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Abstract: Topographic maps provide detailed information on variations of ground elevation, which
are essential to precision farmland levelling. This paper reports the development and experimental
study on an innovative approach of generating topographic maps at farmland-level with ad-
vantages of high efficiency and simplicity of implementation. The experiment uses a low-altitude
Unmanned Aerial Vehicle (UAV) as a platform and integrates Light Detection and Ranging (LiDAR)
distance measurements with Post Processing Kinematic Global Positioning System (PPK-GPS) co-
ordinates. Topographic mapping experiment was conducted over 2 fields in Henan province, China,
and primitive errors of the topographic surveying data were evaluated. Root Mean Square Error
(RMSE) between elevation data of the UAV-LiDAR topographic mapping system and ground truth
data was calculated as 4.1 cm and 3.6 cm for field 1 and field 2, respectively, which proved the
feasibility and high accuracy of the topographic mapping system. Furthermore, accuracies of topo-
graphic maps by using different geo-spatial interpolation models were also evaluated. The results
showed that TIN (Triangulated Irregular Network) interpolation model expressed best perfor-
mances for both field 1 with sparse topographic surveying points and field 2 with relatively dense
topographic surveying points, when compared with other interpolation models. Besides, we con-
cluded that as the spatial resolution of topographic surveying points is intensified from 5 mx0.5 m
to 2.5 mx0.5 m, the accuracy of topographic map based on TIN model improves drastically from 7.7
cm to 4.6 cm. Cut-fill analysis is also implemented based on topographic maps of TIN interpolation
model. The result indicated that the UAV-LiDAR topographic mapping system could be success-
fully used to generate topographic maps with high accuracy, which could provide instructive in-
formation for precision farmland levelling.

Keywords: Topographic map; Agricultural remote sensing; Unmanned aerial vehicle; Light detec-
tion and ranging; Interpolation model

1. Introduction

Surface unevenness of farmlands has been pointed out as a major issue that affected
agricultural drainage efficiency. Hu et al. (2014) reported that over 20% of irrigation water
could be wasted due to rough land surface of paddy fields, and Rickman (2002) concluded
that unleveled rice fields suffered about 24% yield loss on average when compared to the
effectively leveled ones for the same rice variety and the same fertilizer input [1],[2]. As
precision farmland levelling facilitates agricultural drainage, improves crop establish-
ment, and increases crop yield, many researchers both in academia and industry have
proposed different methodologies on removing mounds and puddles inside farmland
[31,[4]. Generally, two major precision farmland levelling techniques could be
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enumerated: laser farmland levelling and GPS (Global Positioning System) farmland lev-
elling [5]. And accurate topographic map is essential to precision farmland levelling,
which refers to a 2D (two-dimensional) graphic representation of a terrestrial land surface
feature using contour lines, hypsometric tints, and relief shading[6]-[9]. As for the laser
farmland leveler, selection of preset height of laser transmitter directly determines cutting
depth of each point, i.e., cut-fill ratios. Without referring to an accurate topographic map
it is almost impossible to manually set an appropriate height for the laser transmitter effi-
ciently and accurately, in order to optimize volumes of the relocated earth. It is not unu-
sual that the scraper of land leveler hangs too high to cut very few soils, or worse, tractor
gets stuck and cannot move forward due to high slipping rate when the scraper cuts too
deep. On the other hand, GPS farmland leveler measures and adjusts height of scraper by
comparing current height of the GPS receiver module with the reference height plane to
complete earth-moving process, which also needs an accurate topographic map to form
the reference height plane. In thus, accuracy, efficiency, as well as energy consumption of
precision farmland levelling is in high accordance with the delicacy of farmland topo-
graphic maps [9].

To generate topographic maps, new technologies including terrestrial laser scanning,
aerial photogrammetry and airborne laser scanning are recently utilized for civil construc-
tion survey, urban ecology modeling, forest monitoring, and etc. [10]-[17], while theodo-
lite, total station, and handhold RTK (Real Time Kinematic) - GPS module remain the con-
ventional and primary tools used in common topographic surveys[18]-[22]. Topographic
survey using handhold GPS module or tripod-based total station is featured with low ef-
ficiency, which cannot be applied into large-area operations. On the other hand, topo-
graphic survey in remote sensing manner covers large areas and is capable of obtaining
adequate data, in spite of high cost and complicated calibration procedures. Corsini et al.
(2013) monitored and mapped a slow-moving compound rock slide by integration of air-
borne laser scanner, terrestrial laser scanner, and automated total station, which quanti-
fied slope movement in the order of centimeters to a few decimeters[23]. Pablo et al. (2017)
evaluated a mobile LiDAR (Light Detection and Ranging) system mounted on a car to
develop an architectural analysis by generating 3D point cloud[24]. Terrone et al. (2021)
identified manmade landforms and assessed morphological evolution of the city of Genoa
by coupling historical maps and LiDAR data[25]. There are also plenty of research works
and products providing DSM based on airborne photogrammetry or satellite stereo-im-
agery [26]-[33]. However, processing aerial images to generate photogrammetric DSM
(Digital Surface Model) usually needs strict camera calibration and a large number of well
spatially-distributed GCPs (Ground Control Points), which in photogrammetry or com-
puter vision domain refers to such features that are easily recognizable and distinguisha-
ble in both the reality world and the images. The spatial resolution as well as accuracy of
such topographic maps usually reaches several decimeters to tens of meters, which cannot
meet high requirements of topographic maps with centimeter-level accuracy for precision
farmland levelling.

Therefore, in this study we developed and experimentally evaluated an innovative
topographic mapping system for precision farmland levelling, which is based on a low-
altitude UAV (Unmanned Aerial Vehicle). The UAV is equipped with LiDAR device and
PPK (Post Processing Kinematic)-GPS modules, which are utilized to conduct topographic
survey in a simple and totally autonomous manner. This research integrates multi-source
remote sensing data onboard the UAV platform, including LiDAR distance measure-
ments, attitude information (pitch and roll) of the UAV’s flight controller, and PPK-GPS
positioning data (latitude, longitude, altitude). And the ultimate objective is to generate
topographic maps of farmlands with centimeter-level accuracy efficiently both in time and
cost, by using geo-spatial interpolation models.

2. Materials and Methods
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2.1 Experiment equipment 98

Farmland topographic mapping experiment was established over 2 fields located in 99
Kaifeng City, Henan Province, China. Each field accounts for about 1 500 m? and 1200 m2, 100
respectively, shown in Figure 1 as field 1 and field 2. Previous crop was maize, and weeds 101
inside the fallow fields were manually removed prior to the experiment, so that there were 102

no significant foreign attachments on ground surface. 103
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Figure 1. Flight path of UAV-LiDAR topographic surveying experiment and locations 105
of accuracy validating points. 106

A hexa-copter (TTANTU UAV Co., Ltd, Beijing, China) was used as the UAV plat- 107
form, shown in Figure 2 (a). High accuracy LiDAR distance measuring device (JENOP- 108
TIK, Jena, Germany) was used to measure the distance between UAV-LiDAR topographic 109
mapping system and ground surface, which was rigidly fixed under the UAV platform 110
pointing vertically downwards. 2 GPS modules were used to calculate 3D positioning co- 111
ordinates at the frequency of 10 Hz of the UAV-LiDAR topographic mapping system in 112
the PPK manner. One GPS module was installed on the top of the UAV as a rover receiver, 113
while the other was fixed nearby the field as a base receiver, also shown in Figure 2 (b). 114

115

(a) UAV platform
ule

Figure 2. Equipment of topographic surveying experiment. 116

Autonomous UAYV flight was conducted on 24" October 2020, using flight paths de- 117
signed beforehand at the speed of about 5 m/s and altitude of about 30 m above ground 118
level. Trajectories of 2 autonomous flights over the experimental fields are shown in Fig- 119
ure 1, and cross-track interval of field 1 and field 2 was set as about 5 m and 2.5 m, respec- 120
tively. From the flight speed, positioning frequency of GPS module, and cross-track 121
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interval, spatial resolution of the topographic surveying data for field 1 and field 2 was 122

calculated as about 5 mx0.5 m and 2.5 mx0.5 m. 123
124
2.2 Acquiring PPK-GPS coordinates 125

Theoretically, standalone GPS receiver usually has a positioning accuracy varying 126
from submeter to several meters[34],[35]. On the other hand, RTK-GPS module uses a net- 127
work of ground or virtual reference stations to rectify GPS rover receiver’s positioning 128
data, and its positioning accuracy could be significantly improved up to about 2~5 centi- 129
meters. But as RTK-GPS device is embedded with communication modules for data trans- 130
mission via radio signal or cellular network, it is always too large in size and/or weight to 131
be installed upon small-sized UAV. Therefore, in this study two identical light-weight 132
PPK-GPS modules were used to collect high-accuracy positioning data in the same man- 133
ner with the RTK-GPS module, except that there is no data link in real-time between these 134
two GPS modules. After the completion of UAV topographic mapping flight, GPS posi- 135
tioning data of rover receiver as well as base receiver were acquired, respectively; and we 136
could dynamically rectify GPS rover receiver’s positioning data in the post-processing 137
style with the reference of GPS base receiver’s positioning data in the following manner. 138

Firstly, both GPS base and rover receiver were held stationary before the UAV plat- 139
form took off for over 30 minutes consecutively, and therefore 18 000 sets of effective static ~ 140
positioning data of each GPS module at the frequency of 10 Hz were obtained. Horizontal = 141
positioning data of the stationary GPS base receiver were shown in Figure 3(a), from 142
which we may see that horizontal positioning accuracy of standalone GPS module is about 143
3 m. By using arithmetic averaging method, the reference coordinate (x,,y,,h,) for PPK- 144
GPS algorithm was calculated out of GPS base receiver's positioning 145
data(Xpgseir Ypaseir Pvasei) as (3848750.598E, 312414.385N, 63.754m), according to Equation 146

1)~ (3). 147
— 18000 Xb i

x, = Y1890 tbasel ) 148
_ \"18000 Ybasei

Yr = Li=1 18000 (2) 149

hr — lez8$00 basei (3) 150

18000
where x,, y,, and h, refers to easting, northing, and altitude of the reference coordinate 151

for the PPK algorithm, while Xpusei, Ypaseir and hpgse; refers to easting, northing, and al- 152
titude of the positioning data of GPS base receiver, respectively. 153

Subsequently, positioning data of GPS rover receiver (X,oui, Yrovis Brovi) as well as 154
base receiver over the same period were processed in RTKLIB development environment 155
by using PPK-GPS algorithm, where X,,,;, Yrovi, and h,,,; refers to easting, northing, 156
and altitude of positioning data of the GPS rover receiver, respectively. PPK-GPS algo- 157
rithm calculates position deviations between each positioning data of GPS base receiver 158
(Xpaseir Ypaseir Mpasei) and the reference coordinate (x,,y,, h,) based on carrier phase anal- 159
ysis. It then uses the deviation information to rectify the corresponsive positioning data 160
of GPS rover receiver (X,opi» Yrovi» hrovi). Thus, PPK-GPS positioning data were acquired 161
as (Xgpsi» Yepsi» hgpsi), where Xgpsi, Yepsi, and hgpg; refers to easting, northing, and alti- 162
tude of the PPK-GPS positioning data, respectively. 163
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(a) standalone GPS (b) PPK-GPS
Figure 3. Positioning accuracy of standalone GPS and PPK-GPS. 165

The horizontal PPK-GPS positioning data of the stationary GPS rover receiver were 166
also shown in Figure 3(b), from which we may conclude that the horizontal positioning 167
accuracy of PPK-GPS module is about 2 cm. The comparison of static positioning accuracy 168
of standalone GPS and PPK-GPS shown in Figure 3 clearly indicates that PPK-GPS posi- 169
tioning data have high accuracy and is capable of precisely measuring 3D coordinates of 170
the UAV-LiDAR topographic mapping system. 171

Finally, GPS base receiver was kept at the same location, and GPS rover receiver 172
onboard the UAV platform was used to conduct topographic mapping experiment. The 173
UAV flight lasted for about 12 minutes for each field, and totally 675 and 1 626 set of PPK- 174
GPS positioning data were obtained for field 1 and field 2, respectively, after removing 175
noise data during taking-off, landing, and turning-around. The horizontal positioning co- 176
ordinates of PPK-GPS data were already shown in Figure 1, while altitudes of PPK-GPS 177
data were shown in Figure 4. From Figure 4 we may observe the variations of UAV’s 178
flight altitude from 90 m to 92.5 m, which is caused by its intrinsic aerodynamic factors 179
and influence of turbulence. 180
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(a) field 1 (b)field 2
Figure 4. Altitudes of PPK-GPS positioning data onboard the UAV platform. 182
2.3 Rectify LIiDAR distance measurements by using UAV’s attitude information 183

LiDAR is based on time-of-flight principle and has a measuring range up to 300 m 184
and 1 mm measuring resolution at the frequency of 2000 Hz[36]-[39]. The laser beam di- 185
vergence of the LIDAR distance measurement device is 1.7 milliradians, and the spatial 186
coverage of each measurement is about 60 mmx20 mm from a distance of about 30 m, 187
shown in Figure 5. A mini-computer (GB-XMI1-3537, Gigabyte, China) is connected with 188
the LiDAR through a universal serial bus cable, which saves each distance measurement 189
onboard in real time. As output frequency of PPK-GPS’s positioning data is 10 Hz, amean 190
filter with 200 step-size was applied to raw LiDAR distance measurements. In thus, the 191
output frequency of LiDAR distance measurements was altered from 2000 Hz to 10 Hz, 192
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in order to align multi-sources remote sensing data according to time sequences and also 193
improve LiDAR distance measuring accuracy in the meantime. Due to aerodynamic char- 194
acteristics, UAV body is apt to tilt irregularly during cruise flight. Because electronical 195
gimbals cannot meet the real-time stabilizing requirements in this study, LIDAR was rig- 19
idly fixed below the UAV platform and UAV’s attitude information were used to com- 197
pensate such influences like vibration and air disturbance during flight. 198

100 m On the lens

10m
| | |
34mm 18 mm i
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|
- 615mMm - o 54 mm -

— 40 mm— 199

Figure 5. Spatial coverage of LIDAR distance measurement. 200

Attitude of UAV is usually described by means of Euler angles defined as pitch (0), 201
roll (¢), and yaw (1) [40]-[42]. In this study we utilize an extended Kalman filter to inte- 202
grate data from multiple sensors of MEMS (Micro-Electro-Mechanical System) gyroscope, 203
accelerometer, and magnetometer for attitude estimation. Gyroscope is an inertial sensor 204
for measuring orientation based on angular momentum principles, and tri-axial angles 205

[Bgym Dgyro wgym]T can be acquired by integral operation, expressed in Equation (4). 206
However, due to temperature variations of gyroscope, errors accumulate along with time 207
and accuracy of MEMS gyroscope’s attitude data would be compromised. On the other 208
hand, accelerometer was used to measure UAV’s orientation based on trigonometric func- 209
tions of the acceleration of gravity components in each axial, expressed in Equation (5) 210
and Equation (6). MEMS magnetometer is also used for precisely calculating change of 211
UAV’s heading yaw based on magnetic intensity components in each axial [m,, m,,m,]", 212

in combination with measurements of gyroscope and accelerometer[43],[44]. 213
T T
[6gyr0 Bgyro Wayro] = [lwxwy w,] dt (4) 214
where 6y,,6, Pgyroand Py, is pitch, roll, and yaw of UAV platform from gyroscope, re- 215
spectively; while w,,w,,and w, is raw rotation rate (degree/s) of each axial from gyro- 216
scope. 217
Ogcce = —arcsin | —Z— (5) 218
lg2+g2+g2
9y
Pacce = arctan (g—) (6) 219

where 0, and ¢ is pitch and roll of UAV from accelerometer, respectively; while 220
9x gy, and g, is acceleration components readings in each axial from the accelerometer. 221

Therefore, in order to further improve accuracy of LiDAR distance measurements, 222
attitude data (pitch 8; and roll ¢;) of UAV platform were used to get nadir distance, ac- 223
cording to Equation (7). Nadir is defined as the angle that points directly downward, or 224
0° from the luminaire, shown in Figure 6. Variations of nadir distance between the LIDAR 225
device and ground surface during the UAV-LiDAR topographic surveying process were 226
shown in Figure 7, from which we may conclude that the nadir distance between the 227
UAV-LiDAR system and ground surface varies from 25.5 m to 28.5 m for both field 1 and = 228
field 2. The variations of nadir distance between the UAV-LiDAR topographic mapping 229


Assessor1
Highlight
ref


Drones 2022, 6, x FOR PEER REVIEW 7 of 17

LiDAR distance /m

system and ground surface arise from many factors, such as the ever-changing altitude of
the UAV platform during flight and the field terrain itself.

dpi = d; X cos8; X cos @; (7)
where d,,; and d; is the nadir distance and the actually measured distance between the
LiDAR device and ground surface, while 6; and ¢; is the attitude angle of pitch and roll
of the UAV flight controller, respectively.

Figure 6. Scheme of rectifying LiDAR distance measurements by using UAV’s attitude

information.
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Figure 7. Nadir distance between the UAV-LiDAR system and ground surface.
3. Results and discussion

3.1 Acquiring 3D coordinates of ground surveying points

Scheme of calculating elevation of ground surveying points (h;) is elaborated in Fig-
ure 9, which could be calculated according to Equation (8). Subsequently, by replacing
hgpsi with h;, 3D coordinates of ground surveying points could be obtained as
(xGpsi» Yepsir i)

h; = hepsi — hfix —dp; 8)
where h;, hgpsi, hrix and dy; is the elevation of ground surveying points, the altitude of
UAV’s PPK-GPS coordinates, the installation height difference between the GPS rover re-
ceiver and the LiDAR device (0.66 m), and the nadir distance between the UAV-LiDAR
system and ground surface, respectively.
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Figure 8. Scheme of calculating elevations of ground surveying points. 253

Based on 3D coordinates of each topographic surveying point, topographic maps in- 254
dicating spatial variations of within-field ground elevation were generated by using 255
ArcMap (ESRI Inc., Redlands, AB, Canada), shown in Figure 9. From the graduated sym- 256
bols representing different levels of ground elevation, we can visually specify concave 257
features (puddles) at each end for field 1, and understand the general high-south-low- 258
north terrain for field 2, with ground elevations varying from 63.339 m to 63.829 m and 259

63.398 m to 63.761 m, respectively. 260

312200 312220 312240 312250 312220 312240 312260 312280

[ = = w4 M

P 0 510 20 30 40

= =T

g a-E S

£ 5 = g

= =

=) = ET B

% 3 = -

(o] o

Z - . 63398 - 63.479 -2

| e63339-63472 o Z | 62480 6355 2

'5:6' ® 63.473 - 63.565 L E ﬁ » 53552 - 63614 g

ﬁ @ 63.566 - 63.626 :-{‘}‘ m 53615 - 63875

0 | @63627-63.694 e ® 53676 - €3.761

" | @63.695-63.829 Elevation of ground surveying points /m ) Elevation of ground surveying points /m

312200 31220 312210 312260 312220 312240 312260 312280 261

(a) Field 1 (b) Field 2

Figure 9. Graduated symbols represent elevations of ground surveying points. 262

3.2 Generating topographic maps based on interpolation models 263

In this study, we used 675 and 1626 set of effective topographic mapping data for 264
field 1 and field 2, respectively, to generate topographic maps based on different interpo- 265
lation models. In geo-statistics, interpolation is a method of approximating and assigning 266
new data for locations where no samples have been taken within the range of a discrete 267
set of known data points. There are various interpolation models such like TIN (Triangu- 268
lated Irregular Network), IDW (Inverse Distance Weighting), Kriging, and natural neigh- 269
bor, etc.[45]-[48], but which one suits research purpose of farmland terrain best still re- 270
mains unclear. 271

TIN is a vector-based interpolation model, which forms a network of triangles of ir- 272
regular size and shape. TIN’s triangular linear interpolation process begins with deter- 273
mining the triangular to which the interpolation point belongs; then calculating the pa- 274
rameters of 4, b, and c for plane equations of each triangular using 3D coordinates of three 275
vertices, expressed as Equation (9). The elevation data of every interpolation point within 276
the triangular could be acquired according to Equation (10). In ArcMap software, we 277
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constructed topographic maps to represent the ground elevation features of field 1 and 278
field 2 using TIN model, shown in Figure 10. From the maps we may conclude that 279
ground elevation of field 1 varies from 63.339 m to 63.829 m, and distinguishing convex 280
features (ridges) that are shown in bright white color intertwine with concave features 281
(puddles) that are shown in dark black color, with no obvious trend of terrain changing. 282
However, we can visualize a clear low-west-high-east terrain trend for field 2, with the 283

ground elevation changing from 63.398 m to 63.761 m. 284
Z Lx,yi]a
[Zzl = 11,5, ¥, [b] 9) 285
Z3 1,x3,y31Lc
z=a+bx+cy (10) 286

where g, b, and c is the parameter for determining plane equation; whilst x;, y;, and z; 287
(=1, 2, and 3) is the 3D coordinate (easting, northing, and elevation) of each vertices of the 288
triangular; and x, y, and z is the 3D coordinates of each interpolating point, respectively. 289
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(a)Field1. (b)Field2.
Figure 10. Topographic maps generated by using TIN interpolating model. 291

IDW interpolation model assigns a weighted value of serval neighboring points by 292
using an inverse distance weighted technique. The weight parameters could be deter- 293
mined from the mathematical model expressed as Equation (11)~(13). Natural neighbor 294
interpolation model is similar to the IDW model, except that it determines weight param- 295
eters by calculating proportionate areas instead of inversed distances. The IDW interpo- 296
lation result was shown in 297

298

Figure 11, from which we can see more clearly that ridges and puddles spread all 299
around field 1 and the low-west-high-east terrain trend for field 2 is also more obvious, 300
when compared with the topographic maps based on TIN interpolation model. We also 301
created topographic maps using the natural neighbor interpolation model in ArcMap soft- 302
ware, shown in Figure 12, from which we may observe similar terrain details of the two 303
fields under study when compared with the topographic maps generated by using IDW 304
interpolation model, except that topographic maps based on natural neighbor interpolat- 305

ing model have a more drastic change in ground elevation. 306
d; P

w; = ST 4 (11) 307

d; = /G =X + 0 =37 (12) 308

2(x,y) = X219 wiz(xi, y;) (13) 309

where w;, d;, p, and ny,, is weighting factor of each measured points, distance of each 310
measured point to interpolating point, power parameter, and number of measured points 311
included in the IDW model, respectively; while (x,y) and (x;,y;) is coordinate of easting 312
and northing of interpolating point and each measured point, respectively; 313
2(x,y) and z(x;, y;) is the estimated ground elevation of the interpolating point and each 314
measured point’s ground elevation, respectively. 315
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Figure 11. Topographic maps generated by using IDW interpolation model. 319
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Figure 12. Topographic maps generated by using natural neighbor interpolation model. 323

As mentioned above, TIN, IDW, or natural neighbor interpolation model bases on 324
the surrounding points” z—values for estimating the z—value for each interpolating point. 325
However, Kriging interpolation model incorporates geostatistical relationships among the 326
measured points. Thus, in contrast with IDW model, weight parameter for each surround- 327
ing measured point in Kriging interpolation model is not only determined by the inversed 328
distance but also influenced by the overall spatial autocorrelation of the measured points, 329
expressed as Equation (14). In this study we used ordinary Kriging method with spherical 330
semi-variogram model in ArcMap software to generate topographic maps, shown in Fig- 331
ure 13, from which we may conclude that the topographic maps based on Kriging inter- 332
polation model are quite similar to the topographic maps based on IDW model, and the 333

former are featured with more smooth edges in terms of terrain change. 334
2(x,y) = L7 wiz (e, v) (14) 335

where Z(x,y), Ny, w;, and z(x;,y;) is estimated z-value of interpolating point, number 336
of measured points included in Kriging model, weighting factor of each measured points, 337
and each measured point’s z -value, respectively. 338
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Figure 13. Topographic maps generated by using Kriging interpolation model. 341
3.3 Evaluating accuracy of UAV-LiDAR topographic mapping system 342
343
344

Table 1 3D coordinates of topographic mapping points measured by UAV-LiDAR topo- 345
graphic mapping system and PPK-GPS module 346

Ground elevation /m

Field Point Easting Northing

NO.  NO. /m /m UAV-LiDAR system Hand}(‘;‘ﬂd PPK-

PS

1 312217.07  3848795.93 63.658 63.616

2 312217.80  3848801.52 63.628 63.593

3 31221974  3848803.24 63.64 63.655

4 31222389  3848806.07 63.657 63.679

5 31222645  3848809.20 63.649 63.607

Field 6 31222930 384881151 63.404 63.476
1 7 312229.85 384879093 63.605 63.565
8 31223301  3848793.73 63.67 63.631

9 31223460  3848796.05 63.514 63.568

10 31223679  3848798.72 63.631 63.664

11 31223910  3848802.99 63.572 63.529

12 31224129  3848805.18 63.685 63.662

1 31224361 384887226 63.420 63.369

2 31224792 3848874.06 63.522 63.508

3 31225131  3848877.77 63.526 63.509

Field 4 31225422 384888196 63.531 63.596
2 5 31225782  3848887.05 63.549 63.524
6 31226332 384889026 63.532 63.584

7 31227322 384888335 63.609 63.558

8 31227082  3848880.46 63.635 63.696
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9 312265.42 3848876.86 63.629 63.542
10 31226292 3848873.27 63.641 63.657
11 312260.31 3848869.36 63.542 63.681
12 312253.82 3848864.66 63.535 63.578

As indicated in Section 2.2, static positioning accuracy of PPK-GPS module is about 347
2 cm, which is proved to have high positioning accuracy and could be used as reference 348
data to evaluate the performance of the UAV-LiDAR topographic mapping system. There- 349
fore, we removed the GPS rover receiver from the UAV platform upon the completion of 350
the topographical mapping flight and fixed the antenna of the GPS module onto an alu- 351
minum plate. Subsequently, we manually dragged the aluminum plate with GPS antenna 352
over field ground to cross UAV’s flight paths, showed in Figure 1 as green lines. In this 353
way, we acquired accurate 3D coordinates (easting, northing, and elevation) of 12 discrete 354
points distributed around each field, which overlapped (or fell within very near neigh- 355
borhood of) the topographic mapping points. Geo-spatial coordinates of these points were 356
listed in Table 1. 357

Root Mean Square Error (RMSE) between 12 pairs of ground elevation data of hand- 358
hold PPK-GPS module and UAV-LiDAR topographic mapping system was calculated as 359
0.041 m and 0.036 m for field 1 and field 2, respectively, according to Equation (15). RMSE 360
for 2 fields under study showed no significant distinction, although track interval of the 361
UAV-LiDAR topographic mapping system for the 2 fields is quite different (5 m for field 362
1 and 2.5 m for field 2). Since the ground elevation of the fields under study varies from 363
63.339 m to 63.829 m and 63.398 m to 63.761 m, respectively, the value of RMSEuav showed 364
that topographic data of the UAV-LiDAR topographic mapping system are of very high 365
precision. 366

2

RMSE y = 2131(8‘”‘1%“’5) (15) 367
where RMSEuav is the root mean square error between ground elevation data of handhold 368
PPK-GPS module and UAV-LiDAR topographic mapping system; euavi and ecpsi indicate 369
the ground elevation data of the UAV-LiDAR topographic mapping system and the hand- 370
hold PPK-GPS data, respectively. 371

Accuracy of topographic maps generated by using interpolation models depends on 372
two systems of error. One is accuracy of each measured points, i.e. the primitive error. The 373
other adheres to mathematical model of each specific interpolation model, i.e. the inter- 374
polation error. In this study, primitive error is indicated by values of RMSE between 375
ground elevation data of handhold PPK-GPS module and the UAV-LiDAR topographic 376
mapping system, which proved the topographic data of UAV-LIiDAR topographic map- 377
ping system are very accurate. Interpolation error is the main source that contributes to 378
accuracy of topographic maps, as the z—value of each interpolation point is not only de- 379
termined by the surrounding points’ z—values but also influenced by the neighboring 380
points” spatial distribution. 381

Table 2 3D coordinates of sampled points acquired by using handhold PPK-GPS module 382
and different interpolation models 383

Ground elevation /m

Field Point Easting Northing

PPK- Natural
NO. NO. /m /m ioi
GPS TIN IDW Neighbor Kriging

312227.81 3848810.62 63.461 63.489  63.476 63.501 63.497
312225.17 3848807.27  63.587  63.657  63.655 63.654 63.654
312222.05 3848804.39 63.693 63.645  63.636 63.632 63.631
312240.04 3848804.39  63.618 63.637  63.644 63.644 63.644
312218.93 3848801.75 63.585 63.636  63.642 63.641 63.643

Field

O = W N =
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6 312238.12 3848800.07 63.656  63.619  63.629 63.617 63.627

7 312217.25 3848798.15  63.578 63.631  63.642 63.638 63.642

8 312235.48 384879743  63.462 63.570  63.579 63.575 63.577

9 312234.52 3848795.03 63.704 63.590 63.573 63.585 63.586

10 312231.64 3848792.63 63.779  63.639  63.636 63.633 63.634

1 312259.81 3848887.79  63.589  63.546  63.543 63.546 63.546

2 312257.09 3848884.10 63.520 63.572  63.581 63.578 63.579

3 312272.05 3848881.38  63.676  63.626  63.623 63.625 63.624

4 312253.59 3848879.43  63.554 63.508  63.504 63.502 63.502

Field 5 312268.75 3848878.85  63.683 63.636  63.626 63.634 63.633
2 6 312250.09 3848876.71 63.538 63.481 63.474 63.485 63.483
7 312264.47 3848874.19  63.670  63.651  63.651 63.652 63.652

8 312246.78 3848873.41 63495 63.471  63.462 63.471 63.469

9 312261.36 3848871.66 63.519 63.578  63.594 63.586 63.588

10 312256.89 3848867.38 63.593 63.549  63.546 63.549 63.551

384

In order to evaluate accuracy of topographic maps generated by using different in- 385
terpolation models, we obtained accurate 3D coordinates of 10 discrete points distributed 386
around each field from the trajectory of handhold PPK-GPS module. Spatial distribution 387
of these evaluating points was also shown as green dots in Figure 1, and the 3D coordi- 388
nates were listed in Table 2. Furthermore, according to easting and northing coordinates 389
of handhold PPK-GPS data, the ground elevations of each point in topographic maps of 390
different interpolation models were extracted in ArcMap software and listed in Table 2. 391

Table 3 RMSE between ground elevation data of handhold PPK-GPS module and 392

topographic maps of different interpolating models 393
TIN IDW  Natural Neighbor Kriging
Field1  0.077m 0.083 m 0.082m 0.082 m
Field2  0.046 m 0.053 m 0.048 m 0.049 m

RMSE between ground elevation data of handhold PPK-GPS module and topo- 394
graphic maps of different interpolation models for field 1 and field 2 was calculated, ac- 395
cording to Equation (16) and listed in Table 3. From Table 3 and RMSEuav mentioned 396
above, we could conclude that although there is no significant distinction between the 397
primitive error of the UAV-LiDAR topographic mapping system for field 1 and field 2, 398
the difference of interpolating errors among each interpolation model is obvious. TIN in- 399
terpolation model expressed best performances for both field 1 with sparse topographic 400
surveying points and field 2 with relatively dense topographic surveying points, when 401
compared with other interpolation models like IDW, natural neighbor, and Kriging. Be- 402
sides, as the spatial resolution of topographic surveying points is improved from 5 mx0.5 403
m to 2.5 mx(0.5 m, the interpolating error of topographic maps based on TIN model drops 404
drastically from 0.077 m to 0.046 m. 405

512, (emapj—caps;)” (16)
10

where RMSEmap indicates RMSE between the ground elevation data of handhold PPK-GPS 407

and topographic maps of different interpolating models; emapj and ecrsjindicates ground 408

elevation data of topographic maps using different interpolating models and handhold 409

PPK-GPS module, respectively. 410

RMSE p,p = 406
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According to the topographic map of TIN models that are most suitable to depict 411
farmland terrains, cut-fill analysis was conducted for each field. Based on statistical results =~ 412
of the ground elevation data from eac topographic maps, average value of each field's 413
ground elevation data was calculated as 63.597 m and 63.564 m. Average value of ground 414
elevation was assigned to new raster models that share same geo-spatial coordinates and 415
resolution with the topographic maps of TIN model as desired ground elevation. By com- 416
paring value of ground elevation of each point in the topographic map with the new raster 417
model, operations of cut or fill could be determined, shown in Figure 14. Blue color rep- 418
resents the areas where ground elevation is larger than the average value and soils could 419
be cut to form a desired plane, while red color represents the areas where ground eleva- 420
tion is smaller than the average value and it need extra soils to be filled. Furthermore, 421
results of cut-fill analysis showed that for field 1 the volume of cut soil is about 33.2 m3, 422
which accounted for about 616.4 m?, showed in Figure 14 (a) as blue color; while the areas 423
to be filled with extra soils accounted for about 454.8 m?, showed in Figure 14 (a) as red 424
color. On the other hand, for field 2 the volume of cut soil is about 46.3 m3, which ac- 425
counted for about 603.8 m?, showed in Figure 14 (b) as blue color too; and the areas to be 426
filled with extra soils accounted for about 557.6 m? showed in Figure 14 (b) as red color. 427
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430

Figure 14. Cut-fill analysis based on topographic maps of TIN model. 431

4. Conclusion 432

In this study, we developed an innovative topographic mapping system by integrat- 433
ing LiDAR distance measurements with PPK GPS coordinates, using a low-altitude UAV 434
as a platform in a simple, efficient, and totally autonomous fashion. The positioning accu- 435
racy of PPK- GPS module was experimentally validated as 2 cm, which shows good capa- 436
bility of conducting topographic mapping on farmlands. Topographic mapping experi- 437
ments in 2 fields were conducted and topographic maps indicating spatial variations of 438
within-field ground elevation were generated. The main conclusions were summarized 439
as follows. 440

(1). From the topographic maps of graduated symbols, we can understand that 441
ground elevations do not indicate any significant terrain trends for field 1, but 2 concave = 442
features (puddles) as well as several convex terrains (ridges) could be clearly observed. 443
On the other hand, the gradual increasing trend in elevation from northwest to southeast 444
end of field 2 is obvious. 445

(2). RMSE between 12 pairs of ground elevation data of handhold PPK-GPS module 446
and UAV-LiDAR topographic mapping system was calculated as 0.041 m and 0.036 m for 447
field 1 and field 2, respectively. As varying range of ground elevation of field 1 and field 448
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215 0.49 m and 0.363 m, respectively, the RMSE showed that topographic data of the UAV-
LiDAR topographic mapping system are of high accuracy.

(3). Different interpolation models including TIN, IDW, natural neighbor, and
Kriging were used for generating topographic maps based on 675 and 1 626 set of effective
topographic mapping data for field 1 and field 2, respectively, so that the most suitable
interpolation model could be determined. 3D coordinates of 10 handhold PPK-GPS points
as well as corresponding points from each topographic map of different interpolation
models were collected around each field under study. From RMSE of ground elevation
data, we concluded that there is no significant distinction between primitive error for field
1 and field 2, but the difference of interpolating errors among each interpolation model is
obvious.

(4). TIN was proved as the most suitable interpolation model for applications of
farmland topographic mapping. Besides, as the spatial resolution of topographic mapping
points is improved, the interpolating error of topographic maps based on TIN model
drops drastically from 0.077 m to 0.046 m. Cut-fill analysis based on topographic maps of
TIN model suggested volumes and areas of soils to be cut or filled, which also provides
detailed information on setting height of desired ground plane and path planning of farm-
land leveler for future study.

Therefore, we can conclude that based on TIN interpolation model, the UAV-LiDAR
topographic mapping system could be successfully used to collect topographic data with
high accuracy, which are instructive for precision farmland levelling.
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