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Abstract. The technology of terrestrial laser scanning has widely been used in the surveying industry in re-
cent years due to higher data collecting productivity compared to traditional tacheometric survey. The aim
of this study is to assess generalization errors in topographic surveys of landforms on the basis of a large
vegetation free semi-coke landfill hill with the relative height of 116 m in North-East Estonia. The numerical
assessment of errors is proceeded by comparing a high-resolution terrestrial laser scanning (TLS) 3D surface
model with surface models generated from the sparser data steps (10, 20, 30 and 50 m). The 10 and 20 m
data step surface models yield discrepancies within + 20 cm. The 30 m data step models revealed slightly
larger differences. Expectedly the largest elevation differences reaching up to 2.5 m were associated with the

50 m point step.

Keywords: digital surface model (DSM), point cloud, tacheometry, GNSS survey, semi-coke landfill, survey-

ing regulations.

Introduction

3D surface models are used in various areas for several
different purposes such as volume computation, verti-
cal planning and in landscape design. In addition, 3D
surface models can also be used to solve problems in-
volving engineering of facilities.

Traditionally 3D surface models are compiled
from topographic survey data acquired by conventio-
nal tacheometric or global navigation satellite system
(GNSS) surveys. Even though terrestrial laser scan-
ning (TLS) is widely used for surveying of buildings
(Murphy et al. 2011; Mill et al. 2013), technical inf-
rastructure (Fekete et al. 2010; Nuttens et al. 2010)
and in monitoring of structural deformations (Wang
et al. 2009; Mill et al. 2014, 2015), this novel technique
(alongside with airborne laser scanning - ALS) can
also be used for acquiring topographic data. A study
by Pirotti et al. (2013) analyses the use of TLS and ALS
in high resolution topography surveys in terms of fac-
tors influencing the positional accuracy, range, point
density and quality. A comprehensive overview of both
TLS and ALS is given in Vosselman and Maas (2009).
In addition Baltsavias (1999) provides basic relations

and formulas concerning TLS and ALS. The benefits
of TLS and ALS are mainly due to the data collecting
speed that can vary from few thousands up to million
points per second resulting in a high resolution data-
set also known as a point cloud. An obvious drawback
is that the signal of most terrestrial laser scanners is
unable to penetrate through vegetation and thus the
reflected signal cannot be surely linked to the ground
surface.

High-resolution surveying of large areas using
conventional tacheometric or GNSS surveys can be
very time consuming (thus also expensive) primarily
depending on the landscape features. Since every geo-
detic survey method has its own advantages/shortages
and depending also on the purpose of the surface mo-
del the most suitable method should be chosen. The-
refore it is vital to acknowledge the differences in 3D
surface models resulting from different source data.
3D surface models created from TLS, ALS, GNSS and
tacheometric survey data have previously been compa-
red by e.g. Gallay et al. (2012). Naumann et al. (2013)
gives an accuracy estimate of digital surface models
(DEM) created by unmanned aerial systems and TLS.
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flattening, view from East (photo was taken in August 2009,
Lempzi pildiblog 2014)

S—— -

Fig. 2. The TLS-survey area (outlined by the red line) on the
top part of the Kivioli semi-coke hill (Ortophoto, Estonian
National Land Board 2014)

The accuracy of resulting 3D models depends pri-
marily on many aspects: the accuracy of survey data;
the resolution of survey data; and also methods of data
processing (e.g. Julge et al. 2014) and modelling. Also
constraints set by national surveying standards and
regulations affect the surveying resolution and pro-
ductivity. For instance, according to Estonian national
survey standards (Surveying regulation 2007) at the
compilation of a most common topographic plan in
scale of 1:500 the allowable distance between survey
points should not exceed 20 meters. Smaller scales like
1:1000 and 1:2000 are only used in specific cases such
as mapping disperse settlements or for small scale land
planning. The largest distance between survey points
at these scales is determined not to exceed 30 and
50 meters, respectively. The allowable heighting errors
are also associated to the selected plane scales, being
10, 15 and 20 cm for scales of 1:500, 1:1000 and 1:2000,
respectively (Surveying regulation 2007).

The present study compares surface models creat-
ed from TLS data with the aim to assess generalization
errors in conventional topographic surveys of land-
forms. For this purpose the initial high-resolution TLS
data acquired over a sizeable vegetation-free landform

were artificially thinned to create sparser point clouds
imitating realistic conventional tacheometric or GNSS
surveys. The objective of this research is to compare
the surface models created from point clouds with
different data step and assess empirically the corres-
ponding generalization errors that may occur during
conventional topographical surveys.

The aforementioned goals are tackled through a
case study, which is performed on a large vegetation-
free landform. Its main characteristics are reviewed
in Section 1. The second section gives an overview of
the TLS equipment used and corresponding fieldwork.
The third section describes the TLS data post proces-
sing, whereas the fourth section gives an overview of
the results, their comparisons and verifications. A brief
summary concludes the paper.

1. The case study
General description of the study area

An industrial waste and semi-coke landfill hill (in
further text also to be simply referred as “ash-hill’; see
also Fig. 1) with the relative height of 116 m (Pae et al.
2005) is located in North-East Estonia, near the town
of Kivioli.

The shape of this abandoned ash-hill was rede-
signed in order to reduce the environmental hazards.
After obtaining the designed shape the ash-hill was to
be covered with a layer of bentonite mats and a lay-
er of geosynthetic drainage mats. Finally, a protective
vegetation layer with the thickness of 40 cm (grassy
areas) and 80 cm (forested areas) was to be laid on top.
In addition, rainwater collection ditches and collecting
pools were excavated. (Jirgens 2011)

The TLS survey was proceeded over the upper
part (with an area of 7.2 ha) of the ash-hill (Fig. 2).
By the beginning of the TLS survey the upper part of
the ash-hill was somewhat flattened from the original
shape of a sharp-edged hump (see Fig. 2). The slopes
were evened out, whereas the maximum elevation
differences at the time of TLS measurements did not
exceed 70 meters. Importantly, and most relevantly to
the present study, the TLS survey area was complete-
ly vegetation-free. The actual aim of the TLS survey
was to compile a precise 3D model of the top part of
the ash-hill, in order to verify correspondence to the
design plan and estimate the amount of remaining
earthworks (fill and cut). The requested density of the
point cloud was 2 points per square meter. The TLS
survey was carried out by an Estonian surveying en-
terprise Geo S.T. OU in spring 2012.
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2. Terrestrial laser scanning
2.1. The used equipment

The TLS data used in this study were acquired by using
the Leica ScanStation C10 (Fig. 3) laser scanner, which
utilizes the so-called Time-of-Flight measuring prin-
ciples. According to the technical specifications of the
used scanner the maximum measuring range is 300 m,
a 360x270° field of view (FoV) and maximum scan-
ning rate of up to 50,000 points/sec. According to ma-
nufacturer’s specifications the scanner’s accuracy of a
single measurement is 6 mm in position and 4 mm
in distance (valid for the 1 m - 50 m range). The scan-
ner is also equipped with a digital photo camera that
enables assigning true RGB values during the post-

processing to survey points.

Fig. 3. The used TLS device during the course of the survey
(Geo S.T. OU 2012)
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The acquired data forms a point cloud of #n ob-
servations where each point holds 3D coordinates
(%;,9;>2;), i=1,...,n in the scanner’s intrinsic coordi-
nate system. The scanners intrinsic coordinates of the
survey points are computed from the measured sphe-
rical polar coordinates as follows:

X; 1; cos (; cosO;
¥; |=| r;sing; cosH; |, (1)
z; 7,sin 0,

1

where 0; and ¢; are the measured vertical and hori-
zontal angles of point i, 7, is measured distance of an
i-th point.

Targets observed from neighbouring TLS stations
allow transforming neighbouring point clouds into
one common coordinate system (also known as regis-
tering), thus forming also a joint point cloud.

For transformation of the local coordinates
(x;,¥;>z;) of an individual i-th survey point into ex-
trinsic (e.g. national) coordinate system (x£,y£,zF)
the coordinates of these targets need to be determined
in the extrinsic coordinate system.

2.2. Field work

A total of 15 TLS stations were established for scan-
ning the entire study area (Fig. 4a), i.e. each TLS sta-
tion covered ~ 0.5 ha (+ overlapping). Since the scan-
ning was conducted on hill slopes, the direct line of
sight between the high definition scanning (HDS) tar-
gets mounted at the top side of the hill was rather limi-
ted (see Fig. 4b). The mounted three HDS targets were

b)

Fig. 4. The placement of scanning stations and HDS targets on the semi-coke landfill where a) TLS scanning stations;
b) high definition scanning targets. Both are presented as blue squares placed on the TLS point cloud
(visualised via the TLS signal intensity values)
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previously coordinated by using the Estonian national
map projection rectangular coordinates (L-EST97) and
the Baltic Height System 1977 by tacheometry using
national control points located on the foot of the ash-
hill. These coordinated targets were used to transform
the TLS point clouds into the L-EST97 rectangular co-
ordinates. The scanner was oriented by using either:
(7) resection or (ii) setting the instrument on a known
point and backsighting. (see Fig. 5).

3. TLS data post processing

The TLS data processing was conducted by using
Leica Geosystems AG Leica Cyclone ver. 7.3 and
Autodesk Autocad Civil 3D 2013 software packages.
The initial registering and cleaning of point clouds,
as well as thinning point clouds, were done with the
Leica Cyclone software. Autocad Civil 3D package
was used to create and compare the resulting surface
models.

The joint TLS point cloud was thinned using four
different data steps (10, 20, 30 and 50 m) in order to
imitate tacheometric or GNSS survey. Therefore also
breakpoints of landscape (such as the top and the foot
of the hill cf. Fig. 6) were added manually, since these
are routinely measured during the course of any actual
topographic survey. The corresponding statistics of the
resulting grids is provided in Table 1.

Table 1. The amount of data-points used in comparisons

Cleane'd Thinned point clouds (including
TLS point breakpoints)
cloud P

Average
steps 0.5 10 20 30 | 50
between
points [m]
No. of 133311 | 1178 | 420 | 305 | 173
points
Ratio of
retained 100 0.88 0.32 0.23 0.13
points [%]

The vegetation-free landscape allows collecting
data without any significant “noise” and therefore ma-
kes the TLS-based surface model an ideal reference for
assessing topographic surveys. A comparison of resul-
ting surface models was carried out for determining
elevation and volume differences. The detected discre-
pancies are expressed also via surface profiles at selec-
ted locations (e.g. those intersecting areas of largest
elevation discrepancies, see Section 4.2).

S14

Fig. 5. The survey network in the semi-coke landfill ash-hill.

Notes: S1 to S15 denote locations of TLS survey stations,
whereas 1001 to 1003 denote locations of the HDS targets.
Blue lines indicate orientation measurements between TLS
survey stations. The red lines indicate scanning sights towards
HDS targets.

4. Results

4.1. Compilation and comparisons of 3D surface
models

The actual terrain surface consists of an infinite
amount of irregular terrain elements. The height values
within the areas between the survey points are usu-
ally obtained by an interpolation method. In general,
interpolation techniques are based on the principles
of spatial autocorrelation, which assumes that closer
points are more similar compared to farther ones. The-
re are various methods of interpolation such as Inverse
Distance Weighting (IDW), local polynomial, Nearest
Neighbour (NN), and Radial Basis Functions (RBFs).
Hence, different interpolation methods can result in
different results over the same data (Arun 2013). In
order to represent the measured surface, e.g. for en-
gineering design purposes, a digital surface model is
created. In general, there are two common methods of
presenting a surface; (i) a raster digital elevation model
(DEM), and (if) a triangulated irregular network (TIN)
model, both can be created by using tacheometric and
GNSS survey data, TLS data, aerial photographs and
topographic maps.
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Fig. 6. Visual comparison of point clouds of the semi-coke landfill ash-hill: a) point cloud with the average step of 20 meters,
points that stand apart from the regular grid are added breakpoints of landscape (such as the top and the foot of the hill);
b) cleaned initial TLS point cloud

Note: Different colours represent the intensity of the reflected TLS signal.

b)

) d)

Fig. 7. Different triangle networks created by the same initial data (a), whereas b, ¢, and d are different results
depending on the placement of the triangles (Li et al. 2005)

A DEM is an array of square/rectangular shaped
cells (pixels) with an elevation value associated to each
pixel (Peralvo 2004).

Alternatively, a TIN surface model consists of
triangles of which the vertices represent the measure-
ment points. The latter means that the sides of these
triangles may have different lengths. The heights of the
vertices and the shapes of the triangles in the irregular
network may vary (Fig. 7). Although a TIN model can
give a better representation of the surface (therefore
allowing a slightly more accurate surface model) it
requires more complex calculations than raster DEM
models (Jagomagi 1999).

These two methods were tested for modelling the
surface. Since the TIN models (created by using Auto-
cad Civil 3D package) yielded a slightly better agree-
ment with the initial TLS point cloud, then in further
comparisions the TIN modelling results are used.

Comparison of the initial TLS-based surface mo-
del with the 10 and 20 m step surface models yielded

relatively small elevation differences, mainly ranging
within £0.5 m only. For instance, the 10 m step mo-
del surface heights vary (with respect to the initial TLS
model) within the range of £0.20 m over 98% of the
total area (see Table 2).

Table 2. The comparison results of surface models

Cleane.d Thinned point clouds (including
TLS point breakpoints)
cloud P

Average steps
between 0.5 10 20 30 50
points [m]
Ratio of
discrepancies| - _ 98.03 | 92.00 | 68.83 | 49.84
within
+0.20 m [%]
RMSE
values, unit 0.07/ | 0.17/ 0.22/ 0.38/
is metre/no. | 7130393 1178 | 420 | 305 | 173
of points
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The similar comparison with the 20 m point step
resulted in height discrepancies within the range of
+0.20 m over 82% of the total area (see Table 2). Appa-
rently, the 20 m surveying step is also capable to repre-
sent the landscape rather accurately.

Comparing the TLS surface model with the 30 m
step surface model (Figs 8a, 9) revealed smaller height
discrepancies (within the range of £0.20 m) over only of
69% of the total area (see Table 2). However, 97% of height
differences remain still within the range of £0.50 m.

Considerably larger differences emerged when
comparing the TLS data with the 50 m step surface
model (Figs 8b, 10). The comparison showed that only
50% of the height differences were within the range of
+0.20 m (see Table 2), whereas the maximum diffe-
rence reached as much as 2.50 m. This shows that the
50 m surveying step is not precise enough to represent
the landscape accurately.

It can be (somewhat expectedly) concluded that
large data steps may yield large height discrepancies.

It is acknowledged that the selected surface modelling
method contributes insignificantly to the detected dis-
crepancies.

In addition to histograms also root mean squa-
re errors (RMSE) were calculated for all the thinned
surfaces:

2.0
RMSE =4[ =1—, (2)
n
where 0 is the true error (deviation from a real va-
lue), # is the number of measurements (in this case the
number of thinned points) and i =1, 2, 3, ..., n.

In this work TLS data was used to create a refe-
rence surface for calculating RMSE values for thin-
ned surfaces. The calculated root mean square error
(RMSE) values between the TLS surface model and the
surface models created from average point step of 10,
20, 30 and 50 m are presented in Table 2.

The table reveals that only the 10 m data step is
able to ensure the required heighting accuracy 10 cm

400 m

Fig. 8. The comparison models of TLS data and the imitated tacheometric data
with the 30 m (left) and 50 m (right) data step

Notes: Cooler colours illustrate areas where TLS surface model is above the thinned model. Cross section A-A is

explained on Figure 11.
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in M 1:500 scale topographic surveys. The 20 m data
step can be considered for fulfilling the heighting
accuracy requirements (15 cm) for the M 1:1000 to-
pographic surveys, whereas the 30 m data step fulfils
the heighting accuracy requirements (20 cm) for the
M 1:2000 topographic surveys.

Therefore, it can be concluded that heighting er-
ror values set by national standards are somewhat too
optimistic. For example the calculated error values for
50 m data step (as suggested by the Surveying regu-
lation 2007) is not suitable for satisfying the heigh-
ting accuracy requirements posed for the 1:1000 and
1:2000 scale surveys. Accordingly, considering the
calculated RMSE values and the maximum allowable
elevation errors (Estonian national standard for land
survey) for scales 1:500, 1:1000 and 1:2000 an average
survey step of 10 m for a scale of 1:500 should be used
instead of 20 meters stated by the standard. For scales
1:1000 and 1:2000 an average measurement step of 20
m is recommended instead of 30 m and 50 m stated in
the standard, respectively.

100

21

It should be noted though, that this particular land-
form has significant relative height differences. Accor-
dingly, in more flat landscapes the data step selection can
be more relaxed. On the other hand the test area had a
rather smooth and homogeneous slopes, thus it can be
assumed that on a more complex and rugged landscape
the heighting errors would be even larger than they were
detected during the course of this study. All in all, this
appears to be evidence, that existing national survey re-
gulations should not be followed blindly, since more com-
plicated areas and landforms may require development of
specific topographic surveying methods.

4.2. Comparison of longitudinal profiles

In order to assess the longitudinal height discrepancies
cross profile were created across the ash-hill area with
the largest discrepancies (Profile A-A, cf. Fig. 8).

The resulting profiles of surfaces compiled from
the 10 and 20 m data steps agree reasonably with the
TLS surface (Fig. 11). The maximum discrepancies re-
main within the range of £30 cm.
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Fig. 11. Top: cross profiles A-A of the landfill ash-hill.
Bottom: discrepancies of profiles A-A compared to TLS surface model of the landfill ash-hill

Notes: Notice that the vertical scale of the TOP figure is 4 times exaggerated compared that of the
horizontal scale. Notice that the vertical scale of the BOTTOM figure is 10 times exaggerated as

compared to that of the horizontal scale.
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Larger differences are associated with the profi-
les created for the 30 and 50 m data step surfaces. For
instance the 50 m profile height discrepancies (with
respect to the TLS surface) reach up to 2 m, cf. the
section 0 + 280...0 + 320 in Figure 11. Note that dis-
crepancies arise smoothly, thus describing a realistic
situation where the smooth curvature of the landscape
can easily be missed during fieldworks.

Summarizing, the discrepancies of the 10 and
20 m data step surface models with respect to the TLS
based model were mainly caused by several factors: i)
the curvature of the tip of the hill ii) slopes iii) con-
cavities on the foot of the hill, cf. Figures 8 (blue to-
nes represent curvatures and orange tones represent
concavities) and 11. All of these factors cause genera-
lization errors in surface models and also affect sub-
sequent volume estimations.

4.3. Volume estimation

TLS related volume estimates have been reported in
Pflipsen (2006), where tacheometric survey data was
compared with TLS survey data. Another study by
Bremer and Sass (2012) combined ALS and TLS for
quantifying sediment volume by a major debris flow
event of a steep mountain slope. Mill ef al. (2011) com-
pared TLS data and tacheometric data at a road section
in order to quantify the volumetric differences. Deter-
mining volume differences between surfaces created
from different point step data was also one of the goals
of this study.

Recall that larger height discrepancies occurred at
locations of the smooth curvatures (e.g. long slopes,
as opposed to landscape breaklines, where the data is
acquired more densely) of the surfaces.

According to the general requirements for mining
survey in Estonia (Mine surveying regulation 2012),

a volume estimate for mineral resources cannot differ
more than 2% from the actual volume of the excavated
material.

Volume calculations were carried out using Au-
todesk Autocad Civil 3D 2013. The reference abso-
lute height for volume calculation was selected to be
67.00 m, which was the lowest point of the surface
models created. The maximum absolute height of the
ash hill was just under 135.00 m. The volumetric diffe-
rences between the models created in this work were
relatively small, ranging to a maximum of 0.23% (Ta-
ble 3). Thus, in this case all the differences are clear-
ly within the required limits. However, when dealing
with significantly smaller landforms the volumetric
requirements are more difficult to meet. The study
showed that the total volume is underestimated when
increasing the distance between surveying points. The
volumetric differences in Table 2 show that even with
a slight change in volume at the large semi-coke land-
fill ash-hill results in hundreds of truckloads with the
average load capacity of 7 m3,

In other words, the higher density of surveying
points allows to adequately estimate the actual volume
of the earthworks, therefore providing more accurate
data that results in efficient work planning.

5. Concluding remarks

This study assessed generalization errors that may oc-
cur during conventional tacheometric or GNSS sur-
vey. TLS survey results over a large area were used
for numerical verifications. It was determined, that
the 10 and 20 m data step surface models yield dis-
crepancies within £20 cm, whereas the 30 m data step
models revealed slightly larger differences. Expectedly
the largest elevation differences reaching up to 2.5 m
were associated with the 50 m point step. It became

Table 3. Results of volumetric calculations on the example of semi-coke landfill ash-hill

Statistical characteristics

TLS based
surface model

10 m data step
surface model

20 m data step
surface model

30 m data step
surface model

50 m data step
surface model

Volume with respect to
the reference absolute
height (H = 67,00 m) [m’]

2633 813.99

2 633 542.14

2632 789.75

2632 099.34

2 627 688.45

Volumetric difference
with respect to TLS
surface model [%]

-0.01

-0.04

-0.07

-0.23

Volumetric difference
with respect to TLS
surface model [m?]

-271.85

-1024.24

-1714.65

-6125.54

Difference in truckloads
(7 m? each)

39

146

245

875
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also evident that existing national survey regulations
should not be followed blindly, since more complica-
ted areas and landforms may require development of
specific topographic surveying methods. TLS proved
to be more beneficial when surveying more complex
terrain with steep slopes and other irregularities. If the
terrain includes vegetation then TLS data can be easily
distorted, since most TLS devices record only one echo
of the backscattered laser signal, it is difficult to deter-
mine the actual ground surface underneath vegetation.
Thus, in the vegetated areas the TLS becomes unsuita-
ble for topographic surveys.

As for determining surface volumes of artificial
hills, construction etc. TLS is highly suitable. In this
case high density of points causes the error in volume
computation to be marginal.

Choosing a survey technology for measuring
landscape should be based on the speed and cost
effectiveness of the technology as well as the amount
of vegetation. For surveying of open field (i.e. without
trees and bushes) artificial landscape the most cost-
effective method would be GNSS survey. GNSS leaves
out the additional time spent on orientation of the
surveying instrument which is needed in tacheometry
and TLS. In addition the cost of the surveying equi-
pment and the required special software for data post
processing can be a crucial influence in choosing the
suitable technology. Finally when it comes to choosing
the most optimum surveying technology the specific
nature of the particular object and the resources avai-
lable should also be considered.
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