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ABSTRACT:

In this paper, a method to model a tunnel using lidar points is presented. The data used was collected using Leica Pegasus Two
Ultimate with a Z+F 9012 Profiler mounted on a mobile platform. The tunnel was approximately 151 m long. Visual inspection
of a cross-section of the tunnel showed two rail tracks supported on ballast and sidewalks along both sidewalls of the tunnel. The
walls and the ceiling of the tunnel were made of five planar surfaces. The tunnel alignment was straight, without any horizontal or
vertical curves. The bearing of the central axis of the tunnel was N12.20W. The following methodology was developed to model
just the planar surfaces of the tunnel by excluding the rails, ballast, sidewalks, powerlines, and other accessories.

The entire methodology was divided into three broad parts. In the first part, a model cross-section was created. Since the design
plans of the tunnel were not available, the model cross-section polyline was created using mean tunnel dimensions from random
cross-section points. The model cross-section consisted of the walls and the ceiling of the tunnel. Points were placed at every lcm
along the model polyline. Six of the model points that represented the shape of the tunnel were selected as salient points. The
lower-left salient point was considered as the seed point. In the second part, to define a reference axis of the tunnel, an approximate
centerline was manually defined by selecting points at its start and end. Lidar points within 1 m at the start and the end of the tunnel
were modeled using the model points to determine the centroids. The reference axis was determined by connecting the centroids
at the start and the end of the tunnel. In the third part, the tunnel points were sliced along the reference axis at Scm intervals. The
model cross-section was matched to points within each tunnel slice using a three-stage approach. In the first stage, the pattern of
salient points was matched to the tunnel points by placing the seed point at every tunnel point location. The distances between
salient points and their nearest tunnel points were calculated. Ten sets of tunnel points with the least differences to the salient
points were shortlisted. In the second stage, a dense point-to-point matching was performed between the model and sliced tunnel
data at the shortlisted points. The shortlisted point location with the least difference between the tunnel and the model points was
considered as a match. At this point, the model points were hinged to the tunnel points at the seed point location. Hence, in the last
stage, a six-parameter affine transformation was performed to match the model points to the tunnel data. The transformed model
points at every 5 cm of the length of the tunnel were considered as current shape of the tunnel.

1. INTRODUCTION acquired in a railway tunnel is analysed to is increasingly used
in transportation applications.

Transportation networks are arteries of any nation. Maintain-
ing transportation infrastructure effectively is essential for the
smooth functioning of any nation. Periodic monitoring of trans-
portation infrastructure using traditional surveying techniques
and instruments would require a significant amount of time and
human efforts. Moreover, such methods could be used at sample

locations thus may not provide details to greater resolutions.

1.1 Organization of the paper

Section two of this paper summarizes recent pertinent publica-
tions in the field of lidar technology, particularly tunnel model-
ling. Section three describes the data used in this research. Sec-
tion four explains the methodology developed to model tunnel
using lidar points. Section five shows the results and discusses
the findings. Section six describes the conclusions of the pro-
posed methodology. This section also makes recommendations
for future research topics.

Over the past decades, lidar technology has been increasingly
being used to model transportation structures such as bridges
and tunnels. Terrestrial scanners have substantially increased
the quantity of data that can be collected. Similarly, a Mobile
Mapping System (MMS) has also developed into a mature tech-
nology allowing the acquisition of 3D data on a very large scale.
It consists of high-precision lidar (Light Detection and Ran-
ging) sensors for data collection with GPS and Inertial Meas-

2. LITERATURE REVIEW

urement Units (IMU) mounted on a mobile platform such as a
trail or a car. Periodic monitoring can be achieved by adopting
such newer and faster technology.

The quantity of data acquired using a lidar sensor is signific-
antly high. Manual extraction of pertinent information from
the data can be both time consuming and influenced by the op-
erator’s judgement. Therefore, faster and automated tools are
essential to process the data effectively. In this paper, lidar data

Over the past decades, lidar sensors have developed into a rapid
data acquisition technology. Lidar is based on the principle of
distance measurement using light pulses. The time taken by the
pulses from the sensor to the object is used to determine the
range distance. Using the onboard GPS/IMU (Global Position-
ing System/Inertial Measurement Unit) system the 3D position
of the point is determined (Liu et al., 2009). Lidar is being
used on terrestrial (Lindenbergh et al., 2005, Han et al., 2013,
Van Gosliga et al., 2006, Walton et al., 2014, Han et al., 2013),
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mobile (Tan et al., 2016, Boavida et al., 2012), and aerial plat-
forms to collect points on the area of interest. Current terrestrial
lidar systems can collect 100,000 to a million points per second.

Aerial lidar has been widely used in numerous studies in shoreline
mapping (Li et al., 2008, Deshpande and Yilmaz, 2017), trans-

portation engineering (Luo et al., 2012), and many more fields (Desh:

pande, 2013). Mobile Mapping System utilizes multiple sensors
including lidar to acquire 3D points from a mobile platform.
Various investigations to map assets and geometric properties
of roads (Luo et al., 2012) and railways have been reported
over the past several years. Several researchers have modeled
tunnels using mobile and terrestrial lidar points (Gikas, 2012,
Han et al., 2013). Research to model a circular or elliptical
shaped tunnel has been more commonly reported (Nuttens et
al., 2014, Kang et al., 2014, Argiielles-Fraga et al., 2013, Cheng
et al., 2016, Arastounia, 2016, Yi et al., 2019). Researchers
(Arastounia, 2016) have investigated as-built creation of circu-
lar/elliptical shaped tunnel by fitting an ellipse equation to the
data at 5 cm intervals. This approach was suitable for circular
or elliptical tunnel shape.

The problem of matching two data sets is a common matching
problem in 3D image analysis. A representation-independent
method for registering a variety of 3D shapes such as point
sets, free-form curves, and surfaces was proposed in (Besl and
McKay, 1992). Iterative closest point (ICP) matching algorithm
is a versatile technique that has been used in numerous studies
to align 2D or 3D points. Researchers (Liu et al., 2009) have
registered 3D shapes using an Iterative Closest Point (ICP) al-
gorithm as the priori knowledge of the correspondence between
the points was not necessary.

In this research, since template and tunnel points were oriented
in one plane, a new approach was developed to match these two
sets of points. The actual centroidal axis is determined by com-
puting the geometric mean of the cross-section shape of the tun-
nel. Various terminologies used in this research are described
in the next paragraph.

2.1 Terms used in tunnel modeling

X Inflection points Arbitrary tunnel centerline

Points within a slice used to
determine the actual
tunnel centerline

wmm— Plan view of tunnel
—walls

------ Actual tunnel centerline

Figure 1. Schematic plan view of a tunnel.

Figure 1 shows a schematic diagram of a tunnel with multiple
horizontal curves. The inflection points identified the locations
of change in the horizontal alignment of the tunnel. The arbit-
rary centreline was created by connecting the inflection points.
Starting from one end of the tunnel, points within slices on both
sides of the inflection points along the arbitrary centreline were
used to determine their geometric centres.

Figure 2 shows the lidar points within a 0.5 m width along the
centreline. Only the wall points were used to determine the geo-
metric centre. The actual centreline was then defined as a 3D
line created by connecting these geometric centres of the slices.
The process to determine the actual centreline is explained later
in the paper.
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Figure 2. Cross-section of the tunnel showing various runnle
elements.

3. DESCRIPTION OF DATA USED

The tunnel data used in this paper was acquired in August 2019
using Leica Pegasus Two Ultimate with a Z+F 9012 Profiler
mounted on a mobile platform. Figure 3(a) shows the sketch of
the undisclosed location of the tunnel that was built under-water
channels. The tunnel was oriented approximately N12,W. Fig-
ure 3 (b) shows the point cloud of the tunnel and the nearby
area. The point spacing of the data was 25 mm. The tunnel data
as shown in Figure 3 (c) was clipped to be used in this study.
The length of the tunnel was approximately 151 m.
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Figure 3. Aerial view of the location. (a) Sketch of the location
showing the water canals and the tunnel, (b) lidar points of the
tunnel and nearby areas, and (c) clipped tunnel lidar points.

A cross-sectional view of the tunnel is shown in Figure 2. The
tunnel was made of five planar surfaces (annotated as W, to
W) and carried two rail lines that were laid on the ballast.
Pavements were located along both walls of the tunnel. As
seen in Figure 2, lidar points were also recorded on the two rail
tracks, power line, power cables, and other accessories. The
nominal width of the tunnel perpendicular to the centreline was
11.6 m and the nominal height from the pavement to the under-
side of the ceiling was 6.8 m.
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4. METHODOLOGY

The entire methodology can be broadly divided as creating tem-
plate cross-section points, locating the actual centreline of the
tunnel, fitting tunnel template points to the lidar points at every
cross-section perpendicular to the actual centreline, and ana-
lysis of deformation. Figure 4 shows an overview of the meth-
odology.
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Figure 4. Workflow of the methodology.

4.1 Tunnel cross-section template creation

The actual construction drawings were not available for the tun-
nel used in this study. Hence, a slice of data was randomly se-
lected and digitized manually to create a cross-section template.
Figure 5 (a) shows lidar points in a 0.5 m wide cross-section. As
an ideal tunnel design would have the walls as planar surfaces,
the walls of the cross-section template were digitized as a poly-
line made of five segments as shown in Figure 5 (a). Features
such as pavements, rails, ballasts, powerlines, and other ac-
cessories were not included in the cross-section template poly-
line.
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Figure 5. A tunnel cross- section template creation. (a) Points on

the tunnel surface and the lines representing the tunnel walls and

(b) template points placed at regular interval, salient points, and
seed point.

Template points were placed at every lcm along the template
polyline and six salient points were identified as shown in Fig-
ure 5 (b). At 1 cm spacing, the template was represented by
2430 points. The lower left salient point was considered as a
seed point. The template, salient, and seed points were used in
the matching process explained later in this paper.

4.2 Actual Centreline Determination

The actual centreline determination process is explained using a
smaller segment of the tunnel data. Figure 6 (a) shows the plan
view of 20m length of the tunnel. The arbitrary centreline was
created by connecting two manually selected inflection points
as shown. The data was rotated to orient the arbitrary axis par-
allel to the Y-axis so that the sliced data points were parallel to
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Figure 6. Plan view of the tunnel. (a) The approximate tunnel
axis identified by two points and (b) Data rotated about the
Z-axis to orient the approximate tunnel axis parallel to the
Y-axis.

the template points. Figure 6 (b) shows the two slices at the
inflection points.

4.3 Fitting template points to the sliced data

Due to manual identification of the arbitrary centreline, the tun-
nel’s axis was almost parallel to the Y-axis thereby orienting the
points almost parallel to the template points. A wider slice of
data would eliminate the effect of the small tilt as its centroid
would be calculated using a larger lidar point set. Therefore, a
wider slice of 0.5m was used at the inflection points. At this
point, it should be noted that 2430 template points and more
than 110,000 tunnel points need to be spatially matched. Addi-
tionally, all points other than on the tunnel wall were to be ex-
cluded. To expedite the process, a three-stepped point-to-point
matching method was developed to align the template points
to the tunnel points. In the first step, the pattern of salient
points was compared to the tunnel points. As state in Para-
graph 4.1, the lower-left corner salient point was considered
as a seed point that was compared at each tunnel point. The
other salient points were translated with reference to the seed
point and the closest tunnel point was determined to calculate
the total separation between the two sets of points.

i=N
Difference = Y DistancefromsSP;tonearesttunnelpoint
=1

Where S P are salient points. Tunnel point locations that matched
the spatial pattern of the salient points were shortlisted as shown
in Figure 6(a). The points with lowest ten cumulative distances
were considered candidates for the next step.

In the second step, the shortlisted locations were checked to
identify the best matching location. In this step, separations
between all template points to their nearest tunnel point at each
shortlisted location were calculated. The shortlisted location
with the smallest separation was considered as a match. Fig-
ure 7 (b) shows the template points matched at the best location
on the tunnel points. It should be noted that this match was
hinged to the seed salient point position. To filter the points on
the ground and railway accessories, tunnel points within 1 cm
from the template points were only considered.

Additionally, the tunnel walls may not be perfectly orthogonal.
Hence, in the third step a six-parameter affine transformation
was implemented to best fit the template points to the tunnel
points. The equation used is specified below:

a1Tt + azze + az = xq4
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Figure 7. Step one of the point-to-point matching process to
determine the actual centreline. (a) lidar points within a 0.5 m
width along the arbitrary centreline, (b) template points oriented
over the best matching location, (c) template points after the
affine transformation, and (d) zoom-in view of the points.

asTt + aszt + a = 24

Where,

e 1 and z; are template points coordinates,
e 14 and z4 are nearest tunnel points coordinates, and

e a; to ag are the affine transformation parameters.

Similar to the previous step, to filter the points on the ground
and railway accessories, tunnel points within 1 cm from the
template points were only considered. The solution was cal-
culated by least-squares adjustment.

At this point, the template points were oriented to the tunnel
points. Due to the use of the affine transformation, the template
points were rotated, scaled, and translated to best match the tun-
nel points. As specified earlier, points greater than 1 cm away
from the template points were excluded. The centroids of the
transformed template points were considered as the centroids
of the slices. The actual centreline was obtained by connecting
these centroids. The data was one more time rotated so that the
actual centreline was parallel to the Y-axis. This step ensured
that the cross-sections were perpendicular to this centreline and
the tunnel cross-section points were oriented parallel to the tem-
plate points.

4.4 Slicing the data perpendicular to the central axis

At this stage, the complete tunnel data along with the actual
centreline of the tunnel was oriented parallel to the Y-axis. Start-
ing at the southern inflection point, the lidar points were sliced
perpendicular to the actual centreline and were fitted to the tem-
plate points using the three-step matching process explained in
Paragraph 4.3.

It should be noted that the template points were aligned to the
tunnel points at every 5 cm distance of the tunnel. Points sig-
nificantly away from the template points were excluded in the
matching process. The distance between the template point to

its nearest tunnel point was calculated. Considering the centre
of the tunnel, if this was inside or outside the template points
region was determined. The results obtained by this procedure
are presented in the next section.

5. RESULTS AND DISCUSSIONS

The methodology explained in the previous section was im-
plemented on the data shown in Figure 3. As the tunnel was
straight without any curves, two inflection points were placed at
the start and end of the tunnel to define the arbitrary centreline.
The complete data was rotated to orient the arbitrary centreline
parallel to the Y-axis. Lidar points within 0.5 m width at the in-
flection points (as described in Figure 5 (b)) were matched with
the template points. The centroids of these two slices of data
were used to define the actual centreline of the tunnel. The data
was rotated one again to orient the actual centreline parallel to
the Y-axis as shown in Figure 8 (b).
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Figure 8. Plan view of the tunnel points. (a) Original orientation
of the points, two inflection points, and the arbitrary centreline
and (b) points after second rotation showing both the arbitrary

and actual cerntreline.

This step ensured that the tunnel cross-sections were parallel to
the template points in the X-Z reference frame. Lidar points
were sliced at every 5 cm interval. On average, 4850 points
were located within each slice. The three-step matching process
as described in Paragraph 4.3 was implemented to match the
template points to the lidar points of each slice.

An example of lidar points within S5cm width is shown in Fig-
ure 9 (a). After implementing the first step, the shortlisted
points were identified. As shown in Figure 9 (b) the template
points were placed at the point having lowest totat difference.
Finally, the template points were transformed using affine model
as shown in Figure 9 (c). This figure also showed the effect-
iveness of the method to exclude the non-ground points. A
zoomed-in view of the points at two locations are shown in Fig-
ure 9 (d).

Since the expected match in the next cross-section would be
within a small extent of the match at the first location, the first
step of matching was modified after the first cross-section. In-
stead of matching the salient point pattern at each point, only
the points within 10 cm from the previously matched location
in the X and Z-axis were searched. This process further exped-
ited the matching process.
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Figure 9. Example of template point matching. (a) Lidar points
within a 5 cm slice of tunnel data perpendicular to the actual
centreline, (b) Template matched at the best location. Outlier

were filtered, (c) Points after affine transformation, and (d)
zoomed-in view at two locations.

5.1 Deformation detection

The entire data was divided into 3025 slices extending 5 cm
each from the southern inflection point to the northern. At this
point, the template points were fitted to each slice. As stated
earlier, the template consisted of 2430 points. The distances
from every template point to the nearest tunnel point were cal-
culated as deformations. The transformed template points were
used as a reference to determine if the tunnel deformations were
outward (positive deformations) or inward (negative deforma-
tions).
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Figure 10. Tunnel deformation images. (a) Positive
deformations and (b) Negative deformations

Images were created using the deformations recorded at each
template point. The template points were organized as rows to
form a deformation image where the column number corres-
ponded to tunnel cross-sections. Figure 10 (a) and (b) show the
positive and negative deformations, respectively. Each of these
images consisted of 2430 columns and 3025 rows. The various

wall segments: W; to W5 were identified as shown in the fig-
ures. Both images were colour coded from blue (representing
zero deformation) to red (greater than equal to Smm deforma-
tion). By comparing both these images, several deformations
can be noted. If a region is shown in blue colour on both the
images then that region has zero deformation. On the contrary,
regions A and D show inward deformations. Region C shows
that wall segment W; with positive deformations followed by
negative deformations. Region B shows positive deformations.
Horizontal stripes at locations were observed in the Wa, W,
and Wy segments. A visual check was performed that showed
higher points in those regions.

6. CONCLUSIONS

This paper presented a method to model a tunnel using mo-
bile mapping lidar points. An arbitrary centreline was manu-
ally defined to determine the actual centreline. Template points
were matched to lidar points at every 5 cm distance along the
tunnel’s actual centreline using a three-step approach. Deform-
ations in the tunnel surface were calculated with reference to the
actual centreline. The results showed that this method was ef-
fectively able to model the tunnel. The template used in this re-
search was not a regular shape such as a circle or ellipse. There-
fore, the proposed method could be used to model tunnel of any
shape.

While experimenting future research topics were discovered. In
the current study, an arbitrary centreline was manually defined.
Future work could focus on developing methodology to com-
pletely automate the process of defining the arbitrary centreline.
Additionally, different types of transformation to match the tem-
plate points to the tunnel points could be experimented to de-
termine their impacts.
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