcircle indicates the location of the scanner, dashed lines denote roughly the edges of
tarmac and the widths of road shoulders.

6.2. TLS for road surveying purposes
Since TLS implements contactless surveying, the technology has advantages for
road surveying purposes over conventional geodetic surveying methods. These
advantages include the reduced need for traffic lane closures and the safety of
surveyors. For example, Yu and Lo (2005) and Lee (2009) reported that there
are three major items affecting the social costs of road construction: traffic
interruptions, road closures and accidents. The study by Yu and Lo (2005)
concluded that the monetary value of the social cost itself can be more than five
times higher than the road construction cost. The surveyor safety of using the
TLS technology for road surveys has been addressed in the literature by e.g.
Chow (2007), Hiremagalur et al. (2009) and El-Ashmawy (2016). In general,
TLS can reduce road construction project costs because of not closing down
lanes for traffic for surveys. Due to contactless surveying, TLS also increases
the safety of the surveyor.
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6.2.1. Comparison of TLS and conventional surveying techniques in road
surveys
A comparison of two road surveying techniques, TLS and a traditional total
station surveying, was carried out and the results are reported in Paper V. The
study also investigated the benefits of TLS for road surveying purposes. The
asphalt concrete pavement surface of the road section selected (37 metre long
strip) was described by apparent rutting and shoving (Fig. 20). The road section
was planned to be renovated soon after the surveys for the study were carried
out. The renovations planned included only replacing the top layer of the
asphalt concrete surface. Thus the study also aimed to identify differences in the
material quantities (material that should be milled off and material required for
filling) obtained by using TLS and total station survey data.

Figure 20. The road section selected is characterized by shoving and rutting.

The optimal scanning distances of using TLS for road surveys are identified
based on Papers III and V to be approximately 30 to 70 metres for road
surveys using a TOF type scanner.
6.2.2. Results of the comparisons and the optimal scanning distance for
road surveys
The results of the study investigating the application of TLS for road surveys
(Paper V) confirmed expectedly the surveyor safety feature of TLS. Therefore
the technology is well suitable for road surveys under non-stop traffic.
According to the traffic count in 2007 by Teede Tehnokeskus AS (2007), the
average daily traffic density is more than 8400 vehicles on this particular road
section. Also, a benefit of using the TLS technology for road surface surveys is
clearly the high level of detail in the obtained data. Detailed information of the
surface of the road (Fig. 21) makes it possible to optimize the quantities of
material needed for reconstruction.
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Figure 21. TLS measured points with intensity values (left) and total station survey
points (right).

The case study in Paper V also indicated that TLS surveys are dependent on
the weather conditions, especially precipitation. The TLS surveys were
conducted on a day with some rainfall, and some noise in the obtained point
clouds was caused by the reflection of the laser beams from raindrops.
Based on the analysis of the data and the results obtained during the case
study reported in Papers III and V, the optimal scanning distance from the
scanner is approximately 30 to 70 metres for road surveys using a TOF type
scanner. However, the exact value for the optimal scanning distance for road
surveys is rather challenging to suggest. This is mainly due to the fact that a
TLS survey is dependent on the scanner type and surveying conditions, e.g.
pavement type, the longitudinal and transverse profile of the road, atmospheric
conditions, moisture etc. In addition, the scanning distance is influenced by the
larger angle of incidence values in road surveys and relatively poor surface
reflectivity (recall that the approx. reflectivity of dry asphalt is 17%, Wehr and
Lohr 1999). As the angle of incidence increases the laser signal footprint on the
surface elongates (e.g. Deems and Painter 2006). Because of this, the power of
the signal attenuates up to an energy level that the backscatter signal may not be
recorded at all. The problem is even more critical when the asphalt concrete
surface of the road is wet (cf. Section 6.1. and Fig. 22). In such a case a lot of
points attenuate completely due to the absorption of electromagnetic radiation
by water. In general, the survey points at longer distances become more sparsely
distributed on the surface. The ANU values in the vertical direction of those
points increase with the increasing distance (e.g. Eling 2009, Barbarella et al.
2017, Paper I).
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Figure 22. The point cloud of the road section C used in Paper III (A) and photo
illustrating scanning conditions in early spring (B). The scanning conditions were very
good, the surface of the road was mainly dry (air temperature +4 °C and humidity 3%).
The expected surface reflectivity of the asphalt was improved partly due to some
influence of the dried chloride used for anti-icing on roads in frost seasons.

6.3. TLS for building surveying purposes
For the AEC/FM industry parametric modelling, the basic concept of BIM has
become of great importance for efficient resource management. For new
buildings, the major benefits of BIM according to Volk et al. (2014) are the
consistency and visualization, cost estimations, clash detection, implementation
of lean construction and improved stakeholder collaboration. For existing
buildings the benefits lie for example in the documentation of objects of cultural
heritage (Murphy et al. 2013, Wilson et al. 2013), as-built surveys and quality
assessment (Boukamp and Akinci 2007), maintenance (Becerik-Gerber et al.
2012), retrofit planning (Larsen et al. 2011) etc. The data for creating
parametric models of existing buildings are usually obtained using a geodetic
survey, e.g. total station survey or TLS survey. Other survey methods applying
simple techniques such as tape measuring or laser distance measuring are also
used. Note that according to COBIM (2012), building models based on
measurements using laser distance measuring instruments are not considered
geometrically reliable. In building surveys, in general, a TLS data cloud is
geometrically modelled to determine e.g. the object’s conformance with design
parameters etc. The ANU plays a significant role in geometric modelling results
(Paper I). In addition, Tang et al. (2011) pointed out that one of the main
quality assurances for TLS surveying results can be done by assessing ANU
values. The main challenge, however, of creating a BIM model using TLS data
is in linking data from different surveys together, e.g. data from separate rooms
or floors (Tang et al. 2011, Bosché 2012).
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6.3.1. TLS for BIM purposes
The applicability of the TLS technology for building surveys was investigated
in the case study presented in Paper IV. The general aim of this study was to
generate a BIM model of an existing building with the level of detail 300
(Weygant 2011) allowing functionalities regarding design, construction and
maintenance processes. The survey data were collected using a TLS survey and
a total station survey. Also here one of the main challenges is linking different
surveys together (e.g. different building floor levels etc.) to provide data in a
common reference frame (Tang et al. 2011, Bosché 2012). For this purpose, a
classical geodetic control network was established around and inside the
building (Fig. 23).

Figure 23. The established survey traverse. Points P41, P42 and P43 represent control
points on the fourth floor of the building.

Using a control network for building survey purposes is also suggested by
GSA (2009). The control network allowed all TLS surveys, including total
station surveys, to be directly carried out in a uniform reference frame. Using
the control network assured the alignment of the survey data between different
TLS stations. In addition, a control network allows verifying the obtained data
quality (Paper III).
6.3.2. Results of building surveying
The results of the building survey study (Paper IV) indicated that using highly
detailed TLS data for the generated BIM model of an existing building makes it
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possible to detect and determine the magnitudes of e.g. façade damage areas
that are in need of refurbishing. Also, TLS data make it possible to detect spatial
conflicts between the designed and the existing objects (i.e. clash detection). For
example, the shape and the size of the pyramid-shaped skylight in the courtyard
of the building under investigation differed largely between reality and the fire
zone drawings (Fig. 24). Such an example illustrates possible shortcomings in
the building management documents.

Figure 24. The pyramid-shaped skylight in the courtyard of the studied building (black
and white) and the skylight in the fire zone drawings (green).

The results of this study indicated also some problematic areas concerning
the usage of TLS data for BIM purposes. Problems arose when adding
supplementary point cloud data to the BIM model that was in the processing
stage. Merging of additional data is generally done manually. Another problem
is the lack of the best fitting functions for surfaces. The modellers draw the
surface into the point cloud using their best intuition. In general, the results of
the case study brought out that the usage of TLS data for BIM purposes is
limited due to low automation possibilities for data processing. Nevertheless,
TLS data proved to be indispensable for modelling older and historic buildings
with e.g. non-vertical walls.
In addition, as the scanning of the façade of the four storey building (see
building details in Paper IV) was conducted at the ground level, TLS surveys
were expected to be also challenged by the large values of the angle of
incidence and relatively poor reflectivity conditions. However, no significant
unfavourable behaviour was detected in the obtained point clouds caused by
surveying under the large angle of incidence values. This may also be due to the
fact that the major part of the façade surface is covered by an uneven limestone
surface and thus the laser signal at the near perpendicular angle of incidence
could be reflected back from the coarse-grained surface (Fig. 25).
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Figure 25. An example of a point cloud of the building’s limestone façade (Paper IV);
front view (left) and side view (right). The limestone joints are at intervals of approx.
15 cm.
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7. DISCUSSION
The objective of the PhD studies was to investigate certain TLS applications for
engineering structure surveys. For this purpose, a novel method that enables
assessment of along-normal uncertainties was developed. The developed ANU
calculation method supports a wide range of users of the TLS technology with a
tool for quality assessment of TLS surveys. The method also contributes to a
variety of methods of assessment of measurement uncertainties occurring during
the surveying of engineering structures. The significance of the proposed ANU
calculation method is that the method focuses in particular on assessing ANU. The
ANU have a critical influence on geometric modelling and they can be used for
quality assessment of TLS data (e.g. Tang et al. 2011).
The developed ANU calculation method makes it possible to carry out
uncertainty assessments both before and after the actual surveys. Having a
possibility of assessing the obtainable uncertainty of the surveys helps to better
plan the work ahead. For example, the knowledge of the expected accuracy allows
assessing, in general, whether the existing scanning device can ensure the accuracy
of the results needed for meeting the accuracy requirements of the project. The
knowledge of the obtainable surveying results is essential especially in
construction engineering where the accuracy requirements are rigorous.
The thesis also addressed the main limitations (large angle of incidence,
atmospheric conditions and validating TLS results) of using TLS for the surveying
of engineering structures. As claimed in the literature (e.g. Lichti 2007,
Soudarissanane et al. 2009, 2011), the most crucial limitation is surveying under
a large angle of incidence. Arguably, exceeding the 60° threshold is expected to
yield a sharp increase in the overall measurement noise. Based on the results of
the present study, however, the influence of a large angle of incidence appeared to
be rather insignificant for a TOF type instrument. Such results are similar to the
findings reported by Kersten et al. (2009). Nonetheless, the possible effects of a
large angle of incidence should not be neglected in the process of planning TLS
surveys and should be addressed with some caution (cf. aforementioned literature
sources). In general, the effects of a large angle of incidence on TLS surveys need
to be investigated more thoroughly. This should be done for example by testing
different TLS distance measuring principles, similarly to Kersten et al. (2009).

7.1. Suggestions for future research
The developed method for calculating ANU values for the general TLS surveying
cases as described in Chapter 3 of this thesis allows conducting both a priori and
a posteriori quality assessment of the scanning results. Thus the developed
method can help to better plan the TLS surveys ahead.
Concidering that up-to-date total stations enable laser scanning, in future
studies, it would be worth investigating the ANU values for total stations as well.
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The proposed ANU calculation method can be developed and extended further
by incorporating for example atmospheric factors (e.g. air humidity and
temperature). In addition, a computer program can be developed that calculates
the estimated ANU values. The program should include a simulation of a standard
scanning scenario of an engineering structure (e.g. a vertical surface representing
a building façade). The location of the scanner with respect to the structure should
be freely changeable. This can be used to test different scanning locations to
obtain ANU values. Such developments would allow surveyors to better plan
different scanning activities. Also, it would help to better optimize scanning work
and improve the quality of TLS survey data in terms of ANU values. In addition,
investigations should be conducted to study how to incorporate the estimated
ANU values in the post-processing of TLS data to improve the obtained scanning
results.
In engineering surveying the surveying environments are sometimes very
challenging having dusty, cold, hot, wet etc. conditions. The magnitude of the
surveying projects can vary from very small to very large. Also, surveys can
involve to some accuracy restrictions (e.g. GSA 2009, Caltrans 2011, Fraunhofer
IFF 2015). As different TLS working principles (generally TOF and PS) are
available, it is worth investigating the optimal TLS type for a specific field of
work, e.g. as-built surveys, road surveys etc. Different TLS principles should be
tested in homogeneous conditions. The conditions should vary for example by
different surface properties (e.g. reflectance and material) and environmental
conditions (e.g. air humidity and temperature). As a result, such investigation
should also reveal the cost benefits of different TLS principles in terms of for
example the estimated working time, the optimal scanning distances (e.g. road
surveys) etc.
For traditional geodetic instruments (e.g. levelling instruments and total
stations) there are regulations describing the accuracy requirements for the
instruments used in specific geodetic surveying projects (e.g. ISO 8322-1:1989
Building construction - Measuring instruments). However, no specific
regulations exist for the TLS technology. In future studies, suggestions should be
made for the AEC/FM industry to help to determine criteria for the TLS
technology. The criteria would help to distinguish between instruments that are
acceptable for rigorous geodetic surveys and instruments that are suitable only
for mapping and documenting purposes where the accuracy requirements are not
very high.
Since the TLS technology has been used quite widely in the AEC/FM
industry, future studies should focus more on investigating the possibilities of
improving data processing and data management. The focus should be more on
how to derive quickly, for example, as-built and quality control results using TLS
data. In particular, identification of the significance of the obtained results
following, for example, project-specific and standardized construction
specifications (e.g. ACI 117-10 2010) need to be addressed.
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8. CONCLUSIONS
8.1. Contribution to estimating TLS along-normal uncertainties
The PhD studies were aimed at contributing to the methods of the assessment of
measurement uncertainties occurring during the surveying of engineering
structures. The developed method makes use of the concept of combined standard
uncertainty (CSU), which originates in the classical theory of geodetic
measurement errors (e.g. Bjerhammar 1973) and has been adopted in
contemporary guidelines for the measurement industry (JCGM 100:2008).
Although, at the moment, no standardized testing procedures of TLS instruments
exist, the results reported in Chapter 4 indicate that the derived method to
calculate along-normal uncertainties (ANU) using a classical error propagation
method is very promising. This is due to the fact so far manufacturers of scanners
provide only the general metrological specifications of an instrument. The results
in Chapter 4 suggest that these specifications are rather too pessimistic. This is
confirmed by the results obtained in empirical deformation monitoring case
studies (Papers II and III), where the theoretically estimated uncertainties
obtained were larger than the actual uncertainty. However, using the available
TLS characteristics, the expected magnitudes of ANU values can be assessed a
priori and a posteriori. Such a solution is very beneficial especially for surveying
projects where the magnitude of deformations is small and repeating the
measurements is not possible.
Specifications of TLS accuracy should be obtained by using uniform testing
methods (according to ISO.org, standards for testing TLS are being developed).
This is essential for example because already a significant number of studies
conducted have relied on specifications provided by the manufacturers of
scanners (e.g. Boukamp and Akinci 2007, Golparvar-Fard et al. 2011, Riveiro et
al. 2011, Bosché and Guenet 2014 etc.). The available specifications for TLS are
generally not evaluated independently. According to GSA (2009) and Fraunhofer
IFF (2015), the surveying instruments (i.e. TLS) used in the projects are required
to be calibrated before the start of the project and should have been calibrated
within the 12 months prior to the project start date. Today a lot of effort is required
for developing calibration methods for each specific scanning project (e.g. Holst
et al. 2014, Wang et al. 2015). This is eventually very time-consuming, and is
also a general problem in the AEC/FM industry concerning the usage of TLS.
The ANU results (Chapters 4, 5 and 6) suggest that the uncertainties provided
by instrument manufacturers should be looked over critically. It is expected that
with the establishment of standardized calibration methods for TLS more
accurate estimations of ANU can be made.
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8.2. Engineering structure surveys using the TLS technology
Today the TLS technology is widely used in the AEC/FM industry. Many
previous studies, as well as the present study, have indicated that the TLS
technology benefits from a high level of detail of survey data and fast data
acquisition rates (exceeding 1 MHz). A problematic area of using TLS for
engineering structure surveys is the assurance of the quality of the survey data
(e.g. Holst and Kuhlmann 2016, Soudarissanane 2016). In addition, TLS
accuracy can be influenced by systematic errors (Holst and Kuhlmann 2014), a
large angle of incidence (e.g. Soudarissanane et al. 2009, 2011) and atmospheric
conditions (Lerma García et al. 2008, Hejbudzka et al. 2010). The
aforementioned problematic areas are investigated in the empirical studies
(Papers II to V).
The following conclusions can be drawn on the basis of the empirical case
studies carried out during the doctoral studies:
(i) The results of the empirical case studies presented in Chapter 6 (Papers II,
III and IV) indicated no significant effects of a large angle of incidence in
the data. For both case studies, a TOF scanner was used. The influence of a
large angle of incidence values on the quality of point cloud may be a critical
factor for PS scanners, which use the digital signal processing of continuous
wave lasers (Hiremagalur et al. 2009, Kersten et al. 2009).
(ii) As reported in the literature (e.g. Lerma García et al. 2008), atmospheric
conditions can have an influence on TLS survey data. The case studies
presented in Section 6.2 (Papers V and III) indicated that atmospheric
conditions affecting TLS surveys are mainly related to precipitation and the
object’s surface reflectivity deterioration due to moisture. Precipitation can
generate noise due to laser signals reflecting back from raindrops (Paper V).
Common construction materials like concrete and asphalt have generally a
low level of reflectance. If these materials were wet, the reflectance would be
even more degraded. The results in Section 6.2.2 indicated that wet surfaces
reduce the number of backscattered points.
(iii) Due to the fact that the specific construction of each laser scanner is hidden
the actual measuring principles are not known (Holst and Kuhlmann 2014).
Therefore it is difficult to rely solely on the scanning data for providing
reliable results for e.g. deformation monitoring. Supplementary geodetic
measurements are still suggested to validate TLS surveys. These are also
suggested for the cases where it is necessary to validate results, e.g. in
building surveys (Paper IV) and in road surveys (Paper III) with TLS data.
This is also supported by the guidelines from the AEC/FM industry, e.g. GSA
(2009), Caltrans (2011), BIM Task Group (2013) and Fraunhofer IFF (2015).
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In conclusion, based on the empirical studies and the gained experiences
obtained throughout the conducted work, it can be said that the TLS technology
is beneficial for surveying engineering structures. Naturally, this agrees with the
general opinions found in the literature. However, for the sake of certainty, for
the most demanding engineering applications TLS results still need to be verified
using other geodetic surveying technologies.
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ABSTRACT
The terrestrial laser scanning technology (TLS) has existed for almost two
decades. The TLS technology has been widely used in the architectural,
engineering, construction and facility management (AEC/FM) industry for
different purposes (e.g. designing, documentation etc.). The objective of the
present doctoral thesis is to investigate TLS applications for engineering structure
surveys. The thesis consists of two parts.
In the first part of the thesis, a method for estimating the range and spatial
distribution of TLS uncertainties occurring while surveying engineering
structures is presented. The emphasis is on along-normal uncertainties (ANU) of
the surfaces to be surveyed. The presented methodology is numerically verified,
and the results are compared with the results of previous empirical studies. The
developed method for calculating ANU values make it possible to better plan
different scanning activities. It helps better to optimize scanning work and
improve the quality of TLS survey data in terms of ANU values. The proposed
ANU calculation method is found to be especially very beneficial for surveying
projects where deformations are small and repeating the measurements is not
possible.
The second part of the thesis focuses on the application of the TLS technology
for engineering structure surveys. The developed method for calculating ANU
values, proposed in the first part, was tested in two empirical case studies. The
first case study deals with the monitoring of deformations occurring during a
unique static bridge load test using the TLS technology. The results obtained by
TLS were verified by precise levelling. The second case study deals with the
monitoring of road surface deformations occurring due to frost heave at selected
road sections using the TLS technology. The results obtained by TLS were
verified by geometric levelling. The result of using ANU values for the empirical
case studies indicated benefits in assessing the uncertainties of the obtainable
results. The application of TLS for road surveying and for building surveying
purposes is also investigated considering limitations stated in the literature: (i)
scanning under a large angle of incidence, (ii) the influence of atmospheric
conditions to TLS surveying and (iii) validation of the obtained TLS results in
engineering applications. The results indicated that a large angle of incidence
does not have a significant effect on scanning results of TOF technology. This is
also confirmed by the results of studies from the literature. Atmospheric
conditions were mainly related to precipitation where laser signals were reflecting
back from raindrops, and to the object’s surface reflectivity deterioration due to
becoming wet. The results of the study indicated that supplementary geodetic
measurements are also suggested for the cases where it is necessary to validate
TLS results, e.g. in building surveys and in road surveys with TLS data.
Keywords: surveying uncertainties, measuring noise, error, point cloud,
geometric modelling.
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KOKKUVÕTE
Terrestriline laserskaneerimine (TLS) on eksisteerinud üle kahe aastakümne.
Tänu kogutavate ruumiandmete detailsusele on TLS leidnud laialdast kasutust nii
arhitektuuri, inseneeria ja ehituse valdkonnas, aga ka rajatiste haldamise
valdkonnas. Käesoleva doktoriväitekirja eesmärgiks on uurida TLS-i rakendust
peaasjalikult ehitusvaldkonnas. Käesolev doktoriväitekiri on jaotatud kahte ossa.
Doktoriväitekirja esimeses osas esitletakse uudset meetodit, kuidas hinnata
tasapinna normaalisuunalist mõõtemääramatust (ANU) TLS mõõdistamisel.
Tuletatud meetodit kontrolliti läbi geomeetriliste seoste. Samuti võrreldi saadud
tulemusi eelnevalt kirjanduses esitatud empiiriliste katsete tulemustega. Lisaks
katsetati loodud meetodit kahe ehitusmõõdistamise juhtumi puhul. Esimene
mõõdistamisjuhtum käsitles betoonsilla koormuskatsetuse TLS monitooringut.
Teine mõõdistamisjuhtum käsitles maantee külmakergetest põhjustatud
deformatsioonide TLS monitooringut. Uuringu tulemusel järeldati, et esitletud
ANU arvutusmeetod on sobiv viis hindamaks saadavaid mõõtemääramatuseid nii
mõõdistuseelselt kui ka -järgselt. See on kindlasti abiks erinevate suuremat
täpsust nõudvate mõõdistustööde planeerimisel ja ka teostamisel. Samuti
järeldati, et kuna hetkel puuduvad TLS seadmetele ühtsed täpsuslikud standardid
on instrumendi tootjate poolsed täpsuslikud parameetrid pigem üldsõnalised.
Doktoriväitekirja teises osas keskenduti TLS-i rakendamise uurimisele
ehitusvaldkonnas. Vaatluse alla on võetud kirjanduses käsitletud ühed TLS-i
märkimisväärsemad rakendamise piirangud nagu: (i) TLS mõõdistamisel suur
langemisnurk, (ii) TLS-i mõõdistuskeskkonna mõju, ja (iii) TLS-i
mõõdistustulemuste usaldusväärsuse tagamine. Uuringu tulemusel järeldati, et
läbiviidud TLS mõõdistustel ei täheldatud suure langemisnurga
ebaproportsionaalset mõju mõõdistamise müra kasvule. Tõdeti, et langemisnurga
mõju võib olla seotud kasutatava TLS-i tehnoloogiaga. Mõõdistuskeskkonna
mõju on seotud enamasti sademetega, kus mõõdistuse müra võib tekkida tänu
lasersignaali tagasipeegeldumisele näiteks vihmapiiskadelt. Samuti mõjutavad
sademed ka pinna peegeldumisomadusi. Täheldati, et tänu pinna
peegeldusomaduste halvenemisele väheneb märkimisväärselt mõõdistavate
punktide arv. Käesoleval hetkel puuduvad TLS seadmete täpsusstandardid, mille
alusel on seadmete täpsuslikud parameetrid määratletud. Sellega seoses on TLS
mõõdistustulemuste valideerimiseks kindlaim viis kasutada mõnda suurema
täpsusega tehnoloogiat (geomeetriline nivelleerimine või tahhümeetria).
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