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ARTICLE INFO ABSTRACT

Power line mapping using remote sensing can automate the traditionally labor-intensive power line corridor
inspection. Land-based mobile laser scanning (MLS) can be a good choice for the power line mapping if an aerial
Lidar inspection is impossible, too costly or slow, unsafe, prohibited by regulations, or if more detailed information on
Power line corridor the power line corridor is needed. The mapping of the power lines using MLS was studied in a rural environment
Inspection . outside the road network for the first time. An automatic power line extraction algorithm was developed. The
Feature extraction . . . . . . . .
All-terrain algorithm first found power line candidate points based on the shape and orientation of the local neighborhood
Forest of a point using principal component analysis. Power lines were retrieved from the candidates using random
sample consensus (Ransac) and a new power line labeling method, which takes into account the three-dimen-
sional shape of the power lines. The new labeling method was able to find the power lines and remove false
detections, which were found, for example, from the forest. The algorithm was tested in forested and open field
(arable land) areas, outside the road environment using two different platforms of MLS, namely, personal
backpack and all-terrain vehicle. The recall and precision of the power line extraction were 93.3% and 93.6%,
respectively, using 10 cm as a distance criterion for a successful detection. Drifting of the positioning solution of
the scanner was the largest error source, being the (contributory) cause for 60-70% of the errors. The platform
did not have a significant effect on the power line extraction accuracy. The accuracy was higher in the open field
compared to the forest, because the one-dimensional point density along the power line was inhomogeneous and
GNSS (global navigation satellite system) signal was weak in the forest. The results suggest that the power lines
can be mapped accurately enough for inspection purposes using MLS in a rural environment outside the road
network.

Keywords:
Mobile laser scanning

encountered in all environments [1,54]. The deterioration can follow
from a movement caused by wind, a poor manufacturing quality, or a
poor installation quality [1,54]. In some areas, storms, landslides and
floods can cause serious damage to the power lines [2,52]. Therefore, it

1. Introduction

Uninterrupted delivery of electricity is a prerequisite for an efficient
functioning of a modern society. In rural environments, outside the

road network (e.g., forest) many threats exist in the corridors of over-
head power lines, which may disturb the transmission and distribution
of electric power. Short circuits, blackouts, and forest fires are examples
of problems, which trees and other high vegetation near the power lines
give rise to [3,32,40,43]. Falling trees damage the power line compo-
nents especially in stormy conditions, which may result in power
outages. Crown snow-load bends the trees causing a risk of contact with
the power line, and consequently disturbance in the power delivery.
Also, deterioration of power line components, such as corrosion, in-
sulators cracks, and mechanical damage in the conductors is a problem
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is important to inspect the condition of the power line corridor at
regular intervals. Traditional inspection techniques, in which the cor-
ridors are visually inspected either by foot or from a helicopter, are
labor intensive and subject to a human error [3,40].

Remote sensing is a promising technique for the efficient and ob-
jective inspection of the power lines. Remotely sensed data sources
range from satellite images to detailed photographs taken on the
ground or by climbing robots, and a large number of remote sensing
methods have been presented for power line monitoring in research
literature [40]. In principle, remote sensing fixes the problems of the
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traditional monitoring approaches. First, it is an efficient technique, as
large areas can be covered with low efforts. Second, if the remotely
sensed data can be interpreted using automatic computer vision algo-
rithms, the assessment is no longer dependent on a subjective human
visual interpretation. Additionally, the data on the power lines will be
available for later reanalyzes.

Mobile laser scanning (MLS) with dense point clouds is an active
remote sensing technique that has gained a lot of interest in the recent
years [33,45,46]. It is well suited for corridor mapping, and it com-
plements the more traditional airborne laser scanning (ALS) and also a
more novel unmanned aerial vehicle (UAV) based laser scanning
techniques. MLS provides more detailed information on the power line
corridor than aerial sensors and from a different viewing point, because
it operates on the ground level and closer to the power line. For ex-
ample, power lines, narrow wooden poles, and vegetation below the
forest canopy can be mapped in more detail (Fig. 3), which can be
utilized in more advanced monitoring and maintenance operations. An
MLS system and its operation are cheaper compared to heliborne ALS,
and MLS could be used as a cost-efficient method to fill gaps remaining
after an aerial campaign. Gaps may exist, for example, due to flying
restricted areas or along complex networks. Because the flying costs are
high, one possible cost-efficient combination could be to fly faster, for
example, using a fixed-wing aircraft, which is much cheaper than using
a helicopter, and thus save in the data acquisition costs. Faster flying
speed inevitably causes more gaps, for example, in the curves and in
areas of complex networks. The gaps can be filled using MLS, whose
mobilization costs are lower than those of ALS. In other words, it might
be cheaper to fill the gaps using MLS instead of flying so slow that
hardly any gaps remain. MLS could also be used—possibly together
with UAV—when there is a need to have higher-quality information
from interest areas detected with ALS. MLS can be operated in more
challenging weather conditions than the flying systems, and, for ex-
ample, moderate wind does not cause problems. MLS can also be
combined with a UAV to gain better coverage of the power line and
other components from different viewing points [39]. Overall, MLS can
be considered as a complementary data to airborne surveys.

So far, MLS has been applied in the mapping of the power lines in an
urban environment [12,17,29,56] and in a road environment [56].
MLS-based mapping of power lines in the urban environment is well
justified, because flying with a UAV or helicopter is difficult and in-
efficient there. The above-mentioned gaps in the data occur in all areas,
thus also outside the road network and in heavy forests. However, no
reports on the application of MLS outside the road network including
forest have been published so far. When considering the power line
corridor mapping, areas outside the road network differ from urban and
road environments, for example, in the ground surface roughness,
mobility restrictions (e.g., vegetation, rough terrain, rocks), and GNSS
(global navigation satellite system) satellite visibility (trees blocking
the signals). Because of these, the positioning accuracy of the MLS
system is worse and the point density in the direction of the trajectory
in the point clouds is more heterogeneous outside the road environ-
ment. Therefore, the automatic extraction of power line components is
more challenging outside the road network compared to an urban or
road environment. However, it should be noted that in the urban areas
high buildings also block the GNSS signal. In corridor mapping business
in Europe and USA, data acquisition costs dominate in the total costs,
and thus new acquisition techniques could have a remarkable business
potential.

In this paper, the automatic mapping of the power lines is studied in
a rural environment, outside the road environment; that is, in the forest
and arable land. The main contribution of this article is two-fold. First,
the feasibility of the MLS technology in the power line mapping is de-
monstrated outside the road environment for the first time, both in
forested and non-forested areas. Second, a novel algorithm is developed
that extracts power lines from MLS point clouds automatically. The
novelty of the algorithm is justified in Section 2.2. We also demonstrate
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that most of the power line poles can be extracted with an automatic
method that uses rather simple principles and algorithms from previous
MLS studies. The accuracy of the developed methods is evaluated ex-
perimentally using data collected both with a personal backpack laser
scanner and a scanner mounted on an all-terrain vehicle (ATV). Neither
of the platforms has been applied in the MLS-based power line mapping
previously. In this paper, we compare the performance of the developed
algorithm in the open field to that in the forested area. A comparison is
also performed between the backpack data and the ATV data.

2. Background
2.1. The laser scanning methods in the mapping of power line corridors

Airborne laser scanning (ALS) is an important remote sensing
technique that has gained popularity in both research and practical
monitoring work during the last two decades. ALS is an active tech-
nique based on the lidar (light detection and ranging) principle, and it
produces accurate three-dimensional (3D) point clouds with x-, y-, and
z-coordinates and a return intensity [7]. The ALS data over power lines
is normally acquired from a helicopter, and the point density is typi-
cally tens of points per m? but can be even hundreds of points per m?. A
typical absolute accuracy of the points is roughly 5-10 cm in the hor-
izontal plane and 2-5 cm in the vertical direction on hard surfaces [40].
Such data can be utilized to map the shape of power lines accurately.
Detailed modeling of power lines with catenary curves has been dis-
cussed, for example, in [41]. Recently, laser scanning from UAVs has
also become possible [5,24,25]. This is likely to become a popular
technique in the future as it gives more flexibility for the data acqui-
sition and reduces the costs. ALS, either from helicopters or UAVs, sees
power lines and their surroundings from above, which is advantageous
for the mapping of the power lines and trees near to them. However, it
also means that vertical poles and small components are not necessarily
clearly visible in the data. Tree cover can also limit the visibility of
power lines, and weather conditions can restrict the ability to fly over
the power lines.

Compared to ALS, MLS is a newer technology, which has been ap-
plied so far mostly in the precise mapping of urban and street en-
vironments. It is especially suitable for corridor type of applications
(e.g., roads) and power lines are to a certain extent well-defined cor-
ridor type objects of interest. MLS provides with ease of deployment
and data collection with good precision and level of detail for asset
modeling and monitoring. The mapping is not limited to the power line
itself, but it can generate accurate information on the terrain and ve-
getation in the close proximity of the line (Fig. 3). Outside the roads,
the mobility within the corridor can be achieved by using an all-terrain
vehicle (ATV), or deploying a specific backpack mounted lidar system
for the mapping task, also called personal laser scanning (PLS) [22].

The main advantages of MLS over ALS surveys are higher detail
from close to the objects of interest and operability in more challenging
weather conditions (e.g., wind). Acquisition cost of an MLS system is
cheaper, and there are multiple lidar sensors in the market to choose
from to meet the needs of the grid operator. Also operation cost is
considerably lower than that of, for example, heliborne ALS. However,
MLS cannot provide wide area data, especially when the terrain con-
ditions are inoperable for an ATV or other wheeled platforms. Lower
acquisition and maintenance costs permit multiple systems for the price
of an ALS system, so more time-space efficient fleet could be used for
better mileage.

MLS operates at the ground level and thus substantially closer to the
power lines than ALS (0-20 m distance to the power line in MLS; ty-
pically at least tens of meters in ALS). Therefore, both the point density
of MLS (even > 1000 points per m? at a 10-m range from the scanner)
and 3D precision of MLS (2-3cm in good GNSS conditions, see
[19,27,34]) are considerably higher than those of the ALS data. Higher
point density enables the mapping of the surrounding environment
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more thoroughly and higher 3D accuracy of the point cloud makes it
possible to retrieve more accurate features, such as surface normals and
pole or trunk diameters. Also, the beam size of the laser (i.e., footprint)
is small in MLS compared to ALS, which enables the mapping of pylons
and assets in detail. Therefore, MLS maps the power line components
and the power line corridor in more detail than ALS. Compared to ALS,
the scanning geometry of MLS is better suited for the mapping the
power line components [40]. Power lines on top of each other are
difficult to detect from the ALS data due to vertical scanning pattern as
the uppermost power line shadows the ones below it from the top view.
Instead, such power lines are typically well visible in the MLS data [12],
because it is easy to control the trajectory of the sensor in order to
collect complete data of the power line components.

Narrow vertical objects such as power line poles are not always well
visible in the ALS data [4], especially if the flight path of the platform is
straight on top of the power line. However, poles can easily be dis-
tinguished from the MLS points clouds (Fig. 3). Also, the studies on the
detection of general vertical pole-like objects from the MLS data have
reported good results (see, e.g., [10,36]). Detailed modeling of pole-like
objects from the MLS data could be utilized, for example, to create more
accurate fragility models for utility poles [52]. The ratio of the tree
height to the diameter of the trunk defines how easily the tree bends,
for example, due to snow load. For the trees that are near the power
line, MLS can estimate both of these tree attributes accurately [38],
which is not necessarily true for ALS. This together with the MLS-based
accurate mapping of below canopy structures can be used to reveal
trees, or parts of a canopy thereof, that are in danger of falling across
the power line, for example, by accumulated snow.

Typically, cameras are incorporated into the MLS systems and the
image data can be used to model and monitor the state of the power line
components, such as insulators [44]. MLS would be an ideal choice to
collect up to date information on the power lines and possible damages,
which would be of high value after a natural disaster, such as a storm.
The MLS data can be collected with clearly lower efforts than what is
required for shooting an ALS campaign, and flying restricted areas and
moderate wind cause no problems.

2.2. Related work and the novelty of the current algorithm

Power line mapping from ALS point clouds has been studied in, for
example, [6,13,18,26,30,41,42,57]. The methods typically consist of a
detection phase, where power line points are separated from the other
laser points, which is followed by a reconstruction phase, in which
points belonging to individual power lines are identified and the 3D
shape of the power lines is modelled. Different studies have treated the
different stages to various extents.

Typical approaches for the power line detection include line de-
tection (e.g., [6,42]), analysis of the point cloud structure (e.g., [411]),
and classification using various features (e.g., [13,18,30]). In practice,
combinations of different approaches have been used in many studies.
Typical features used in the classification include the return intensity,
the difference between the first and the last pulse heights, and the
features describing the spatial distribution of the points. Machine
learning algorithms and increasing numbers of features have been used
in recent studies [18,30].

The reconstruction methods typically begin with candidate power
line points found in the detection stage. Then the methods proceed with
a geometric modeling of the power line. Iterative and piecewise
growing approaches have been presented [26,41]. The main idea is to
first define local models and then to refine them to achieve final and
complete catenary curve models.

ALS methods cannot directly be applied to the MLS data. For ex-
ample, some existing ALS methods utilize the intensity of the returning
laser pulse or the height difference between the last and first pulses. The
intensity of the returning laser pulse is low for the power lines in the
airborne data, because the footprint of the laser beam is large compared
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to the width of the conductor. However, the footprint of the MLS is
considerably smaller than that of the ALS. Therefore, consistent in-
tensity difference between the power lines and larger objects is not
observed in the MLS data. In addition, difference between the first and
last pulse (if applicable at all) is not a good feature as the ground is not
seen with the same pulses that see the power lines.

Power line component mapping using the MLS data has been stu-
died in [12,17,29,56]. All studies have concentrated on urban or road
environments in which the data has been collected using wheeled
platforms based on road network.

Kim and Medioni [29] extracted power lines and poles from a
combined ALS and MLS point cloud. First, they removed the ground and
the buildings and then extracted the points whose local neighborhood
was situated approximately on a line in 3D space (linear points from
now on) using tensor voting. The power lines and the poles were re-
trieved from the linear points using surface growing. When growing the
power lines, they used only the linear points whose first principal
component was close to horizontal (power line candidate points); when
growing the poles, the direction was close to vertical. In addition, the
power lines were grown only from the points that had a large enough
height difference compared to the ground level.

Cheng et al. [12] classified and reconstructed power lines using the
MLS point clouds. First, they classified power line candidate points
based on the height above the ground level, up-down continuity (points
with empty space on top of and below them), a linearity measure si-
milar to Kim and Medioni [29], and the point density. Then they ex-
tracted lines in the horizontal plane using Hough transform, a voting
method, which can be used to detect parametric shapes [14,20]. The
power lines were reconstructed using surface growing, surface patch
merging, and a second order curve fitting.

Guan et al. [17] extracted and reconstructed the power lines, the
poles and the towers from distribution and transmission lines using the
MLS data. First they classified the power line pole and the power line
candidate points using the height above the ground level and the point
density. Then, similar to Cheng et al. [12], they extracted horizontal
lines from the power line candidates using Hough transform. Guan et al.
[17] reconstructed the power lines using connected component labeling
and catenary curve fitting methods. The towers and the poles were
recognized by first segmenting the pole and tower candidate points and
then classifying the segments based on the segment size and shape.

Yadav and Chousalkar [56] classified and reconstructed power lines
from the MLS point clouds. First, they classified power line candidate
points based on the point's height with respect to the ground level using
a two-dimensional (2D) gridding. Second, based on 2D point density,
they removed vegetation and building points. Third, they extracted
lines in the horizontal plane using the Hough transform. Fourth, they
segmented single power lines and performed a second order curve fit-
ting to fill gaps and to reconstruct the power lines in 3D.

The algorithm developed in this study extracted the horizontal lo-
cations of the power lines. The power lines were retrieved from the
candidate points as connected line segments. In the power line pole
extraction, we used the same basic principles as in Kim and Medioni
[29]. The power line extraction method contained the same two basic
phases as previous methods developed for the MLS point clouds, that is,
power line candidate point extraction followed by a retrieval of power
lines from the candidates. We classified the power line candidate points
in the same way as Kim and Medioni [29] and after that we used a
voting-based method similar to Cheng et al. [12], Guan et al. [17], and
Yadav and Chousalkar [56], to find horizontal lines from the candi-
dates. The linearity measure that we used in the candidate point clas-
sification was the same used in [37], which is different to the methods
of Kim and Medioni [29] and Cheng et al. [12]. Instead of Hough
transform, we used random sample consensus (Ransac) [15] to find the
horizontal lines. Ransac is another type of voting method that can be
used, for example, to detect shapes from point clouds [9,11,51]. Be-
cause voting methods do not guarantee connectedness, the lines found
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using Ransac were segmented to retrieve connected power line seg-
ments, which provided the horizontal locations of the power lines.
However, if the basic 2D connected component (CC) labeling was ap-
plied (as in [17]) the connectedness criterion had to be rather loose due
to the large (even several meters long) gaps in the point cloud along the
power lines. The filling of the large gaps resulted in false detections, for
example, from the forest. To remove the false detections, a novel seg-
mentation method, called connected power line search (CPLS) was
developed. CPLS utilizes the knowledge of the 3D shape of the power
lines. It is based on 2D CC labeling to which a smoothness constraint is
added, which takes into account the 3D shape of the power lines by
using also the z-coordinates of the points. CPLS was able to retrieve the
power lines and at the same time remove false detections, which the
original 2D CC labeling produced.

The novelty of our method lies in the way we remove false detec-
tions using the novel CPLS method. Our goal was not to reconstruct the
power lines in 3D as in Guan et al. [17], Cheng et al. [12], and Yadav
and Chousalkar [56], but to find their horizontal locations. However,
CPLS method utilizes also the z-coordinates of the point cloud to re-
move false detections.

3. Data and equipment
3.1. The study area and data collection

The study area was situated in a rural district in Loviisa in Southern
Finland, and it contained forest and arable land (Fig. 1). The power line
corridor under study was situated almost totally outside the road net-
work, and it contained a 20-kV power line with wooden poles (Fig. 2).

The laser scanner data was collected with an all-terrain vehicle
(ATV) and by a person with a backpack to which the scanner was in-
stalled (PLS). The laser scanner was a phase-based Faro Focus®P 1208,
which is originally a static 3D terrestrial laser scanner. However, in this
study the scanner was set on a profiling mode, where it scans close to
vertical cross-track 2D profiles of 305° field of view. In practice the scan
profiles are tilted forward to about 15-20° on the backpack and slightly
less on the ATV, but natural variation occurs due to terrain especially
for the ATV setup. The movement of the platform (ATV or a person),
tracked by the NovAtel SPAN Flexpaké6 + UIMU-LCI GNSS-IMU posi-
tioning, gives the third dimension for reconstructing the scene in 3D.
The IMU (inertial measurement unit), is used, for example, to measure

[

%
[JForest sub-area [ Training area
[ Open field sub-area

PLS trajectory

== ATV trajectory
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Fig. 2. A photograph from the test site. The operator with the backpack laser
scanner can be seen under the power line.

the rotations of the platform. The data collection was carried out at a
95-Hz scan frequency and 488-kHz point measurement rate with 200-
Hz position and attitude data from the GNSS-IMU. The angular accu-
racy of the post-processed GNSS-IMU solution is estimated to be even
after 60s GNSS outage 0.006°, 0.006° and 0.010° in roll, pitch and
heading, respectively. Scanner angular accuracy is estimated con-
servatively to be 0.005°. This results in an approximate 14-mm posi-
tional point uncertainty at 50-m range from the scanner.

Fig. 1 shows the trajectories of the two platforms during the data
collection superimposed on an aerial ortho image. In an open field area
with smooth terrain, the ATV is able to achieve clearly higher speed
than a walking person and thus it is preferred due to its efficiency
(number of kilometers of power line per hour). However, as the terrain
becomes rougher, especially in the forest, the PLS may become more
efficient as the terrain roughness, rocks, and other obstacles slow down
the ATV substantially. Therefore, the ATV trajectory was situated
mostly in the open field areas and the PLS trajectory only in forested
areas. An example of a point cloud collected using the backpack can be
found in the Fig. 3.

The one-dimensional (1D) point density along the power line
(hereinafter along-the-line point density) varied from approximately 15
points/m in the open field to hundreds of points/m in the forest. For the
given scan parameters the angular resolution in a profile was 1.2 mrad,
that is, 12 mm point spacing at 10 m distance from the scanner.

Fig. 1. An aerial view of the study area. Ortho image
© National Land Survey of Finland 2011. Polygons
depict the training area (orange) and the two sub-
areas inside test area that are the forest sub-area
(cyan) and open field sub-area (blue). The trajec-
tories outside the training area compose the test
area. Yellow line corresponds to the PLS trajectory
and magenta line to the ATV trajectory.
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Fig. 3. Two views to the MLS point clouds in the study area. The shade of the
points is defined by the return intensity of the echoes. A black area in the
middle corresponds to a 55° dead angle in the scanner field of view along the
trajectory. For color illustration of the top figure, the reader is referred to the
online version of the article.

The study area was divided into a training and test part (Fig. 1). The
training set (area) consisted of approximately 260 m of power line
corridor that was scanned with an ATV and contained both forest and
open field (Fig. 1). The test set consisted of the remaining part of the
study area. It contained approximately 770 m of power line scanned
with an ATV (ATV test set from now on) and 1065m power line
scanned using a backpack scanner (PLS test set). The ATV test set
contained both forest and open field areas and the PLS test set, in
practice, only forest areas. The point densities along the power lines
varied similarly in the training and test sets.

The training area was used to tune the parameters of the developed
algorithms, whereas the test area was used to evaluate the accuracy of
the developed methods. The purpose of using separate training and test
sets was to avoid overfitting of the parameters to the data, which was
used to evaluate the accuracy of the algorithms.

In addition, two sub-areas were selected inside the test area (Fig. 1).
The first sub-area was situated in forest and it was scanned with both
the ATV and the backpack. The forest sub-area was used to investigate
how the automatic power line extraction works using the PLS compared
to using the ATV in the same area. The second sub-area was located in
the open field and it was scanned only with the ATV. The open field
sub-area was used together with the forest sub-area to compare the
performance of the automatic power line extraction in these two land
cover types.

3.2. The challenges of the mobile laser scanning technology in the power line
corridors outside the road network

Though kinematic approach provides with a reasonable and fast
way of completing corridor mapping tasks, the MLS technology pos-
sesses some challenges that need to be addressed. The major issue in
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forested areas is that the power line corridor is often surrounded by tall
trees, which may block the GNSS signals hampering the positioning.
Due to the loss of signals, the accuracy of the positioning system de-
teriorates and the estimated position may drift severely. Typically, the
GNSS-IMU-positioning has been found to maintain better than 1 meter
horizontal accuracy in boreal forests, while the elevation may drift
more drastically, and is known to be the most uncertain direction to
determine with GNSS in general [28]. The drifting of the GNSS-IMU
solution may be compensated by applying simultaneous localization
and mapping (SLAM) [35]. However, combination of SLAM and MLS in
a forest environment is a rather new research topic, and thus SLAM was
not applied in this study. In the data set used in this study, the max-
imum horizontal drift in a 50-m-long power line was approximately
10 cm in the forest and in good GNSS conditions.

In rural areas, outside the road environment, the terrain is often
rugged in the power line corridor (e.g., forest). Therefore, the platform
speed (walking or ATV) is often slow and sometimes stalled due to
unavoidable stops and rerouting. The low platform speed results in
condensations of points in the point cloud, which may be challenging
for the automatic point cloud processing algorithms. For example,
condensations of adjacent scan lines during a stop may create features
in the point cloud that are similar to those of power lines. Therefore, we
removed points, which were collected when the 3D speed of the plat-
form was < 2.5 cm/s, because then the platform was standing still ef-
fectively. Also, typically the accuracy of the GNSS positioning sensor
attitude deteriorates when the platform speed is slow, resulting in a
noisy appearance of the power lines in the point cloud.

3.3. Data pre-processing

After the data collection, the raw laser scanning data was geor-
eferenced into a 3D point cloud using the post