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SUMMARY

In 2010, the construction of a double tube railMaynel started under the Scheldt River in
the port of Antwerp, Belgium. During the constroctiprocess, which will end in 2013, a
systematic survey campaign is organized to perfammovalization monitoring of selected

concrete sections in both tunnels. A phase-bageesstgal laser scanner Leica HDS6100 is
used to generate dense point sets of each sekstédn, with a spatial resolution of 4 mm or
higher on specific moments in time. Based on ey&int set, a cross-section is calculated,
which is compared with previously calculated cresstions, to determine the deformation of
the tunnel section. The location of the cross-secis defined by a materialized reference
target and this cross-section is perpendiculahé&axis of a best fit cylinder. This best fit

cylinder is defined by a point set of of 7 concreteular curved elements. After a point

filtering has been performed, the cylinder is cltaed by a least square fitting algorithm on
the point set of each tunnel section.

In this article, a procedure is presented to perftre cylinder fitting and data cleaning steps
automatically in an iterative process. This incesathe efficiency and the performance of
processing the tunnel data. Each step in the iberatarts with the calculation of a best fit
cylinder, based on all remaining points in thatpst€he parameters of this cylinder are
estimated using the Levenberg-Marquardt algoritfims algorithm is an optimizer for least
squares problems, based on global non-linearity,adso on the local linearity of the data set,
as implemented in the Gauss-Newton parameter d@gtimanethod and in the negative
descent method. The combination of both methodthénlLevenberg-Marquardt algorithm
will facilitates the convergence of the final paetsers. The resulting cylinder parameters are
then used to rotate and translate the point sdti@oalculate the distance between each point
to the surface of the hypothetical cylinder. A #ireld is used to evaluate these distances and
to remove points located at a significant distafioen the cylinder. A new cylinder is then
calculated, based on the remaining points, andeosithre removed again, based on the
adjusted cylinder parameters and decreased thtesHoé process iterate until this threshold
has reached a predefined minimum. Similar to tleipusly presented manual procedure for
the filtering of tunnel data, the final distances projected as a function of the zenithal angle
for cross-section generation. This cross-sectidhbei compared with a manually generated
cross-section, in order to validate the resulthefproposed procedure and its applicability in
tunnel data processing.
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Automatic Filtering of Terrestrial Laser Scanner Data from Cylindrical
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Cornelis STAL, Timothy NUTTENS, Denis CONSTALES, Ken SCHOTTE, Hans DE
BACKER, Alain DE WULF, Belgium

1. INTRODUCTION

Terrestrial laser scanning (TLS) is a well know @8Bta acquisition technique for various
applications, such as archaeology and culturatdwi The technique is also extraordinarily
useful in the field of civil engineering, where aan be applied for tunnel deformation
measurements. A terrestrial laser scanner is ablagasure millions of points in a limited
timeframe, by measuring distances and correspongingontal and vertical angles. These
distances can be calculated by registering the tihfeght of the emission and reception of
an electromagnetic signal or phase delays. Theopeance of pulse based scanners and
phase based scanners for tunnel measurementsussks by Nutteret al. (2010).

In this article, a workflow for processing pointtsdérom newly installed tunnel segments is
presented. The main focus of this research isntipgdvement of the degree of automation of
the filtering and cross-section generation proc€ks.development of filtering procedures for
terrestrial laser scanner data is more complexomparison to filtering procedures for
airborne laser scanner data. This is mainly duth¢oincreased dimensional complexity of
terrestrial laser scanner applications in comparigith airborne applications. Many filtering
algorithms were presented for airborne laser scadiata during the last two decennia
(Krzystek, 2003; Sithole & Vosselman, 2003). Mosttleese algorithms use a horizontal
reference plane for the entire data set and fotdte neighborhood of the processed points,
reducing the filtering problem to a 2.5D problemesiles, terrestrial laser scanner data
suffers from the presence of occlusions caused higy pgerspective geometry of single
terrestrial scans (Brodu & Lague, 2012).

In this research, the problem of filtering tunnatalcan be simplified by the assumption that
the tunnel sections are considered as a cylindezn B complex scenes, it is possible to
detect these geometrical primitives in point sets] describe them by a limited number of
parameters (Ruset al., 2008). Since this cylinder is the only objectttheeds to be detected

and modeled, the presented filtering algorithmawally a binary estimator of surface- and
non-surface data in a 3D space. The preliminarylteof this research concern control

measurements only, compared to the design of theetuwhich has a radius of 3.65 m.

However, the presented algorithm should also perfeell on critical measurements, and can
be used for further tunnel data analysis.
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2. MEASUREMENTS IN THE RAILWAY TUNNEL OF ‘LIEFKENSHOEK

The ‘Liefkenshoek’ rail link project is located the center of the port of Antwerp, north of
the city. The project started in 2008 by LocoRai/N a consortium of different construction-
and engineering companies, and is commissionedhéyBelgian rail road authority Infrabel
N.V. The total value of the project is around €6&@dlion. By constructing this railway
connection under the Scheldt River, the harbor atwerp, Belgium, will improve the
hinterland connections and decrease the conggstodolems of the existing Kennedy railway
tunnel. Up to now, the Kennedy tunnel in the soafthihe city is the only suitable railway
connection between the two sides of the river bamkkits separate harbor basins. As a result,
the new connection will reduce the travelling tirbetween the two banks, and it will
anticipate on the predicted increased harbor cgpatB5% of goods by train.

The 16 km long route contains a double tunnel &t where two separate Tunnel Boring
Machines (TBM) were maneuvered under the ScheldtrRind the neighboring ‘Kanaaldok’
(Figure 1). After a given advance of the TBM, aeepof eight concrete segments are placed,
shaping a cylinder with a width of 1.80 m, an indeameter of 7.30 m and an outer diameter
of 8.10 m. During the entire construction processelection of fourteen sections or rings in
each tunnel were measured by laser scanning, &r ¢odpoerform ovalization measurements.
Eight of these sections in each tunnel were saleftie tension measurements, also using
strain gauges in order to monitor deformationshefseparate segments (Schettal., 2010).

1-2Zone bundled with E34/N49 5 Departure shaft 6 Arrival shaft
2 - 3 Zone bundled with R2 5 - 6 Drilled railway tunnel 7 Crossing R2
3 - 4 Exsisting railway tunnel

Figure 1: Cross section of the entire ‘Liefkenshoékailway project (source:
www.tucrail.be)

Concerning the ovalization measurements, eachtedleection was measured immediately
after placement. During the following four weekise tsame section was re-measured on a
weekly basis, and thereafter twice on a monthlyshd@3uring the first measurement, a series
of black-and-white targets were mounted on the@esturface, to enable the relocation of the
position of the cross-section in the point set.

3. TERRESTRIAL LASER SCANNING AND DATA PREPARATION

All point sets, used for ovalization measuremeffithe different sections in this projects, are
measured using a phase based Leica HDS 6100 (zmamnes. Based on previous research in
this project (Nuttenst al., 2010), this laser scanner, with an experimengaidard deviation

of 0.4 mm, for very short distances (< 6 m), isyvauitable for deformation measurements of
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tunnel sections. A setup of the terrestrial lasanser inside the TBM is illustrated in Figure
2.

Figure 2: Terrestrial laser scanner in the TBM.

The raw data sets are stored in a zfs-file, whicthé native binary file format for Leica and
Zoller & Frolich laser scanners. In order to pracédsese data files, the Leica Cyclone point
processing software is used. This software packageed for the filtering and processing of
the laser scan data and the generation of a ceas®s for each measurement, which is then
further processed in a CAD package and calculaoftware. The otherwise time consuming
processing in Leica Cyclone is now being replacgthis automated workflow, presented in
this paper. After loading the laser scanning datdeica Cyclone, the coordinates of the
master target are determined. This target is matked black-and-white label and the
software is able to determine the coordinates wilttigh accuracy, by adjusting the manually
indicated initial coordinates of this point. Thislj@atment is possible by the high local
intensity differences and by recognition of themhaf the target (Pfeifer & Briese, 2007).
After the selection of the master target, a largminer of points, not belonging to the tunnel
section, are roughly deleted from the point seis Teduces the number of points in the data
set from approximately 40 million for one singleascto just a few million, which
significantly decreases the processing time. Rmdftle point set is exported as an ascii-file,
where each line contains the (X,y,z)-coordinateswall as intensity values of each single
point.
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4. AUTOMATIC DATA CLEANING
4.1.The Levenberg-Marquardt algorithm

The calculation of a cross-section through the urigoously determined center of the master
target requires a correct orientation of the past, as well as the calculation of the
parameters of a hypothetical best fit cylinder. f&kst, the orientation parameters were
determined by performing an orthogonal linear regien. The fitted cylinder was based on
the rotated point set, on its centroid and on araiive circle, fitting perpendicular on the
regression curve. These parameters were usedftorpean iterative removal of points which
were not located on the concrete surface. Howeter, results of the first tests of this
procedure were not satisfying. During the acquisitof the point set, the scanner is not
exactly positioned at the center of the tunnel, toote or less randomly on the floor of the
tunnel without taking into account the orientatmnsize of the tunnel. The misalignment of
the scanner with respect to the hypothetical cglinreésulted in irregular point densities at the
concrete surface. As a result, the use of linelanasr fitting algorithms is not sufficient.

A solid solution was found in the use of the LewengbMarquardt algorithm (Marquardt,
1963), as implemented in the Apache Commons Javaryi (Apache Commons, 2011). In
general, the algorithm is used as an optimizerléast squares problems for nonlinear
multivariate functions (Lourakis, 2005). The alglom is known to give good results for
parameter estimation of a cylinder based on peits is a nonlinear way (Rustial., 2008).

For a given point set with (x € R3), the parameter estimation of a cylinder will résala

set of parameterp with p = (x,A4,7r). Here,x is any point on the cylinder axid, is the
rotation matrix and is the cylinder radius (Lourakis, 2005).

The algorithm is a combination of the Gauss-Newtwthod (or Taylor-series method) and
the steepest descent method (or gradient methbd)GRuss-Newton method on the one hand
will estimate the optimal parameters iterativelydenthe assumption of global nonlinearity,
but local linearity by the construction of a Tayk®ries. The steepest descent method on the
other hand will look for a local minimum of the pareters by iterating as a function of the
negative gradient around a data point. Both methh@d® disadvantages in respectively the
possible failure of convergence and very slow cogerece (Marquardt, 1963), but their
advantages (respectively speed and guarantee cédss)care implemented in the Levenberg-
Marquardt algorithm (Lourakis, 2005). The algoritierclearly explained in pseudo-code by
Shakarji (1998).

4.2.Implementation in the filter

The ascii-file, generated by the used point prangssoftware, is loaded in a Java-application
and each point is stored in a list, representedrbyrray of doubles for the coordinates, an
integer for the intensity values and a separatebléotor later distance calculations and
comparisons. In the developed user interface, niti@li cylinder radiusr is set to 3.65 m,
which is the design radius of the tunnel. InitiaFgmeters for the rotation matuixare all set

to zero during the initialization phase.
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Each time the parameters of the temporary cylirater estimated, and the rotation and
translation parameters are used to calculate tiecoerdinates of each point in the entire
point set. During the parameter estimation, thetssbdistance between each point and the
surface of the cylinder is calculated and is asigio that given point. Since the z-axis of the
original point set is fixed with the zenith, thdinger can be described by only six parameters
and no rotation around the axis of the cylindeeuired. The squared distances are used in a
removal procedure, where each point is evaluatathaa given threshold. This threshold is
based on the perpendicular maximal allowed squdistdnce between a point and the surface
of the cylinder. The resulting points are usedhia hext step of the iterative process, where
the parameters of the cylinder are re-estimateddan the remaining points. After each step,
the threshold is reduced until a given value ished. The result of this procedure is a filtered
point set, stored in a separate file, where eacht pepresents the concrete surface of the
section.

The filtered point set can be used for further tirdeformation analysis, with respect to the
calculated cylinder axis and design value for thenel radius. In order to perform this
analysis, the filtered points are inserted in aki@e for neighborhood analysis. During the
initialization of the filtering process, the origincoordinates of the master target are inserted
for the definition of a cross-section. These cawaitks are rotated and translated into the new
coordinate system and are finally projected onakie of the cylinder, resulting in the base
point of the cross-section. A set of 4000 hypottadtpoints are calculated, with a distance of
3.65 m to this base point and a zenithal increm&t1l gon, perpendicular to the axis of the
cylinder. These points represent the local tunoelase if no ovalization would have taken
place. Thereafter, an adjusted distance betweenpint and the axis of the cylinder is
calculated by the mean of the distances of theabese points from the filtered data set. The
final distance per zenithal angle is then adjustethe mean of 5 distances left and right from
this angular value (e.g. [6.3> 6.8 — 7.3] gon). This will result in a two dimensional
representation of distances as a function of tihélza angle.

5. RESULTS

The results of the proposed procedure are illlesdrdity the automatic filtering of three
randomly selected measurements. From these pd#ttee coordinates of the master targets
were determined in the original local coordinatetegn. From the approximately 40 million
points in the entire point set, only a few millippints were retained, located in a roughly
selected cross-section. These points are procdssdtie developed Java application. As
demonstrated in Figure 3 and Figure 4, the algworittonverges properly to a sudden
asymptote after 13 iterations (approximately 3.0 RS (Figure 3) and 2.pm error on the
radius calculation (Figure 4)).
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Figure 4: Evolution of the error of the calculatedradius over different iterations

As mentioned above, the filtered point set is ugedenerate a cross-section through the
master target, and perpendicular to the axis ofctti@der. The difference between the true
radius of the tunnel and the design is calculatedefich 0.1 gon along this cross-section.
These values are also compared with previously rgeeee cross-sections of the same
measurement, following the ‘manual’ processing Wilowk. The results of this comparative
study are presented in table 1. The given valuesdated to the deviations from the design
radius of the tunnel (3.65 m). Based on this talll®ecomes clear that the results of the
manual and automatic filtering seem to be comparatble mean difference between the
automatically and manually generated data setémged to millimeter level. The MAE
(Mean Absolute Error) is defined as

n

) Jdi-dl

=1

and the RMSE (Root Mean Square Error) is defined as

n

D (di-a)°

i=1
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with d; as the differencd at a given angular indexandd as the mean differences over the

entire set. The MAE is defined by the deviationsnirthe mean difference, where the

direction of the deviation is eliminated. The fatat the MAE and RMSE of the differences

between the two data sets are comparable to thex dtia sets, indicates that all data sets
have the same distribution parameters, assumingalalistributions.

Table 1: Overview of the filtering results for 3 cioss-sections (values in m)

Min Max Mean StDev MAE RMSE

Automatic ~ -0.0113 0.0039  -0.0031  0.0047 0.0038 aese5
T1-S4-R899-C4  Manual -0.0100 0.0089  -0.0021  0.0047 0.0041 1.705E-
Difference  -0.0080 0.0067 -0.0010  0.0040 0.0034  33E205

Automatic ~ -0.0104 0.0018  -0.0018  0.0026 0.0018 @266
T1-S9-R2079-C3  Manual -0.0019 0.0010 -0.0001  0.0005 0.0004 1.851E-
Difference  -0.0114 0.0024  -0.0017  0.0027 0.0019  9@E406

Automatic  -0.0066 0.0080 -0.0010  0.0025 0.0018 4E306
T1-S14-R3118-C5 Manual -0.0068 0.0032  -0.0013  0.0027 0.0022 5.188E-
Difference  -0.0019 0.0127  0.0003  0.0020 0.0012 9E286

In order to statistically evaluate the results, significance of the difference between the
automatically and manually filtered data sets s¢ete by performing a two sided t-test (Moore
et al., 2009). The null hypothesidi,) and alternative hypothesi&l{) are set up to assess
whether the differences significantly differ from 0

Hy:d=0 Hyu:d=+0

In words, the null hypothesis states that the ayeedifference between the automatically and
manually filtered dataset is equal to zero, in @Bitto the alternative hypothesis, which
states that the average difference between thel&asets is unequal to zero. The statistic

d—0
)= o7 VS g

Ho:t( ~

Sd
is used to reformulate the null hypothesis. Thelte®f the t-test are demonstrated in table 2.

Table 2: One sample t-test with evaluation value 0O

Sig. Mean 95% Confid_ence Interval
t df (2-tailed)  Difference of the Difference
Lower Upper
T1-S4-R899-C4 -1.908 62 0.061 -0.0010 -0.0020 D000
T1-S9-R2079-C3 -4.393 50 0.000 -0.0016 -0.0024 0@e0
T1-S14-R3118-C5 1.042 58 0.302 0.0003 -0.0003 0.0008
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Based on these values, the null hypothesis carntdbedsfor the first and the last data sets
(respectively T1-S4-R899-C4 and T1-S14-R3118-C3h wi significance level of 0.05. For
these sets, at least 95% of the possible differbet@een the two sets is caused by a random
effect. However, the null hypothesis is rejecteddata set T1-S9-R2079-C3 with a 95% level
of confidence, and a significant difference betwdles two sets is noticed. Although the
algorithm converged to low RMS values, the finaulés of the algorithm are not statistically
identical to the manually filtered cross-sections.

6. DISCUSSION AND FURTHER RESEACH

The use of the Levenberg-Marquardt algorithm hasegm to be very useful for the automatic
filtering of cylindrical tunnel point sets. Althobgmost of the results were satisfactory, the
implemented procedure will not necessarily resaltcross-sections that are statistically
identical to the manually processed point sets.tNexpossible misclassification in the

manually processed point set, this is mainly causethe fact that only a very small amount
of points from the original point set is taken irgocount. As a result, the best fit cylinders
have a much bigger radius than the height of thmasr. This may result in the incorrect

calculation of rotation parameters, and this eff@titincrease after each iteration.

Solving this issue will require further improvemesft the Java application. Currently, the
procedure takes each point from the point set lfier ¢ylinder fitting, and requires much

computation time and computer capacity. Bettemclgr fitting will be performed by using a

bigger cylinder radius / height ratio, thus a hegjgatial variation of the points. In order to
reduce the processing time, the best fit cylinddirve computed by taking random samples
from the entire point set.

7. CONCLUSION

Terrestrial laser scanning is intensively used deformation measurements during the
‘Liefkenshoek’ rail link project. Earlier researd¢tas demonstrated that the systematic and
random error of the used terrestrial laser scadata are less than 1 mm. Processed point sets
from these measurements were used for the generaticross-sections through a master
target. Besides, these cross-sections should lpemaicular on the axis of a best fit cylinder.

In this paper, a procedure is presented to fihesé point sets automatically in an iterative
process, using the Levenberg-Marquardt algorithrhe Tesults of this procedure are
promising, since the mean difference between auioally and manually filtered point sets
are limited to millimeter level. However, based art-test for the analysis of the results,
further optimization of the procedure is still pidbs.
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