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SUMMARY
A cheap, compact, light- weight UAV- based laser scanner system was developed. The
developed system, powered by Pin Lithium Polymer (LiPo), consists of a hex-rotor aircraft DJI
S800 with the 3-axis gimbal (TAROT 5D) carrying the Hokuyo UTM30LX laser scanner, an
ultra-small motion logger (Ninja Scan Light), GPS receiver and a single-board PC (Raspberry
Pi). The test flights in Kumamoto prefecture had been performed in 2014. The point clouds
were collected with the setting of a  of field of view and 0.250 of angular resolution at
the height of about 7 meters from the ground surface. There were 9 markers arranged within
the study area. Their coordinates were measured with total station and used as reference value
for accessing the accuracy of generated 3D laser point clouds. The locations of markers were
identified, and their observed coordinates were manually measured from the intensity image of
observation data. By using magnetic data for determining flight direction and applying Helmert
transformation with four ground control points, the developed system could achieve a mapping
accuracy of 0.04 m in both horizontal and vertical direction. The results show the capability of
generating a large- scale map with the low-cost UAV- based laser scanner system.
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1. INTRODUCTION
Laser scanning is an effective technology available in many research areas such as
photogrammetry, surveyors, architectural restoration. This technique can rapidly capture dense
spatial data. In agriculture, ground-based lasers have been popular used for purpose of plant
height monitoring (Lumme et al., 2008; Hoffmeister et al.,2010; Zhang and Grift, 2012; Kaizu
et al., 2012, Tilly et al., 2012), biomass estimation (Tilly et al., 2013 and 2014; Bendig et al.,
2014, Ehlert et al., 2008, 2010 and 2013) or vertical plant area density profile (Hosoi and
Omasa, 2009 and 2012). They have demonstrated their useful in precise agriculture, with their
ability of collecting a lot of crop information in a short time.
Obtaining the information of the target objects from above can achieve the data in large area,
with high resolution and in real time. For this, airborne laser scanners have been developed and
applied for terrain mapping and forest inventories (Riano et al., 2003; Lee at al., 2007). The
GPS signal receiver provides the aircraft position and an inertial-measurement unit (IMU)
device recorded the aircraft altitude. From this, the accuracy of building 3D laser point clouds
could be improved. However, this system costs a lot of money for system cost and operation
and must be controlled by a trained pilot with takeoff and landing challenges. Additionally, in
some country, using of aircraft for surveying or other research purposes encourages strictly
regulations from the government.
Nowadays, a growing number of Unmanned Aerial Vehicle (UAV) has been being developed
with different weight, payload, endurance and range, speed, wing loading, cost, engine type and
power. UAV- based systems have been developed for many purposes with various sensors such
as imaging sensor (Sugiura et al., 2005; Hunt et al., 2010; Rango et al., 2009), multispectral
sensor (Berni et al., 2009) or LIDAR sensor (Wallace et al., 2012). Such systems inherit the
advantage of manned aerial vehicle system. With the developing of light weight laser scanner
and positioning instruments (the GPS and IMU sensor), airborne laser scanner can be performed
with a UAV. Normal airborne laser scanners weighting a few to several tens of kilograms are
installed on large UAV weighting several tens to hundreds of kilograms for mapping purposes
(Johnson, 2006; Nagai et al., 2009). Unfortunately, such mentioned UAV and airborne laser
scanner, costing several of ten to hundred thousand of dollars, are very expensive. In some
situation of studies, lightweight or small-UAVs weighing several kilograms are regulated
suitable, less expensive, easier to operate and transportation than heavier UAVs. For these
reasons, small UAV-based systems are more flexible and could collect multi-temporal data
acquisitions with low costs. For example, several small UAV-based systems weighting
approximate and less than 10 kg has been developed for forest inventory (Lin et al., 2011;
Zahawi et al. 2015). Because of payload limitation, the compact and light weight sensor are
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required for small UAV-based systems. Although flight duration is short, small UAV-based
systems have a possibility to observe large target area with multi transects.
In precise agriculture, it is necessary to collect the crop information in individual paddy. The
transportation of such heavy and bulky devices to the field is difficult. Small and light weight
UAV-based systems demonstrates their useful in such the situations. Such small devices can be
manually carried to target fields easily. Thus, a small UAV- based laser scanner system for
monitoring agricultural crops is proposed to be developed in this study. This system can fly at
low altitude and collect information with high resolution for instant crop condition monitoring.
The whole system is easy to be carried because of lightweight and compact devices. Moreover,
the developed system incurs the lowest possible cost in order to reduce the initial outlay and
running costs of crop-monitoring systems. For developing the system, the horizontal attitude of
the laser scanner was maintained by a 3-axis gimbal. The system position was located by a
single-frequency GPS receiver. A small device, Ninja Scan Light, was installed to record the
magnetic field intensity of the Earth. In this study, both GPS and magnetic data are used to
identify the flight direction. The accuracy of building 3D laser point cloud is assessed in specific
situations of applying and non-applying correction method with ground control points.
2. SYSTEM DESCRIPTION
To develop the system, the low-cost, compact, and light-weight devices are priority selection
(Table 1). In detail, The DJI spreading wings S800 (DJI S800) was selected as platform for the
developed UAV-based system (developed system). This is a hex-rotor aircraft specialized for
aerial photography. The DJI S800 has 6 brushless motors with carbon fiber propellers. They
are respectively assembled in 6 frame arms which are integrated to circuit-integrated center
frame. The total platform weighs 2.6 kg and under 7 kg takeoff weight design. The scanner
payload was selected based on the total payload limitation design. The chosen line laser
scanner, Hokuyo UTM30LX, is designed for robot with higher moving speed because of fast
response. This is a compact laser scanner with 0.37 kg of weight, detection range from 0.1 to
30 m with the wide angle of 2700 . The light source emits all wavelengths of 905 nm. For system
developing, the scanner was set to have a 1000 of field of view and 0.250 of angular resolution
with scan frequency of 40 Hz. The straight and level equilibrium flight is not easy to be achieve
with small UAV. During observation flights the UAV altitude is fluctuation, therefore; a 3-axis
gimbal (TAROT 5D) was used in order to maintain the horizontal attitude of the line laser
scanner. Moreover, a single-frequency GPS receiver (Sensor-Com Kinematic GPS Evaluation
Kit) was installed. The post processing kinematic GPS raw data, recorded at a rate of 5Hz, was
done in order to locate the airframe position with the highest possible accuracy. Moreover,
flight direction information is necessary for computing the coordinate of 3D laser point clouds.
Thus, an ultra-small motion logger (Ninja Scan Light) was installed on-board to obtain the
magnetic field intensity of the Earth at a rate of 1 Hz. The line laser scanner and the GPS
receiver are both controlled by a single-board PC (Raspberry Pi). The observed data was also
stored in this Raspberry Pi. Recorded data synchronization was performed using GPS time.
Finally, the whole system was supplied the power by Pin Lithium Polymer (LiPo) for capable
of flight times of about 5 minutes. The developed system and its devices are clearly illustrated
in figure 1.
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Table 1: UAV- based laser scanner system components
Components
Prices (USD)
DJI S800
3000
Hokuyo UTM 30LX
3300
TAROD 5D
1100
Sensor-COM GPS
50
NinjaScan- Light
17
Raspberry Pi 2
35
Turnigy 5000mAh 6S 40C
60
(Lipo)
Turnigy 3300mAh 4S 30C
30
(Lipo)

Weight (kg)
2.60
0.37
0.20
-0.02
0.05
0.84
0.39
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Figure 1: The hex-rotor aircraft DJI S800 with the 3-axis gimbal (TAROT 5D) carrying
the Hokuyo UTM30LX laser scanner, an ultra-small motion logger (Ninja Scan Light),
GPS receiver and a single-board PC (Raspberry Pi)
3. METHODOLOGY
3.1 3D laser point clouds generation
The laser scanning data captured by the developed system were processed carefully step by
step to achieve spatially point clouds. The main purpose of data processing method is to
compute the 3D coordinate of laser scanning point cloud in the Japanese mapping coordinate
system. For this, the observed data was processed with three main steps: computation of the
GPS antenna coordinates in Japanese mapping coordinate system, generation of the 3D
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coordinates of laser scanning points in laser scanner coordinate system and transformation of
laser scanner coordinates to Japanese mapping coordinates.
3.1.1 Computation of the GPS antenna coordinates in Japanese mapping coordinate
system (JMCS)
The output of this procedure is the coordinates of GPS antenna in Japanese mapping coordinate
system (JMCS). In fact, the Japanese mapping coordinate system (JMCS) consists of 14
individual coordinate systems with different origins. The coordinate system, in this study, is
defined with right hand. Based on the location of observation area, the corresponding original
point was selected. In this study, the JMCS is modified to right hand coordinate system. In
particular, Y-axis of the coordinate system, an axis which coincides with the meridian in the
coordinate system origin, urban positive values toward the true north, the X-axis of the
coordinate system, an axis orthogonal to the Y-axis of the coordinate system in the coordinate
system origin, the true the values toward the West is positive. Scale factor on Y-axis of the
coordinate system is 0.9999. To achieve the expected results, the GPS antenna position was
firstly located in in global coordinate system. For this, the observed GPS data received by a
single-frequency GPS receiver by applying post processed kinematic (PPK) method with
RTKLIB version 2.4.1 in order to achieve the GPS antenna geographic coordinates. Then, these
coordinates were convert to mapping coordinates in JMCS using Gauss-Krüger projection
equations.
3.1.2 Generation of the 3D coordinates of laser scanning points in laser scanner
coordinate system (LSCS)
The laser scanner coordinate system (LSCS) was defined as right hand with the origin located
at the mechanical origin of the line laser scanner. The Y axis, corresponds to the rotation axis
of the scanning mirror and its positive points to moving direction of the scanner. The positive
Z points up. The X axis belongs to the scanning plane and its positive points to scanning
direction. For illustrating, the 3D coordinates of laser scanning points t in LSCS can be express
in equation 1 (Figure 2).
Zs
Xs

Scanning direction

θt

Ys

rt

Observation point
Scanning
plane

t

Figure 2: Laser scanning points t in laser scanner coordinate system
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]
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𝑡
−𝑟 . 𝑐𝑜𝑠𝜃𝑡

(1)

Where: 𝑃𝑡𝑠 : The position of target scanning point t in laser scanner coordinate system
rt: The observed range
𝜃𝑡 : The scanning angle
3.1.3 Transformation of laser scanner coordinates (LSC) to Japanese mapping
coordinates (JMC)
The relative position of LSCS in JMCS is described in figure 3. From this, the coordinates
of 3D laser point clouds in LSCS was convert to JMC using the following transformation
equation:
HJ

HS

GPS Antenna
XJ

OS

XS
HJ

YJ

YS

XJ
OJ

YJ
Figure 3: Schematic of transformation of laser scanner coordinate system (OS XS YS HS) to
Japanese mapping coordinate system (OJ XJ YJ HJ). α is rotation angle in the horizontal plane
𝐽
𝑆
𝑃𝑡𝐽 = (𝑃𝐺𝑃𝑆
+ 𝑂𝐺𝑃𝑆
) + 𝑅𝑠𝐽 𝑃𝑡𝑠

(2)

Where:
𝑃𝑡𝐽 : 3D coordinates of laser scanning point in JMCS
𝐽
𝑃𝐺𝑃𝑆
: The 3D coordinate of GPS antenna in JMCS
𝑆
𝑂𝐺𝑃𝑆 : The offset vector from GPS antenna position to original of LSCS
𝐽
𝑆
(𝑃𝐺𝑃𝑆
+ 𝑂𝐺𝑃𝑆
): shows the 3D coordinate of the mechanical origin of the line laser scanner in
JMCS
𝑅𝑠𝐽 : The LSCS to JMCS rotation matrix
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𝑃𝑡𝑠 : The 3D coordinates of laser scanning points in LSCS
Right after getting the GPS antenna coordinates in JMCS, the position of the mechanical
𝑆
origin of the line laser scanner in JMCS is corrected by the value of offset vector (𝑂𝐺𝑃𝑆
), manual
measured with centimeter level of accuracy. Because the horizontal status of the laser scanner
is assumed to be maintained by using the gimbal, roll and pitch angles become 0. The rotation
matrix (𝑅𝑠𝐽 ), including yaw angle only, is expressed with clockwise rotation angle α. Then, 3D
coordinates of laser scanning points are computed by applying the follwing equation
𝑐𝑜𝑠
−𝑠𝑖𝑛
0
𝐽
𝑆
𝑃𝑡𝐽 = (𝑃𝐺𝑃𝑆
+ 𝑂𝐺𝑃𝑆
) + [ 𝑠𝑖𝑛
(3)
𝑐𝑜𝑠
0] 𝑃𝑡𝑠
0
0
1
3.2 Point clouds accuracy assessment
A flat area located in the campus of National Institute of Technology, Kumamoto College,
Kumamoto prefecture in Japan was used as a study area for assessing the accuracy of building
3D laser point clouds using the developed UAV-based system (Figure 4a). The experimental
observation performed in Dec. 19th, 2014. As above mentioned, the point clouds were collected
with the setting of a 1000 of field of view and 0.250 of angular resolution at the height of
about 7 meters from the ground surface. The unstable and gradually increasing of flight altitude
caused the significant difference in elevation height of scanning points (Figure 4c).
For accessing accuracy of developed system, 9 markers were arranged within the study area.
Their coordinates in JMCS was measured with total station and used as reference value for
accessing the accuracy of generated 3D laser point clouds. The locations of markers were
identified, and their observed coordinates were manually measured from the intensity image of
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Figure 4: Experimental site. a) The flat study area located in the campus of National Institute
of Technology, Kumamoto College, Kumamoto prefecture in Japan. There are 9 markers
arranged on the ground surface for validating the accuracy of 3D point cloud generation, b)
The intensity images and c) ellipsoid height of scanning points computed from observation
data on Dec. 19th,2014 respectively, color coded (red= high, green= low).
observation data. This coordinate was compared with the coordinated measured by the total
station to validate the accuracy of developed system. The accuracy was accessed in two
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individual situations of non-applying translation transformation, and applying Helmert
transformation with 4 ground control points.
4. RESULTS
4.1 Trajectory determination
The rotation angle α, in this study, is an important factor for computing the location of laser
scanning point (eq. 3). The value of α is identified from the magnetic data recorded by the Ninja
scan light. For calibrating the magnetic data, the UAV was turned in circle with the radius of
approximated of 1 m. From the magnetic data the magnetic north was identified. From this, the
flight direction was identified with the consideration of -6.884 degrees of magnetic declination
angle. The rotation angle α, in this study, is determined as the west of north angle between flight
direction and the true north direction (Figure 5). In case of uninstalling the Ninja scan light
device, the magnetic data could not be recorded. The rotation angle can be computed from the
location of UAV recorded by the GPS receiver (Figure 5). According to the result, the rotation
angle α ranges from 142.04800 to 146.97680.
4.2 Point cloud accuracy
The coordinates of scanning points were computed using GPS data. Then, the markers were
firstly recognized from intensity images generated from observation data. The marker position
was estimated from four scanning points closest to its center. For validating the accuracy of 3D
point clouds generation, the observed marker positions were compared to the true position
(a)
(b)
Magnetic North

YJ ( True North direction)

YJ ( T

δ
α'

α

XJ

OJ

OJ

α= α’+ δ
Flight direction

Flight direction

Figure 5: Schematic of identification rotation angle α from magnetic data with α’ is the
angle computed from calibrated magnetic data and δ is magnetic declination angle
measured by total station. The accuracy of building 3D laser point clouds is assessed by the
mean absolute error (MAE) (eq. 4). The MAE values and the standard deviation of the errors
are displayed in table 2.
MAE =

L
L
∑n
k=1|mPk −Pk |

n

(4)

Where:
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MAE: The mean absolute error
mPkL : Measured position of GCP point
PkL : Position of the GCP point
Table 2: The accuracy of generating 3D laser point clouds in test flight sites in Kumamoto
prefecture, Japan
MAE (m)
Standard deviation (m)
Orientation
data
Horizontal
Vertical
Spatial
Horizontal
Vertical
Spatial
Magnetic
data

1.19

1.09

1.62

0.10

0.09

0.13

With the expectation of improving the horizontal accuracy of building 3D laser point clouds,
the Helmert transformation was applied to observation data with four ground control points.
With the belief that the farther distance two separated points was selected, the more accurate
the result achieved; therefore, four points MP1, MP3, MP7 and MP9 locating at four coners of
target field were chosen. As a results of calcualting transformation parameters, the scaling
factor is approximate 1.0, and the reotation angles are small. The 3D point cloud is achieved
with the mapping accuracy of 0.46 m in horizontal and 0.39 m in vertical. The error of checked
points is dispalyed in Table 3
Table 3: The errors of checked points
True coordinate
ID

X (m)

Y (m)

Calibrate coordinate
H (m)

X (m)

Y (m)

Residual

H (m)

X (m)

Y(m)

H (m)

MP2

-37001.953

-58136

36.110

-37002.006

-58136.260

36.086

-0.053

-0.016

-0.023

MP4

-36997.702

-58129

36.157

-36997.588

-58128.671

36.204

0.114

0.020

0.047

MP5

-36996.541

-58130

36.135

-36996.422

-58129.491

36.173

0.119

0.037

0.039

MP6

-36993.358

-58132

36.174

-36993.248

-58131.969

36.197

0.110

0.097

0.023

MP8

-36992.083

-58124

36.143

-36992.065

-58123.990

36.132

0.018

-0.037

-0.011

5. Discussion
In this study, using magnetic data for identify the flight direction, the 3D laser point clouds
were built with greater precise in the comparison of using the GPS data (Table 4). The
horizontal accuracy identified with GPS and magnetic data were 1.19±0.10 m and 1.09± 0.09
m, respectively.
By applying Helmert transformation, in this study, the horizontal accuracy of generating 3D
laser point clouds improved. The approximate 1.0 of scale factor and the small rotation angle
demonstrate that they need not to be concerned (Table 3). Therefore, translation transformation
is suitable for correcting the point cloud generated from the developed system with the spatial
accuracy of sub- meter.
In the comparison with previous studies, Sugiura et al. (2005) reported the results of
generating map regarding crop status using imaging sensor mounted on the helicopter with
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spatial error range from 0.18 m to 0.29 m. Johnson (2006) used an UAV-baser laser scanner
system for terrain mapping and achieved the results of less than 0.5 m and 1.0 m in vertical and
horizontal accuracy, respectively. Wallace et al. (2012) developed a UAV-LIDAR system for
forest inventory with horizontal and vertical accuracy of 0.34 m and 0.14 m. In this study, the
developed system could achieve a mapping accuracy of 0.46 m in horizontal and 0.39 m in
vertical.
Besides the encouraging results, a number of limitations must be improved in future studies.
In general, the observation data quality was not good because of many missing scanning lines.
Thus, the recording program must be improved to correct this problem. Additionally, the
unstable flight altitude caused the less accuracy of generating the point clouds. Moreover, the
error in X axis of all check point in the middel target field is more than 1 dm. This result shows
that, the UAV was not stable. Therefore, for future study, automatically control mode is
suggested to be used instead of manually control mode in order to maintain the flight altitude.
Furthermore, the horizontal status of laser was not well maintained. A small test was performed
for checking the horizontal status of laser scanner with the continuously test flight including
backward movement and without resetting the gimbal. As a result, in such situations, the laser
altitude was not stable. To solve this problem, the backward movement should be avoided, and
the gimbal is suggested to be reset before performing observational flight. For observing the
wide target area with long flight endurance, the horizontal attitude of laser scanner is not easy
to maintained in whole flight, the rotation angles adopted by Ninja Scan Light consisting of
pitch, roll and yaw angle should be exploited. In this situation, the rotation matrix must be
defined with three rotating Eulerian angles.
6. Conclusion
The developed system consists of DJI S800 platform, Hokuyo UTM30LX line laser
scanner, a 3-axis gimbal (TAROT 5D), a single-frequency GPS receiver (Sensor-Com
Kinematic GPS Evaluation Kit), an ultra-small motion logger (Ninja Scan Light) and a singleboard PC (Raspberry Pi). The system weights under 7kg in total and cost approximate 8000
dollars. This is a light-weight and low-cost UAV- based laser scanner system in the comparison
with manned aerial vehicle system or heavy UAV- based laser scanner system costing several
thousand dollars. The developed system could be manually carried into the target field for
investigation and obtain target objects at low altitude.
Although the flight endurance is limited, the developed system shows its capability of multi
transects for observing target area. The data can be collected at low altitude with high resolution
under cloudy condition. Moreover, such systems are cheaper, more compact, light- weight and
flexible to use in the comparison with manned aerial vehicle or heavy UAV-based system. This
system is simple installation, easy operation, easily removable and can be manually carried to
the target fields. The results confirm that the developed system can be applied for monitoring
the rice plant in paddy level.
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