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ABSTRACT:

Corrugated roof sheets used for large-scale industrial rooftops have the potential to carry solar panels. The sheets, however, need to
be surveyed so that the solar panels can be installed according to the measurements of various features. For this purpose, information
about exhausts, skylights, corrugation spacing, including extraction of roof slope, which is essential for planning solar panel
installations, needs to be measured and mapped. UAV surveying, in contrast to traditional surveying and manual measurements, has
proven to be of great benefit in the recent years due to its mobility and low-cost operations and with photogrammetric processing, 3D
information with sufficient details can be obtained. In this study, we explored the use of UAV platforms for extraction of fine
features (corrugations) of industrial rooftops. The point cloud obtained after photogrammetric processing contained significant
geometric information about the corrugation, along with noise. The point cloud was processed to remove noise. Smoothing and
exaggeration in the Z-direction, without altering X and Y coordinates, ensured a smooth profile with pronounced peaks at the
location of corrugations. Cross-sectional profiles were extracted as a vector and peaks in the profile indicated presence of the
corrugation. A peak identification algorithm was used to extract local maxima with corresponding distances along the profile. The
peak points were plotted on the ortho-image, and the mean distance between subsequent peaks was approximately 20.3 cm with a

standard deviation of 1-2cm. The spacing between the corrugations was approximately 20cm when measured manually.

1. INTRODUCTION

Solar energy has the potential to meet our growing energy
demands. Standard solar panels are easily installed on either the
ground or flat concrete roofs. In such cases, the panels have
standard dimensions, and a maximum possible number of such
panels are fitted. Corrugated roof sheets used for large-scale
industrial rooftops also have the potential to carry solar panels.
The roof sheets, however, need to be surveyed so that the solar
panels can be installed according to the measurements. For this
purpose, information about exhausts, skylights, corrugation
spacing, including extraction of roof slope, which is essential
for planning solar panel installations, needs to be measured and
mapped. The measurement is a manual process, which can be a
laborious and time-consuming task, besides posing a significant
risk to the safety of personnel. Further, the corrugated roof
sheets can vary in dimensions and design and to manually
measure all these variations may not be possible.

In the case of roof-shed corrugations, dimensions are in the
range of few centimetres. Terrestrial laser scanners(TLS) have
the potential to capture fine details (Vosselman and Maas,
2011). They are used in various applications such as geology
(Buckley, Howell, Enge, and Kurz, 2008; Fowler and States,
2010; Giussani and Scaioni, 2004; Sturzenegger and Stead,
2009), cultural heritage (Briese, Pfeifer, and Haring, 2003;
Camarda, Guarnieri, Milan, and Vettore, 2010; Grussenmeyer et
al., 2011, 2012; Lerma, Navarro, Cabrelles, and Villaverde,
2010; Fabio Remondino, 2011), forestry (Liang et al., 2016;
Richardson, Monika Moskal, and Bakker, 2014; White et al.,
2016), structural health monitoring (Castellazzi, Altri, Bitelli,
Selvaggi, and Lambertini, 2015; Guarnieri, Pirotti, Pontin, and
Vettore, 2006; Olsen, Kuester, Chang, and Hutchinson, 2010;
Turkan, Laflamme, and Tan, 2016), besides various other
domains. The primary benefit of TLS that was utilized in these
studies is the high-density, accurate sampling of 3D data over
the target features. In structural health monitoring and building

damage assessment, point spacing in the range of few
centimetres is essential. In many of these studies, laser scanning
was used in conjunction with close-range photogrammetry
either to obtain high-quality texture information or for object-
based integration. Extraction of roof corrugation using TLS is
possible with spacing in the range of few mm to cm. With
multiple scan positions, full roof mapping is possible.
Notwithstanding the high-resolution measurements with a TLS,
it comes at a significant cost and relatively low mobility.

In contrast to TLS, the combination of UAV platform and
photogrammetry has proven to be of great benefit in the recent
years due to its mobility and low-cost operations in various
surveying requirements ranging from structural damage
assessment to agriculture (Colomina, Blazquez, Molina, Parés,
and Wis, 2008; Gnédinger and Schmidhalter, 2017; Lottes,
Khanna, Pfeifer, Siegwart, and Stachniss, 2017; Ota, Ogawa,
Mizoue, Fukumoto, and Yoshida, 2017; Persad and Armenakis,
2016; F Remondino, Barazzetti, Nex, Scaioni, and Sarazzi,
2011). The flying height can be controlled which results in
flexibility in horizontal and vertical resolution of data, as per
requirements. 3D information with sufficient details can be
obtained using UAVS. To our knowledge, there is no specific
study aimed at extracting rooftop corrugations using 3D point
clouds. Zhang, (2006) mentions the use of UAV acquired
images for studying condition of road surfaces. (Lovitt,
Rahman, and Mcdermid, 2017) demonstrate the capability of
UAV photogrammetry to map microtopographic terrain
undulations subject to the complexity of the terrain. This study
posed a unique challenge in terms of acquisition and technical
requirements. On one hand, least possible flying height was
necessary to resolve the vertical variations in roof corrugations
and on the other, it was important to consider the capture of
sufficient heterogeneous image content for successful
calibration. Pix4D documentation highlights a horizontal
accuracy of 1-2 times ground sampling distance (GSD) and a
vertical accuracy of 1-3 times GSD. For a corrugation height of
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few centimetres, it was expected to achieve a sub-centimetre
GSD which creates the possibility of some noise in the final
data. A white paper by Pix4D on accuracy of UAV data
documents a comparable accuracy with LiDAR. (Draeyer and
February, 2014). The study tested the possibility of UAV data
acquisition and processing for obtaining a sufficiently detailed
point cloud and its subsequent processing to extract fine details.

2. STUDY AREA AND DATA ACQUISITION

The study was carried out on a corrugated roof shed in
Bengaluru, India. The rooftops have homogenous texture which
makes image calibration difficult. Acquisition had to be planned
in a way to ensure the images calibrate, while retaining the
geometric details of the roof by considering appropriate overlap
between the consecutive images, flying height and viewing
angle of the camera. For oblique acquisition, distance from the
building is a major factor for GSD (resolution) of the data.
Therefore, the distance was decided so to obtain the necessary
geometric details of the roof corrugations. The following
parameters were considered for the data acquisition:
Vertical Flying height = height of building + 8 to 10m.
Horizontal Distance = 15 m from the wall.
Overlap = 90%
Expected dataset properties

o GSD=0.6cm

o Image width (swath) =25 m

o Overlap=22m
Figure 1 is a representation of the method of data acquisition
that provided the desired results.
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Figure 1: Data acquisition plan

Standard processing of data using Pix4D yielded the point
cloud as shown in Figure 2. At this resolution, the 3D details of
the roof were obtained, with some amount of noise. Figure 2b
is a zoomed-in view. The geometric properties of the roof are
noticeable. The noise in the data set is visible in Figure 4.

(b)
Figure 2: Output point cloud; a) Location, b) Magnified section

3. METHODOLOGY

This section describes the various steps involved in achieving
the results. The primary objective of the study was to utilise the
3D information present in the point cloud, irrespective of the
noise or inaccuracy, and modify it in a way that allowed for the
automatic identification of locations of roof corrugations. The
methodology describes the various tools and methods employed
to process the point cloud. The initial photogrammetric
processing is a standard practice adopted for generation of point
clouds using UAV data.

Point cloud
transformation to
local system

|

Mesh generation
and smoothing

Flight planning

and data [ Photogrammetric

I Point cloud N
processing

- generation
acquisition

Point cloud
sampling on  [€—
mesh

GIS operations
P and corrugation
mapping

Z-coordinate <

Profile extraction €— -
exaggeration

Peak location
identificaiton

Figure 3: Methodological flow diagram

3.1 Co-ordinate transformation

The photogrammetric software generates point clouds in a local
coordinate system or a georeferenced system based on the geo-
tags of the raw images or the GCPs used for the purpose. In this
study, the geo-tagged photos were used for processing, and the
resulting point cloud was generated in UTM coordinates. UTM
coordinates are large numbers and, therefore, the point cloud
was translated to a local system. This prevented any loss in
precision of the coordinates and reduced the multiplicative
effect. The elevation of the region is around 800m. For
example, for an elevation of 805 metres, multiplication with a
factor of three will modify the elevation to 2415m. On
translating by -800 m, the new coordinate in local system will
be 5m. On multiplication by the same factor, it will be 15m.
Translating back to original system will result in 815m, instead
of 2415m as in the former case.

3.2 Point cloud pre-processing

Photogrammetric processing depends on the image content. In
relatively homogenous areas, there is considerable noise in the
final point clouds, which is the case with a roof shed. Statistical
Outlier Removal filter is useful for removal of sparse outliers. It
was observed that filtering using the SOR tool resulted is loss of
some information essential to identify the features. Instead of
removing the noise points at the initial stage, a mesh was
generated using all the points (including the noise points).
Applying a Laplacian smoothing operator on the noisy mesh
resulted in a surface that retained most of the original
characteristics of the rooftop essential for the subsequent steps.
This is illustrated in Figure 4. Points were then sampled on the
smoothed mesh.
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(b)
Figure 4: Mesh generation and smoothing; (a) Noisy mesh, (b)
Smoothed mesh

3.3 Z-coordinate exaggeration

The photogrammetric point cloud obtained from the given
height retained some of the geometric information to
characterize the roof corrugation. However, due to the presence
of significant noise, several smoothing operations resulted in a
noiseless point cloud, sampled on the surface, with reduced
geometric detail. The sampled point cloud however possessed
variation in the Z-direction. Smoothing operations reduced the
variations that indicated the location of the corrugation. To
enhance this information, the point cloud was exaggerated in
the Z-direction without affecting the X and Y directions. The Z-
coordinated was duplicated and converted to a scalar field that
could be modified by arithmetic operations. The Z-coordinate,
as a scalar field, was multiplied a suitable factor, in this case 3.
The existing Z-coordinate that defined the point cloud was
replaced by the modified Z-coordinate resulting in a point cloud
that was visibly exaggerated in the vertical direction, without
affecting its X and Y values. Figure 6 shows the point cloud
after exaggeration
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Figure 5: Exaggeration of point cloud
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The exaggeration is depicted in Figure 5 where A,B,C are three
points of a point cloud. The Z coordinate was multiplied by a
factor of 2.

(b)

Figure 6: Smoothed and exaggerated point cloud

3.4 Profile extraction and peak identification

The exaggerated point cloud was converted to a mesh. Cross-
sectional profiles were extracted at high detail (at every change
in elevation along the section). The profiles were obtained along
parallel lines drawn on the mesh in the form of a vector. Signal
processing tools were used to analyse the cross-section profile
vector to find the local maxima. The local maxima
approximately represented the location of the corrugations. It
was essential that the vector had a smooth profile as flat peaks
resulted in multiple local maxima. The toolbox identifies the
local peaks and the distances at which they are present. The
distances were used in linear referencing tools in ArcMap to
create points at the specified locations along the original cross-
sectional line. The results are displayed in Figure 7.
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Figure 7: Peak location identification

3.5 Best fit line and corrugation mapping

The peak points of the profile were mapped on the
orthomosaic/mesh of the rooftop. Every corrugation was
represented by corresponding set of points. The points were not
in a straight line as the different portion of the roofs had minor
variations due to photogrammetric stitching, smoothing effects
etc. The points were grouped according to a common ID
(sequence of peaks along cross-sections) and averaging XY
regression and YX regression lines resulted in an approximate
best-fit line. We observed that the lines, which represent the
corrugations, were restricted to the width of the same.
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Figure 8: Peak points and corrugations

4. RESULTS AND DISCUSSION

Flying height played a crucial role in ensuring a point cloud
with necessary geometric information was available to extract
location and orientation of roof corrugations. A fine resolution
allowed for the generation of a better point cloud in regions
where the images had sufficiently heterogeneous content
necessary for image calibration. In homogeneous areas, some
images failed to calibrate thereby necessitating the UAV to be
flown at different acquisition parameters. Some noise was also
present which affected the accuracy of the profile. The roof
corrugations were measured on field for inter-corrugation
spacing. In one type of roof sheet, the inter-corrugation distance
was around 20 cm. In this methodology, the mean distance
between subsequent peaks was approximately 20.3 cm with a
standard deviation of 1-2cm.

Similarly, three other cross-sectional lines were analysed for
peak locations and the standard deviation was in the range of 1-
2cm. The average spacing of the peaks on respective cross-
sections were 20.2, 19.8 and 20.3.
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(b)
Figure 9: Mapped corrugations (green lines); (a) larger roof
area, (b) magnified section

In Figure 9, the lines representing corrugations (green) are
mapped on the ortho-image. Due to smoothing during
generation of the mesh, the geometric details were lost and
thereby resulting in smooth peaks in the locations of the
corrugations. The margin of error in detection of the lines was
limited to the width of the peaks, which in turn was limited to
the width of the corrugations. This is apparent the Figure 7(b)

where the three lines are overlaying at different positions across
the width. This was observed across the entire roof. However,
the number of lines were the same as the number of
corrugations. Exaggeration of the point cloud ensured the
locations of the corrugations were emphasized and this reduced
any scope for missing them.

Images were acquired obliquely at the edge of the roof to ensure
they possess sufficient heterogeneous content. Due to this, the
images calibrated successfully and a point could be generated.
The 3D information present in the point cloud, irrespective of
the noise, was modified to obtain the desired results. This
approach was suitable as opposed to image processing methods
on ortho-images since they are highly dependent on the texture
which, in turn, depends on the lighting conditions. Some
acquisition plans resulted in washed out images thereby causing
the photogrammetric process to fail. An increased flying height
did not yield an ortho-image with sufficient resolution. On the
field there is rarely liberty to control all parameters. Further
study will focus on quantifying the acquisition parameters and
the inter-relationship between GSD, flying height and vertical
resolution of the outputs.

5. CONCLUSIONS

The focus of this study was limited to identification and
extraction of corrugations on rooftops. Although some errors
regarding the parallel condition of lines existed, these were
rectified in the final CAD drawings. UAVs can be an effective
tool in monitoring large-scale rooftops with minimal need for
human involvement, which is essential for human safety as well.
The large coverage offered by UAV data has the potential to
complete the same task in a few days. Further study will focus
on comprehensive coverage of entire roof to automate the
extraction and mapping the corrugations along with other major
details such as purlins, skylights, ventilators, etc.
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