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ABSTRACT

We present a new algorithm which transforms a point cloud scan (LiDAR 3D data) of a tunnel,
with any profile shape and curvature, to a form where all tunnel cross-sections are aligned. The
algorithm finds the tunnel’s central line by solving a series of optimisation problems and subsequently
rotates (aligns) tunnel points based on regions defined from the central line. The point cloud scans
of structures provide the ability to understand important information such as structural deformation
and weaknesses. However, point clouds often contain small errors that must be reduced in order
to obtain relevant information. In point cloud scans of tunnels, these small errors may cause the
cross-sections of the tunnels to be misaligned. The proposed algorithm transforms the tunnel data
by reducing this observation error between cross sections, which allows us to more easily study any
tunnel lining deformation and degradation. Few previous algorithms have been developed to reduce
the misalignment of cross-sections and previous work has focused on tunnels with a circular profile.
The proposed algorithm therefore usefully extends the range of tunnels which can be considered.

Keywords Point Cloud - Alignment - LIDAR.

1 Introduction

In recent years, the development of the Terrestrial Laser Scanning (TLS) or LiDAR technology has enabled high speed
collection of millions of 3D points which collectively make up a point cloud [3]. Initially this technology was used
widely in areas of topography, historical preservation and civil engineering research. More recently it has been used as
input to 3D data analysis models for the detection of deformations and defects in structures such as bridges, buildings
and, to a lesser extent, tunnels [[1][4].
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Here, we outline the organisation of the paper. In Section [T we introduce, and motivate the problem and we further
briefly discuss previous research on tunnel LiDAR data and the similarities with our work. In Section 2] we define two
datasets that we have used to develop the algorithm. In Section 3| we explain the proposed alignment algorithm by
dividing it into sub-steps. In Section[d] we present our experiments on (1) algorithm speed and (2) comparative analysis
with a baseline aligning algorithm on unseen data. In Section[5] we showcase the algorithm on real tunnel data of a
larger tunnel. In Section[6| we discuss limitations and future work. Finally, Section [7holds the conclusion of the work
and Section [§]contains the acknowledgements.

1.1 Problem Context & Motivation

Before any defect detection algorithm can be run on tunnel point cloud data (PCD) a number of sequential preprocessing
steps must take place such as data cleaning (removal of unnecessary artifacts) and alignment. The preprocessing steps
have the goal of taking any 3D tunnel scan and outputting a straight tube-like tunnel running parallel to, say, the x-axis.
This lets the subsequently applied defect detection models generalise well by assuming that all tunnels start at O on the
x-axis and run along it. Without applying an alignment algorithm standard algorithms for the prediction of the true
tunnel cross section shape are difficult to implement as only local information can be used. In contrast, if the tunnel
data is aligned, we are able to overlay multiple overlapping cross sections and use them together to find the true tunnel
cross section shape. The difference can be seen in Figure[I] with the original tunnel data presented in Figure 2}

Figure 1: A visualisation of the first 10m of tunnel cross sections overlayed before alignment (left) and after alignment
(right).

Figure 2: The tunnel before alignment (top view).

We aim to create a preprocessing data pipeline, and in turn, an alignment algorithm:

* For preprocessing “any” tunnel data, that will be agnostic to “any” data collection method, as long as we are
given a tube-like 3D shape. The resulting algorithm is data-agnostic, allowing it to be applied to a wide range
of data sources.

e Which will standardise the tunnel shape so further shape detection and analysis algorithms can be run on the
tunnel data.

Given any shape tunnel with a “start” anywhere in the 3D space the user needs to set only a starting point and the
algorithm will trace the tunnel trajectory and straighten the tunnel (align the cross sections). Unlike other approaches,
our goal was to generalise to any tunnel shapeﬂ no matter how curved, and to be aware of the 3D data and the fact
that tunnels don’t necessary start at the coordinate center. For example, we performed experiments finding the tunnel
trajectory by fitting two regression curves in the x-y and x-z planes. The results were case-specific and only usable if
the 3D data was split into two 2D sets.

The algorithm was implemented with the goal of addressing two problems: (1) the natural tunnel curviness (e.g., the
Gotthard Base Tunnel in Switzerland) and (2) local cross section misalignment.

'https://civilnoteppt.com/shapes-of - tunnels/
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1.2 Previous work

There appear to be few previous papers on similar problems of aligning point cloud data representing a scanned tunnel.
Most work has been performed around the extraction of the tunnel axis, but little has been done on the alignment of the
cross section. However, we outline some related contributions below.

In [4], a method was derived where a cylindrical fitting technique was used to fit a tunnel with a circular profile. Then,
the fitted cylinder was used to produce a 3D model that allows for the detection of deformation in the tunnel. The
main restriction of this approach is that it assumes tunnels have a circular profile. In such cases, the technique is able
to perform a cylinder fit to transform the dataset to a new axis aligned with the main down-tunnel direction. Post
transformation, the profile of the cross section is found and a noise reduction process is carried out, after which, a 3D
model of the tunnel is produced.

In [2]], the process described begins by developing a noise reduction process for tunnels with a non-circular shape.
This is achieved by finding the n nearest neighbours of a random tunnel point P, then fitting a plane at these points
with a normal defined by the vector from the tunnel’s center to P. Finally, the average distance between the plane
and the neighbours is calculated. If the average distance is greater than some threshold, then P is classified as a noise
point. Once the noise reduction process is complete, the tunnel is transformed to a new axis where the x-axis represents
travelling across the tunnel, the y-axis represents travelling down the tunnel and the z-axis represents travelling vertically
within the tunnel with a simple rotation and translation manually calculated for each tunnel.

In [5], the tunnel axis is found using an iterative fitting optimization method. The original tunnel design axis is
initially used to find cross sections. These cross sections are then further fitted, with circles, and the circles’ centers are
approximated with a B-Spline curve. The method of fitting and approximation is repeated until it converges, i.e., each
circle center is withing a set threshold of the current tunnel axis. This method assumes the cross sections have a circular
shape and that the original design axis of the tunnel is known.

In [6], the axis was extracted by “obtaining the stretching direction of the drawing surface”. The orientation of the
tunnel was found by minimizing the projected area of the point cloud onto a plane using the density variance. This
algorithm disregards tunnel curviness (bending) because they work with a short tunnel part.

In order to improve upon the techniques derived in each of these papers, we propose an alternate approach which is
able to take curvature of the tunnel into consideration, as well as any shaped profile. We first briefly describe the types
of both real and synthetic data used to develop an alignment algorithm, then in the subsequent section describe the
algorithm in several stages of centre line determination, rotation and alignment. Lastly we describe the application of
the algorithm to a range of scanned tunnel data.

2 Data

To test and develop the proposed algorithms for tunnel alignment we used two datasets: (1) a real-world PCD scan of
the first 300m of a UK railway tunnel and (2) synthetic PCD. A visualisation of both can be seen in Figure 3]

The tunnel data contains several interesting features. At periodic intervals along the tunnel, there are indents in the
tunnel walls; these are alcoves for staff to stand as trains pass through the tunnel. Moreover, a scattering of points can
be seen above the tunnel at approximately the midpoint. This is an air-shaft which is used to bring fresh air into the
tunnel for those working within. Therefore, in order to be successful, the output of the our alignment algorithm should
maintain such features. The final feature, the tunnel’s profile, is notably non-circular.

The synthetic data we have principally used is a cylindrical tunnel generated by finding 5000 random points with radius
of the cylinder equal to 5 and overall length equal to 20. After generating points at random precisely on the surface
of this cylinder they are further perturbed to simulate observation noise by moving each point by a distance value
generated from the Gaussian distribution N (0,0.12) in a direction given by selection of two angles from a uniform
distribution between 0 and 27. Finally, to add curvature to the tunnel, the y components of the data points were adjusted
using the following formula

Yeomponent = Ycomponent 0.1 Sin(mcomponenl)~ (D

The reason for using synthetic data is so we can precisely quantify the accuracy of any developed techniques, as the
ground truth is known.
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Figure 3: A visualisation of the raw PCD representing a railway tunnel (left), and the synthetic PCD (right).

3 Alignment algorithm

Each of the three subsections below represent a stage in the proposed overall process to align the tunnel cross sections.

We have outlined the steps in the diagram in Figure[d] We now describe the mathematical concepts underlying each
algorithm, along with their implementation.

Finding Center Points to Local Cross Section
. Rotation about the ) )
construct Center Line Center Line so the data Alignment using Alioned
Tunnel PCD — by solving optimization > bt . > Individual Kernel 9
becomes "straightened ) : Tunnel PCD
problems to find and parallel to the x-axis Density Function
medians P Scoring

Consecutive sub-steps of alignment algorithm #

Figure 4: Pipeline of data and outline of each algorithm step.

3.1 Centre Points and Center Line

Given the PCD, the first part of the algorithm finds a set of points (each with a given step-size h apart) within the tunnel
that aim to describe the tunnel’s centre line.

To do this, at one end of the tunnel, a start value and a starting direction are selected, by hand. Points along the tunnel

are then selected as along the central line by solving a series of optimisation problems. For some choice of constant
integer K, we proceed by defining an objective function as follows

f(x) = median(d;) where {d; = ||x — x|, and x; are the K nearest points in the point cloud to location x}.

2
We intend to maximise this function, finding the point maximally away from the point cloud. To ensure we continue to
find points on the centre line we add the following additional constraints

2 2
h*—lx—ol; = 0, 3)
n(x—o) > 0. “4)
Here o is the previously found centre point, and n is the vector between the previous two determined centre points (at

the initial step these are the manually chosen down-tunnel direction). These two conditions ensure, respectively, that the
next proposed centre point is exactly on a distance h from the last, and that it is further down the tunnel.

To further decrease the effect of observation noise we fit a cubic spline to the centre points. We use a smoothness
parameter to prioritise creating a smooth center line over interpolating through every center point exactly.
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We have applied this algorithm to the synthetic data with (0, 0,0) as a start point, (0.2,0,0) as a starting direction,
K =10 and h = 0.2 and the output can be visualised in Figure[5] These centre points can also be considered in the
projected plane x-y, where it is expected that the points will follow the curve y = 0.1 sin(x), and the 2-z plane, where
it is expected the points will follow the line z = 0. These visualisations can be seen in Figure [f]

For the synthetic data we calculated the RMSE (Root Mean Square Error) of the determined points normalised by the
length of the tunnel curve, which was found to be 20.05. In the y direction this is 0.0212 and in the z direction 0.0215.
The noise used to perturb the point cloud data had standard deviation 0.3162. As the y and z deviations are only 6.7%
and 6.8% of the noise’s standard deviation, respectively, the algorithm for determining centre point values appears
robust to small amounts of observation noise in the point cloud.

We then fit a cubic spline to the synthetic data with smoothness parameter s = 0.9; splitting the tunnel into 200 pieces
when fitting using piecewise cubic splines produces the output visualised in Figure[5] Again, to better understand how
well this line fits the expected centre we can examine the projections of the line to the x-y, and x-z planes to compare
the calculated centre line and the true centre line, both projections can be seen in Figure [6]
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Figure 5: Visualisation of the Centre Line (Orange) and Centre Points (Purple) inside the Simulated Data Set (Grey)

In order to quantify the results achieved by this algorithm, the deviation was calculated for both y and z components by
computing the RMSE and normalising as above. This results in errors of 0.0009 in both the y and z directions. This
means that there was a 0.625% and 1.01% reduction in the y and z deviations respectively from that calculated simply.
On comparison with the noise of in the Synthetic Cylinder data, the y and z deviations were equal to 0.295% and 0.27%
of the noise’s standard deviation. There still exists small deviations from the true solution which is to be expected as it
would be difficult to completely reduce the effect of the noise. Additionally, the Synthetic Cylinder centre line is a lot
smoother than the centre points, which will be advantageous later on when implementing the next step, the rotation
algorithm, in Section 3.2}

Next, we ran the algorithm on the tunnel data with initial point (1, 8.5, 8), direction (0.2,0,0), K = 10 and i = 0.2.
The determined centre points are shown in figure [] with the projections of the points onto z-y the plane. We have

omitted the z-z plane since no noise was added there. The effect of observation noise can be seen in the variability of
the determined centres.

The spline fit was applied with smoothness s = 0.5 and again split into 200 sections; a visualisation can be seen on the
same Figure[6] As the true centre of the tunnel point cloud is unknown, the projections onto the z-y and z-z planes
can be calculated and compared to the equivalent projections shown earlier for the determined data points. These
projections can be seen in Figure 7] where the effectiveness of the spline smoothing can be seen in the reduction in the
variability of the line due to noise.

The motivation behind using a spline fit is the production of a smooth curve which provides a better basis for the next
algorithm step.

3.2 Rotation of tunnel to a new axis

In this section, we introduce an algorithm that will use the fitted centre line to transform a tunnel’s point cloud to a new
axis. In this new axis, the x-axis will represent travelling down the tunnel, the y-axis will represent travelling across the
tunnel and the z-axis will represent travelling vertically within the tunnel. Additionally, the transformation will result in
the centre line of the tunnel laying on the z-axis.
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Figure 6: Projections of the Centre Points (Purple) and Centre Line (Orange) of the Simulated Data compared to the
Centre Line used to generate the data on the z-y plane.

Centre Points Centre Line Centre Paints Centre Line

-~
(-]
w
@

o
v

g 60 Hs2
£
2 2 50
3 55 =
B T 48
c [
- 50 L 46
a4
a5
42
0 50 100 150 200 250 00 0 50 100 150 200 250 300

Tunnel Length (x) Tunnel Length (x)

Figure 7: Projections of the Centre Points (Purple) of the Tunnel Data compared to Tunnel’s Centre Line (Orange) on
the z-y plane (Left) and x-z plane (Right)
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Figure 8: Visualisation of the Centre Line (Orange) and Centre Points (Purple) inside the Tunnel Data Set (Grey)

To achieve this, the vectors between points sampled from the spline fitted in Section [3.1] will be calculated and then
used to define regions along the tunnel. Each region can be defined as between two planes, each sharing a normal equal
to the vector joining the sample points mentioned before, and containing the sample point. A 2D visualisation of such a
region can be seen in Figure[0] where the vertical lines represent the boundary planes and the horizontal line represents
the region’s associated vector. After the algorithm assigns each datapoint to a region, each region is transformed such
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that the beginning point of the region’s associated vector is mapped to the origin. Then, a further transformation is
applied to the region’s points that rotate all the points such that the region’s associated vector lies on the z-axis. One
last transformation is carried out such that the points are moved back to the correct location along the z-axis. This final

transformation is achieved by summing the length of all the previous region’s associated vectors and then shifting the x
component of the current region’s data points by this amount.
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Figure 9: 2D visualisation of region selection method of the rotation algorithm between two boundary planes.

The rotation algorithm was applied to the real tunnel data set alongside the determined tunnel centre line. A plot of
the resulting rotated tunnel can be seen in Figure[T0] In this figure, we can see the successful rotation with the tunnel
retaining its general shape whilst being transformed such that the tunnel’s centre line lies on the z-axis. A minimal

deviation away from both y = 0 and z = 0 can be seen for all values of z. It should also be noted that the transformation

has retained the two tunnel features highlighted in Section[2]as the indents in the tunnel walls as well as the air-shaft in
the tunnel’s ceiling are still visible in the figure [I0]

We have omitted the visual results when applying this to the synthetic data as the data was already rotated.
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Figure 10: Visualisation of the rotated tunnel point cloud from two differing angles

3 Alignment of Cross sections

As discussed in Section the output of the rotation algorithm has aligned a tunnel based on the estimation of the

tunnel’s centre line. However, if on examination of a rotated tunnel it is decided that further work is required to align the
tunnel, there is one further step which can be taken to further fine-tune the alignment. Since the tunnel is now rotated
such that it is approximately centred on the x-axis, the cross-sections can be defined by splitting a tunnel’s data set into
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a given number of sections along the z-axis. For a given section, its data points can be projected onto the y-z plane
where a smooth function may be constructed using Kernel Density Estimation (KDE). After the smooth function is
built for each cross-section, neighbouring sections can be aligned by simply scoring the points of one section using
the function from their neighbour. The required translation to align the y and z components of the data points can be
found using an optimisation algorithm to maximise this score. This alignment can then be repeated for all the defined
cross-sections of the tunnel.

The left image of Figure[IT]shows points from a cross-section of tunnel in blue that is centred on the origin point (0,0),
and points from a cross-section which has been adjusted such that it is centred on the point (1,1) shown in orange, with
both cross-sections having 100 data points. The output of the proposed alignment algorithm is then shown in the right
image of the figure. To calculate the reliability of the algorithm, the process was repeated 20 times for different orange
and blue cross-sections with random perturbations to the points used. These random perturbations were added to the
cross-section points by choosing a random direction from a uniform distribution between 0 and 27 and random distance
drawn from a normal distribution with mean 0 and standard deviation of 0.1. The mean change in the y coordinates for
the orange sections was equal to -0.985 and the mean change in the z coordinate was equal to -1.030. The expected
change was equal to -1 for both coordinates, which highlights there was an error of 0.115 and 0.03 for the y and z
changes respectively. This means that there is an improvement of 88.5% in the deviation for the y-co-ordinate and a
97% improvement in the deviation for the z-co-ordinate. The proposed algorithm is therefore successful at aligning
cross-sections with the remaining small errors being explained by the random noise used to perturb the cross-sections.
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Figure 11: Visualisation of two misaligned cross sections of a circular tunnel (left), then aligned using the proposed
algorithm (right).

Due to the adjustments made by the alignment algorithm being small, it is difficult to visualise its effect on the two
point clouds. However, Figure [[T] highlights the success of the algorithm, even in the extreme circumstances used in
that image.

4 Experiments

As we are working with (a) unlabelled data that does not have an aligned ground truth to compare with and because (b)
we have not found any preexisting algorithm for our use case we have tested the algorithm in two ways:

1. In terms of processing speed which we depends on the total number of points we work with.

2. By doing a comparative analysis between our algorithm and a baseline method for central line extraction
(using straightforward regression) and calculating the error with the true center points.

4.1 Speed

We have tested the algorithm in terms of speed by varying the data size, i.e., the number of points. All experiments have
been run on a Apple M1 (2020) Chip with 8 cores and have been averaged out from 1000 runs.

103
15min

508
10min

10°
7min

10°
4min

107
30s

Points
Speed




203

204
205

206
207
208

210
211
212

213

214
215
216

217
218
219
220

221

222
223
224
225
226

227

228
229
230
231

232
233
234
235
236
237

238
239

240

241
242
243
244

Alignment of Tunnel point cloud data using Central Line Extraction and Region-based Rotation as part of an
Automated Tunnel Lining Inspection Pipeline A PREPRINT

4.2 Comparative analysis

For these experiments the goal is to compare a baseline approach: regression in 2D spaces (x-y and x-z planes) and our
alignment algorithm for the extraction of the central line.

In order to quantify the errors we have created synthetic data by creating different center lines which we consider as
the ground truth. The center lines are randomly created Bezier Curves using Blendelﬂ and Python. Some examples,
along with the results of our algorithm and the baseline regression, can be seen in Figure[I2] A key observation is
that regression is less accurate in examples where the direction of the tunnel changes rapidly, i.e., where the tunnel
bends more quickly Figure[T2] On average (on « — y and  — z planes), out of 1000 random center lines, the regression
models shows an RMSE of 0.1 compared to our algorithm, which shows an RMSE of 0.046. However, as can be seen
from Figure[T3] the regression algorithm proves to be more robust to fully straight tunnels.

S Application to other tunnel data

To test the reliability of the algorithm we tested it on unseen data from a real tunnel. The was done with the whole
unprocessed tunnel which is 1115m long and consist of 122.65 million points. We show in Figure[14]the unprocessed
tunnel, which has relatively high curvature compared to the data used in Section 3]

In Figure E]we show the aligned tunnel with the algorithm run on an Intel(R) Xeon(R) Gold 6248R CPU with 32 cores
which, for the tunnel downsampled by 100 times, ran for roughly 10 minutes to find the center line and rotate all of the
cross sections. Note that the two “distorted” parts that can be seen on the top left side of the tunnel are not errors of the
algorithm — the original data contained those features.

6 Limitations

As explained above the current algorithm depends on a user correctly choosing the right start point and start direction
which means the goal of fully automating the aligning preprocessing step has not been fully accomplished. A user
needs to correctly pick the start point and start direction otherwise the centre point finding fails in some cases. Figure
[I7)is a representative example of what happens in most cases when the direction is not set correctly. The algorithm
starts to go in the opposite direction, away from the tunnel.

7 Conclusion

Point cloud data representing tunnels collected using TLS can result in misalignments making the task of studying
tunnel deformation and tunnel surface degradation more difficult. In order to develop algorithms to study this alignment
problem two data sets were introduced: a synthetic tunnel and a real tunnel scan with a known and unknown central
line, respectively.

A sequence of algorithms were then developed and applied to these two data sets. Overall the algorithm can be seen to
be effective for both data sets. In the case of the synthetic data set this can be quantified, and at each stage the RMSE
involved were found to be not more than 0.0009 in y and z directions. For the real tunnel data set the final tunnel is
clearly corrected to lie in line with a single axis, the additional features within the data (alcoves in the tunnel walls and
the air vent in the tunnel ceiling) were also preserved. Moreover, comparing our algorithm with regression we found
that it outperforms regression on tunnels with higher curvature.

Finally, we have presented the current limitations of the algorithm which happen when two starting parameters are
wrongly chosen: starting point and direction. Future work will focus on automating the step of picking these parameters.
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Figure 13: Comparison of algorithms on a fully straight tunnel.
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Figure 14: Visualisation of the original tunnel and the central line found by the algorithm in orange.
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Figure 15: Visualisation of the aligned tunnel data set from x-y plane

new mobile mapping solutions which collect and process data to build accurate three-dimensional models and improve
the accuracy, efficiency and safety of tunnel examinations.
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