
1. Introduction

The high accuracy of elevation measurements from
bare-earth LiDAR digital terrain model (DTM) data
means that this method is preferred for local-scale
mapping and three-dimensional (3D) modeling studies.
However, in many cases, the high acquisition costs

associated with this procedure can limit the
geographical area that it is practical to cover
(Gruszczyński, 2017).

Good quality DTMs can also be generated for
relatively small areas using Global Navigation Satellite
System (GNSS) survey data, particularly if the elements
of the terrain are simple and high-density ground
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Abstract: The advent of a fourth industrial revolution, built on advances in digital technology, has coincided with
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different sensors and their suitability for particular research studies are factors that need to be carefully evaluated.
In this study, we evaluated UAV photogrammetry using smart technology. To assess the performance of digital
photogrammetry, the accuracy of common procedures for generating orthomosaic images and digital surface models
(DSMs) using terrestrial laser scanning (TLS) techniques was measured.

Two different type of non-surveying camera(Smartphone camera, fisheye camera) were attached to UAV platform.
For fisheye camera, lens distortion was corrected by considering characteristics of lens. Accuracy of orthoimage
and DSM generated were comparatively analyzed using aerial and TLS data.

Accuracy comparison analysis proceeded as follows. First, we used Ortho mosaic image to compare the check
point with a certain area. In addition, vertical errors of camera DSM were compared and analyzed based on TLS. In
this study, we propose and evaluate the feasibility of UAV photogrammetry which can acquire 3 - D spatial
information at low cost in a construction site.

Key Words: UAV Photogrammetry, Fisheye Camera, Smart Phone Camera, Accuracy, DSM

Korean Journal of Remote Sensing, Vol.35, No.1, 2019, pp.1~13
https://doi.org/10.7780/kjrs.2019.35.1.1

ISSN 1225-6161 ( Print )
ISSN 2287-9307 (Online)

Article

Received October 12 2018; Revised October 19, 2018; Accepted October 22, 2018; Published online November 14, 2018
1) PhD Candidate, Department of Spatial Information Engineering, Pukyong National University
2) Postdoctoral Researcher, Department of Climate Change and Agro-Ecology Division, National Institute of Agricultural Sciences
3) Researcher, Disaster Scientific Investigation Division, National Disaster Management Research Institute
4) Professor, Department of Spatial Information Engineering, Pukyong National University

†Corresponding Author: Chuluong Choi (cuchoi@pknu.ac.kr)
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in
any medium, provided the original work is properly cited.

– 1 –

01정호현(1~13)ok.qxp_원격35-1(2019)  2019. 2. 25.  오후 5:57  페이지 1

https://orcid.org/0000-0002-4082-2151
https://orcid.org/0000-0003-2854-1151
https://orcid.org/0000-0001-6443-712X
https://orcid.org/0000-0002-2266-4401


sampling is unnecessary (Coveney, 2010). In recent
years, UAV photogrammetry has seen a boost in
computational power, and multispectral 3D data
collected by UAVs, structure from motion (SfM)
algorithms (Dandois, 2015) and multi-view stereo
(MVS) (Seitz, 2006) analysis of digital photogrammetry
and computer vision have propelled the technique’s
application in image-based surface reconstruction. The
potential for generating on-demand photogrammetric
DEM data from UAV photogrammetry systems
(Remondino, 2011) offers new opportunities for
DEM-based environmental modeling and mapping.

In this paper, we present and demonstrate an
innovative and extremely cost-efficient aerial
monitoring and surveillance platform, based on
integration of open-source and small UAVs with highly
capable, compact, and lightweight smartphones. We
investigated the inbuilt sensors in smartphones such as
the camera, GPS, gyroscope, and accelerometer, in the
interests of integrating their computing and sensing
capabilities with the UAV in an extremely cost-effective
way. They are more cost-efficient than traditional
photogrammetry, and can be used in collecting real-
time data to provide overlapping low-altitude images
(Chiabrando, 2011; Eisenbeiss, 2006; Lambers, 2007).

Several SfM photogrammetry programs are available.
Among the more commonly used proprietary solutions
are PhotoScan, APS and Pix4D, which have become
popular owing to their user-friendliness and readily
available customer support. These software solutions
yield similar 3D reconstruction results. However, there
are three main disadvantages: the 3D-reconstructions
of the models are not always sufficiently clear for
photogrammetric applications (Tscharf, 2015); in 3D
reconstructions, details including the sides of buildings
and sharp corners and edges may be inaccurately
rendered (Schwind, 2016); and not all software
packages provide sufficient information for judging a
reconstruction’s completeness (Rumpler, 2017). In
acknowledgement of these limitations, this study

conducted experiment design, image processing and
accuracy evaluation using a UAV. Several studies have
used UAVs, but the quality of the research and the
results have depended on the commercial program;
mere presentation of the results is insufficient, for if the
process has not been afforded due consideration, errors
may be overlooked.

In this study, we performed UAV photogrammetry
using smart technology, and evaluated the accuracy and
applicability of popular sensors used to produce
orthomosaic images and DSMs, and compared the
results with TLS data. The use of a smartphone in this
test was intended as an experimental examination of
the practical applicability of smartphone drones, which
have undergone significant development recently. In
sum, the purpose of the experiment was to evaluate the
accuracy of the results obtained using a smartphone, in
comparison with those obtained using TLS.

2. Methodology

1) UAV Photogrammetry System
UAV photogrammetry costs less than conventional

aerial photogrammetric methods and offers researchers
a variety of options with regard to mapping
applications. It is also associated with swift and easy
field data acquisition for precision applications
(Candiago, 2015). Smartphone and smart camera
technologies have recently advanced significantly.
These advances, together with developments in
information/communication technologies and
Micro-electromechanical Systems (MEMS) sensors,
have enhanced the options available for UAV
photogrammetry.

Our study mounted two types of relatively low-cost,
non-metric cameras on a UAV, to assess the accuracy
of the orthomosaic images and DSMs, and to evaluate
the suitability of these setups for UAS photogrammetry.
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An application capable of adapting to the ambient light

level that automatically generates overlapping images

was developed for use with the smartphones and smart

cameras used in the UAV photography. This application

uses smart-camera technology to automatically capture

the targets specified by the user.

The specifications and performance parameters of

the UAV used to acquire the images are presented in

Table 1. The UAV used a coaxial motor, and, as such,

was easy to maintain and highly efficient for

photogrammetry over a small area (Fig. 1). A flight

control unit (FCU) is an integral component of all

UAVs, and an inertial measurement unit (IMU)

assesses the direction of flight, monitors acceleration,

and functions as a barometric altimeter.

To evaluate their efficacy for photogrammetry, we

attached two different cameras to a UAV: smartphone

camera and a fisheye camera (Fig. 2). The Samsung
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                                               (a)                                                                                                          (b)

Fig. 2.  The cameras (a) smartphone cameras (S6 Edge), (b) fisheye camera (GoPro).

Table 1.  UAV Photogrammetry System Specification

Section Spec. Section Spec.
Vehicle weight with battery 2.96 kg Vehicle dimensions 35 cm × 51 cm × 20 cm

Payload capacity 800 g GPS GPS with Glonass
GPS Accuracy 1~2 m Operating time 15.2 min
Area coverage 0.2 km2 Hovering time 20.9 min

Altitude 150 m Maximum speed 11.7 m/s
Ground station Radio modem Radio range 1 km

Fig. 1.  The Anti-vibration mount designed for the camera.
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Galaxy S6 Edge camera (Fig. 2 (a)) uses optical image
stabilization and auto-exposure real-time high dynamic
range technologies. The camera also has a relatively
large aperture size (f 1.9) that allows the sensor to
receive 34% more light compared to the Galaxy S5.
The S6 Edge has a resolution of 16 MP (5,312 × 2,988),
a focal distance of 4.3 mm, and a pixel size of 1.120
μm (Samsung Galaxy S6 Edge, 2016). The GoPro
Hero3 Black (Fig. 2 (b)) is a fisheye camera with an
ultra-sharp ƒ/2.8 six-element aspherical glass lens that
uses an ultra-wide angle to reduce image distortion.
This camera has a resolution of 12 MP (3,000 × 4,000),
a FL of 2.77 mm, and a pixel size of 1.55 μm (Balletti,
2014).

2) Study Area and Data Collection
This study was conducted in an industrial complex

(Fig. 3) currently under construction in Yeongdeok-
gun, Gyeongsangbuk-do, South Korea. The complex
is located at an elevation of 120 m above mean sea
level, and the construction area measured 328,260 m2

in total. Overall construction at the site was 65%
complete, with 85% of the earthworks finished. The
study area included piles of gravel and sand for
construction, and fluctuations in their relief rendered
the terrain ideal for evaluation using DSMs generated
from UAV images.

Fig. 3 shows the base positions for TLS, the TLS

targets, the CPs, and the GCP positions in the study
area. GCPs were used for georeferencing the model. A
minimum of three GCPs is required to scale, rotate, and
locate the model, and each should be checked in at least
two images. If there are abundant GCPs in a given
project, some may be used as CPs to assess the
accuracy of a project (Tong, 2015). GCPs improve the
relative and absolute accuracy of a model.

82 GCPs of outskirt of study area were selected and
use for the study. The red zone is used to check
accuracy of each camera with a mosaic orthoimage.
Also, the check area for the orthorectified images’
positional accuracy according to CP (equivalent in size
to a manhole cover). Landforms that had changed were
designated as the blue zone. To verify the accuracy of
DSMs, the area with no change in landform relief was
designated as the green zone.

The UAV was used to collect the image data on 9
July 2016 with the anti-vibration mount. The S6 Edge
had flight times of approximately 3 min. The GoPro
camera followed a longer flight path, requiring a flight
time of approximately 10 min. Approximately 80
images were taken altogether with settings of 80%
overlap and 60% sidelap.

Taking the instantaneous field of view into account,
the time-lapse intervals of each camera were: smartphone,
4-5s and fisheye camera, 7s. The weather was clear
during the UAV flights, with visibility of approximately
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Fig. 3.  Study area and Flight paths.
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16 km and wind velocity of approximately 2 m/s. As
shown in Table 2, exposure conditions were determined
by the ambient light level. The ISO setting was normal
(100-200) and the F-stop value was approximately 2,
All images captured were unaffected by blurring or the
jello effect.

As shown in Table 2, the UAV was controlled
automatically to maintain an altitude of 150 m
following take-off. Ground sample distance (GSD) was
determined by pixel size and focal length according to
Equation 1. GSD represents the distance between two
consecutive pixel centers measured on the ground.
Since the orthomosaic was generated using a 3D point

cloud and the camera positions, an average GSD was
calculated and applied.

                                  GSD = P                                    (1)

where, P is the pixel size, H is the flying altitude, and
C is the camera focal length.

The GSD values were 2.5 cm for the S6 Edge and
8.84 cm for the fisheye camera. The GSD of the fisheye
camera, which had the smallest pixel size and the
shortest focal length, was greatest.

In this study, TLS data was used to generate DSMs
for the study area, and the UAV images were used to
verify the horizontal/vertical accuracy of the DSMs. A
GLS-1000 system was used for TLS and scans were
performed at 2 stations to ensure the accuracy of the
DSMs across the study area. GLS-1000 point accuracy
is 4 mm at 150 m. The raw scan data consisted of
approximately 3,739,257 points, which included all
signals reflected by the ground, objects, trees, or grass.
Superfluous data were discarded during processing, and
the final scan dataset included approximately 2,365,839
points (Fig. 4). The point density of the scan dataset
was approximately 100 points/ m2.

GPS measurements were taken for the GCPs and
CPs, using real-time kinematics with GPS. To improve

H
C
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Fig. 4.  Results from the GLS-1000 scan after registering and georeferencing point cloud.

Table 2.  Camera settings and environmental conditions
Type Smartphone Fisheye camera

Total image 93 91
Wind speed 1.9 2.4

Wind direction NNW NNE
Start time 10:30:37 09:02:42
End time 10:33:44 09:12:30
Altitude 150 150

ISO 100 100
F-stop 1.9 2.8

F.L. (mm) 4.3/28 2.77/15
Shutter speed (s) 1/3928-1/6464 1/1178-1/1740

Interval (s) 4 7
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the positional accuracy, the 82 GCPs illustrated in Fig.
3 were included, and measurements were taken using
a Sokkia GRX-1 GPS. The inbuilt accuracy of the
GRX-1 GNSS receiver is 10 mm + 1 ppm × horizontal
distance (km), and 15 mm + 1 ppm × vertical distance
(km). Each point was measured four times. The relative
measurements implied that the root-mean-square error
(RMSE) was 12-21 mm (horizontal) and 5-7 mm
(vertical). However, the expected absolute accuracy of
an RTK survey is around 2 cm horizontally and 3-5 cm
vertically.

3. Result and Discussion

1) Camera calibration
Camera lens cannot have ideal curvature. For this

reason, ray cannot pass through lens and head to image
plane in a straight line. In other words, distortion of
camera lens must be corrected. Accurate interior
orientation parameters of camera are required to extract
accurate and reliable 3D position information from
photogrammetry, and the process of determining these
factors is known as camera calibration.

           ( ) = ( )            (2)

where Δx, Δy are the deviations of coordinates x, y
due to distortion r2 = x2 + y2, K1, K2, K3 and P1, P2 are
the radial and tangential lens distortion parameters,
respectively. This forms the basis of Pix4D models, and

the distortion terms are represented as Rx = Kx f2x+1

(Leica Geosystems, 2008).
Fig. 5 shows that the S6 Edge camera and GP (Go

Pro Camera) raw data had significantly increased
distortion levels with increasing radial distance,
compared to the other cameras. The S6 Edge camera
does not have a function limiting image distortion. The
results of the self-calibration and IO calculations
demonstrate that the differences between the initial and
calibrated focal lengths were as follows: 19.55% → 0%
for the S6 Edge; 50.16% → 0.84% for the GP raw data,
and 2.13% → 0.75% for the GP corrected data. For
effective optimization, each camera should operate at
no more than 5% from its optimal performance value
(Pix4D Support, 2016). The lens distortion ratios, based
on the comparison between the various cameras, are
presented in Fig. 5. The greatest distortion ratio was
observed in the GP raw data. The maximum level of
distortion in the GP raw file was 261.7, which was
654× greater than that in the corrected image.

Especially, low-priced single lens is commonly used
as camera lens of smart phones. Low-priced single lens
has large lens distortion compared to surveying camera.
Also, GoPro used in this study is a super-wide angle
lens made using spherical aberration with angle of 180°
or larger. In addition, this lens shows negative distortion
within limited range of size in an image or pictorial
image, and this distortion is greater compared to general
camera lens. Accordingly, lens calibration was
performed on raw files in this study.

Δx
Δy

(1 + K1 r2 + K2 r4 + K3 r6)x + 2P1 xy + P2 (r2 + 2x2)
(1 + K1 r2 + K2 r4 + K3 r6)y + 2P2 xy + P1 (r2 + 2y2)
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Fig. 5.  Lens distortion rates : (a) S6 Edge, Fisheye Camera corrected and (b) Fisheye Camera Raw.
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Fig. 6 presents images that visually show distortion
quantity of 2 types of camera. Fig. 6 (a) raw file image
and (b) image after calibration of distortion on smart
phone. Likewise (c) and (d) are fisheye camera images.

2) Orthoimage and DSM Generation
Owing to recent advances in UAS technology, 

the SfM method can process hundreds of UAS
photographs within a relatively short timeframe.
Additionally, because SfM can be applied using non-
metric cameras, it produces effective DSMs and 3D
models of geographic features, based on UAS
photogrammetry, which can be used to develop various
software programs. During the initial processing of the
Pix4D program used in this study, a binary descriptor
of the scale-invariant feature transform (SIFT) algorithm
(Lowe, 2004), similar to that of Strecha et al. (2012)
was used to extract and subsequently match features

from photographs (Küng, 2011). Based on these, and
the GCP data, Pix4D performed an iterative routine of
camera self-calibration, automatic aerial triangulation
(AAT) and block bundle adjustment (BBA) to determine
and optimize the interior and exterior parameters. 
The camera’s exterior orientation parameters were
determined using the extracted image coordinates and
collinearity conditions, and a precise 3D point cloud
was generated by bundle adjustment. Following the
initial processing, maximum point cloud densification
was performed, based on multi-view stereo (MVS)
algorithms (Seitz, 2006), and orthoimages and DSMs
were generated (Fig. 7).

3) Horizontal Accuracy evaluation
Accuracy assessments using x-coordinate and y-

coordinate data were performed on the surveyed points
that were not used for georeferencing. The difference

Comparison the Mapping Accuracy of Construction Sites Using UAVs with Low-Cost Cameras
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Fig. 6.  The result from the lens correction process can be realized when the original image (left) is compared to the one
without the lens distortion (right).

                                                 Raw                                                                                         Corrected

                                                   (a)                                                                                                (b)

                                                   (c)                                                                                                (d)

Smart
Phone

(s6 edge)

Fisheye
Camera
(Gopro)
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in the RMSE of the GPs with and without lens
correction was approximately 0.015 m. This difference
may be because images collected by the GoPro camera
were captured using a fisheye lens. A fisheye lens
results in distortion at the edges of the images, and the
focus is difficult to adjust. When the RMSE values for
GCPs and CPs were converted into GSDs and
compared according to pixelation, the S6 Edge cameras
were 2 pixels. This was likely due to limitations in the
performance of the relatively inexpensive lenses used
in these smartphones. Following accuracy assessment
using the GCPs and CPs, the scale and georeferencing
of the orthomosaics generated from the UAV imagery
were analyzed. Accuracy was assessed in terms of the
shifts that indicated errors in georeferencing, or changes
in area that indicated errors in scale. To evaluate the
scale and georeferencing parameters, vector data from
a previous conventional topographic survey were used.

CP errors were expressed using graduated symbols, as
illustrated in Fig. 8.

Using orthoimages generated by each camera, The
reference target were selected to compare surface area
accuracy. The results demonstrate that the reference
surface areas’ (target size: 2.011 m2) averages/standard
deviations (SDs) were: 0.059 m2/0.060 m2 for the S6
Edge camera; 0.133 m2/0.070 m2 for the GP raw data;
and 0.211 m2/0.057 m2 for the GP corrected data.

The images from the S6 Edge camera exhibited
various divergences from the average target size of 0.6
m2 or less. Images from the GP camera had a minimum
target size of 0.133 m2, owing to the camera’s low
resolution, which differed markedly from the s6 edge
camera. The GoPro camera also generated images with
significant differences in scaling, and there was a clear
shift in the NW direction (Fig. 9). This shift probably
occurred because the NW edge was smaller at the site
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Fig. 7.  The orthomosaic image.

                                        (a) Ortho Image (s6 edge)                                                                 (b) DSM (s6 edge)

                                        (c) Ortho Image (Go Pro)                                                                  (d) DSM (Go Pro)
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of image overlap than at the center, resulting in poorer

3D reconstruction and diminishing the model’s

accuracy.

4) Vertical Accuracy evaluation
To evaluate the accuracy of the UAV-SfM procedure,

this study used TLS to assess volumes and generate a

more accurate comparison between the results. A zone

(green zone in Fig. 3) without any topographic change

was selected to confirm the accuracy of the DSM. TLS

was compared with the DSM of each camera. Using

the TLS reference data, a quantitative evaluation of the

absolute vertical differences between the DSM and

UAV-SfM data was performed, and the results are

illustrated as a histogram in Fig. 10.

The difference between the TLS area values and
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Fig. 9.  Camera polygon accuracy.

Fig. 8.  Errors and error sizes in the UAV-generated mosaic data (Error sizes are shown in meters).

                                             (a) s6 edge                                                                                             (b) Gopro Raw

(c) Gopro Correct
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those generated by each camera (mean/SD) were: 0.048
m2/0.043 m2 for the S6 Edge; 0.018 m2/0.040 m2 for

the GP raw data; and -0.020 m2/0.031 m2 for the GP
corrected data. The histogram distribution shows that—
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Fig. 11.  The DSM and difference validation for the LiDAR site (Topography changed).

                              (a) Topography changed area                                                                                 (b) S6 edge

                                            (c) GP Raw                                                                                           (d) GP Corrected

Fig. 10.  The DSM and difference validation histogram for the LiDAR site.

                                             (a) s6 edge                                                                                             (b) Gopro Raw

(c) Gopro Correct
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with the exception of the S6 Edge camera data—the
differences between the DSMs generated by each
camera and the TLS data were less than 1 pixel GSD
for 75% of the data. The RMS data were similar to the
SDs, but the S6 Edge camera exhibited a significant
difference. The GP raw and GP corrected data were
quasi-Gaussian curves, and the S6 Edge camera data
had a moderately positive tail. The fit was very close
to unity for all camera comparisons, with the exception
of the S6 Edge data. These results demonstrate that all
of the surfaces had excellent vertical accuracy.

Changes in the topography are illustrated in Fig. 11,
which shows the DSM differences (red) between each
camera, based on changes in the elevation of the
topography (black), and the TLS. Compared to the flat,
unchanging topography, for which accuracy was
verified, the topographic changes reveal the high
standard deviation of the DSM. Regarding the area of
changing topography, the difference between the TLS
area values and those generated by each camera
(mean/SD) were: 0.085 m2/0.065 m2 for the S6 Edge;
0.067 m2/0.130 m2 for the GP raw data; and -0.030
m2/0.063 m2 for the GP corrected data. The inclined
topography revealed a high standard deviation of DSM
compared to the flat topography. In the case of the GP
raw data using the fisheye lens, the SD in the inclined
topography varied by more than a factor of two,
compared to the GP corrected data. This implies that
distortion deviation was higher in the inclined
topography. Topographic surveys are more expensive
using TLS than using UAVs, and although GNSS
surveys are similar in cost to UAV scans, the resulting
DSMs for a similar field-effort are less detailed.

4. Conclusion

UAV photogrammetry is a new and valuable tool for
rapidly providing low-cost image data over a small
geographical area. An autopilot system guarantees a

predetermined flight path, and the camera is also
controlled automatically. Interest in using UAVs 
for digital photogrammetry continues to increase
(Ruzgiene et al., 2015). UAV photogrammetry has
many advantages and can be used for a variety of
terrains; however, it is important to ensure that the
equipment used is reliable.

In this paper, we verified the availability through two
non - surveying cameras. In the Bundle Adjustment, 
IO calculation by self-calibration shows that the
percentage of difference between initial and calibrated
focal lengths is 19.55% at s6 edge, Fisheye camera was
50.16% before correction and 2.13% after correction.
The values differ depending on whether the camera has
distortion correction function or not. In other words, it
was confirmed that the camera distortion correction
function affects the output.

Georeferencing accuracy confirmed the accuracy of
GCP and CP. The RMSE (m) s6 edge was 0.061 m,
GP_Raw 0.124 m and GP_Corrected 0.084 m. Result
of calculating specific point area of Ortho image, each
camera average (m2) / Stdev (m2) was s6 edge 0.059
m2 / 0.060 m2, GP_Raw 0.133 m2 / 0.070 m2 and
GP_Corrected 0.211 m2 / 0.057 m2. Since the area
estimation is visually calculated, the GP with the lowest
resolution showed the biggest difference.

In DSM height accuracy evaluation based on
LiDAR, accuracy evaluation of UAV DSM based on
TLS was evaluated by point-by-point comparison.
Mean (m2) and standard deviation (m2) of TLS each
camera were -0.039 m2/0.068 m2 for s6 edge, -0.020
m2/0.041 m2 for GP Raw, and 0.019 m2/0.031 m2 for
GP Corrected.

UAV photogrammetry is low-cost, user-friendly, and
ideally suited to small- and medium-sized construction
sites. However, to utilize geospatial information
systems in the monitoring and management of civil
engineering projects, 3D spatial information from a
constantly changing construction site needs to be
acquired and processed rapidly. The experiences with
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the developed UAV system are useful to researchers or
practitioners in need for successfully adapting UAV
technology for their application.
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