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UAS
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3-143 ( )/ ( )  

 

3-144  
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3-50  

    

 

 0.896 0.3 
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 3.5   
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3-145  
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120~160 UAS

6.00µm 21mm 200
80% 50%
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3-146  

3-51  

  

  

 105/9/7 

 17.6  

 
( 28°C

70%) 

/  /  

/  200 /400  

 0.06  

UAS  UAS 

    105 9 7 1000
3-147 1005

UAS 10
1 7~8 1330

6 1,294
GSD 6 3-148  



 

146   |  

 

 

3-147  
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3-150  



 

148   |  

 

3-52  

    

 

 0.811 0.3 
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4.90µm 21mm 200
80% 50%

3-152
3-53  



105

 

 |   149 
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/  /  

/  200 /500  

 0.06  

UAS  UAS 

    105 9 9 0940 74
3-153 0945

UAS 13
1 7~8 1630
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 0.06  

UAS  UAS 

    105 9 13 0940
3-159 0945

UAS 12
1 7~8 1630

26 1,725
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UAS



105

 

 |   155 

 

3-161 3-162
3-56  
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3-162  
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3-164  

3-57  

  

 
 

 105/9/10 
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( 28 C

20%) 

/  /  

/  200 /800  

 0.06  

UAS  UAS 

    105 9 13 1030
3-165 1040

UAS 5
1 7~8 1350

12 615
GSD 6 3-166  
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3-166 UAS  
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3-167 3-168
3-58  
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( )  

 

3-168  
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 0.900 0.3 
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3-169 
 

 

 



105

 

 |   161 

 

 13 14  
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    13 280 40~60
UAS R

4.90µm 21mm 200
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3-170 3-59  
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10%) 

/  /  
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16 1695
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    UAS

3-173 3-174
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105

 

 |   165 

 

3-60 13  

    

13  

 0.866 0.3 

 3.9   

 3.9   

    25
3-175  

 

3-175 13  

 14  

  

    14 650
125~145 UAS

6.00µm 21mm 200
80% 50% 14

3-176 3-61
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 105/10/24 

 30  
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/  /  

/  200 /1000  
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UAS  UAS 

    105 10 24 0915
3-177 0930

UAS 18
1 7~8 1610
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GSD 6 3-178  
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3-177 14  

 

3-178 14  

  

    UAS

3-179 3-180
3-62  
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3-179 14 ( )/ ( )  

 

3-180 14  
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3-62 14  

    

14  

 0.853 0.3 

 2.7   

 3.2   

    25
3-181  

 

3-181 14  

 

 



 

170   |  

 

  

    GNSS IMU
GNSS

IMU
UAS

3-182 UAS  

 

3-182 UAS GNSS/IMU  

    104 POS
3-183 POS

POS GNSS IMU
GNSS Micro 

Electro Mechanical Systems, MEMS IMU
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3-183 POS  

3.2.1  

    GNSS IMU
GNSS IMU GNSS

IMU

(1)GNSS
Leverarm (2)IMU

Boresight
POS

GNSS IMU

3
525 3-63

 

3-63  

    

17
 

 0.836 0.3 

 5.3   

 5.0   
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    3-184 GNSS IMU POS GNSS
IMU POS

3-64  

 

3-184 POS  

3-64  

  

X -0.2308 Omega -0.0158 

Y -0.0973 Phi -6.1689 

Z -0.5497 Kappa 4.9840 

3.2.2  

    
POS 3-185

Visual Studio C++
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3-185  

    1
3-65

20 POS
600 GSD 25

RMS Root Mean Square 4.331 5.030 4.471
GNSS POS 3-66

GNSS POS RMS 27% 29%
55%
3-67 3-69 1

1~3
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3-65 BD970 ADIS16488  

 600  

 E( ) N( ) H( ) 

AVG -1.571 -1.313 1.489 

STD 4.079 5.245 4.554 

RMS 4.331 5.030 4.471 

 

AVG  

STD

 

RMS RMS

 

n  

3-66 LEA-6T ADIS16488  

 600  

 E( ) N( ) H( ) 

AVG 0.149 0.723 -1.163 

STD 5.819 7.034 8.908 

RMS 5.910 7.109 9.997 
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3-67 600  

 ( ) ( ) 

AVG 0.250 0.250 

STD 0.547 0.359 

RMS 0.588 0.419 

3-68 200  

 ( ) ( ) 

AVG 0.218 0.215 

STD 0.576 0.432 

RMS 0.614 0.480 

3-69 200
 

 ( ) ( ) 

AVG 0.108 0.128 

STD 0.141 0.149 

RMS 0.163 0.186 

    3-70
GNSS/IMU 1~2

1~2

IMU
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    UAS 104

UAS

104

UAS

 

4.1.1  

   
104

4-1 45 Sony 
DSC-QX1 16mm 5,456 
x 3,632 2,000 CMOS 23.2 x 15.4 m

COMS APS-C Sony
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4-1  

   

 

  

 

 Sony QX10 
 CMOS 1/2.3 

6.17 x 4.55mm  

 Pixel Size: 1.25 µm 
 f = 4.45~44.5mm 
  
 4~1/1600)/

1~1/1600  

 Sony QX1 
 CMOS APS-C 

23.2 x 15.4mm  

 Pixel Size: 4.21 µm 
  16mm 
 / A S M  
 / / /

10 /2  

 1.1  1.4  

POS  GPS   

 ( ) Multi/Micro USB  

 
 

 

 

    UAS 4-1 4-2
120 500

20
UAS 4-2

POS UAS
(1)

(2) UAS
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4-3  

 

4-1 UAS 

4-2 UAS  

 120   < 500  
 5.0   < 2,500  
 1.0   < 20  

 

  

4-2  
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4-3  

4.1.2  

4.1.2.1  

    

4-4
SfM Structure from Motion

Mesh
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4-4 UAS

    

4-5
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4-5

4.1.2.2

    AgiSoft PhotoScan
Python PhotoScan

Python

PhotoScan

    

3

    Clustering Computing
3 4-3
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4-3  

 
HP Z620 

WorkStation 

Dell 

WorkStation 

HP Z440 

WorkStation 

 

Intel Xeon 
E5-2620*2 

24 Core  

Intel Xeon 
E5-620*2 

16 Core  

Intel Xeon 
E5-1630 V3 

8 Core  

 96 GB 24 GB 68 GB 

 

Nvidia GeForce 
GTX 780 Ti 

Nvidia Quadro 
2000 

Nvidia Quadro 
4000 

Nvidia Quadro 
M4000 

Nvidia Quadro 
200 

 Windows 10 Windows 10 Windows 10 

    Bentley ContextCapture
ContextCapture SmartCapture Acute3D

Skyline Photomesh

PhotoScan
ContextCapture  

4.1.2.3  

    
Sony QX-1

 

  

    Australis iWitness PRO
4-6

Australis
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SfM
Australis SfM

4-6

    Sony QX1

    
GNSS

10
Sony QX1

4-7
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+
+ +  

 

4-7 Sony QX1  

    1 3 50
1.6 160  

  

    SfM
SfM

Australis
c xp yp K1 K2

K3 P1 P2 B1 B2
4-8 4-10 a

b
5  
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4-8 Sony QX1_01 a b  

 

4-9 Sony QX1_02 a b  

a b

a b
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4-10 Sony QX1_03 a b  

    SfM
16

SfM
QX1

5 1.603
Pixel Size 1.028 Pixel 1 Pixel

4-4 4-11 QX1
5 1.149 Pixel Size

0.705 Pixel 1 Pixel 4-5 4-12
QX1 5

1.708 Pixel Size 1.025 Pixel
1 Pixel 4-6 4-13  

    5
1 Pixel 1.028 pixel

5
10

10
 

a b
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4-4 Sony QX1_01

X Y Z (cm) (Pixel) X Y Z (cm) (Pixel)
0.473 0.479 1.177 1.107 0.748 0.735 0.924 2.513 1.603 1.083
1.009 0.833 0.738 1.25 0.844 1.528 1.174 1.395 1.374 0.928
0.659 1.031 1.847 1.279 0.864 0.751 0.651 1.584 1.079 0.729
1.383 1.28 1.598 1.427 0.964 1.259 0.839 0.958 1.034 0.699
0.926 0.901 1.804 1.281 0.866 0.731 0.634 1.457 1.01 0.682
1.504 1.102 1.519 1.389 0.938 1.252 0.845 0.856 1.002 0.677
0.813 0.808 1.737 1.201 0.812 0.723 0.634 1.409 0.985 0.665
1.38 1.007 1.51 1.316 0.889 1.247 0.838 0.86 0.999 0.675
0.746 0.875 1.632 1.153 0.779 0.712 0.647 1.298 0.932 0.63
1.312 1.134 1.386 1.282 0.866 1.261 0.834 0.887 1.012 0.684
0.834 0.848 1.561 1.133 0.766 0.692 0.638 1.237 0.897 0.606
1.41 1.118 1.37 1.306 0.882 1.246 0.828 0.837 1 0.676

Total RMSE

15

20

25

30

RMSE (cm)RMSE (cm)

5

10

Total RMSE

4-11 Sony QX_01
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4-5 Sony QX1_02

X Y Z (cm) (Pixel) X Y Z (cm) (Pixel)
0.57 0.352 0.997 0.981 0.602 0.952 1.139 1.262 1.125 0.69
0.92 0.913 0.877 1.278 0.784 1.123 1.4 0.86 1.149 0.705
0.703 1.169 1.265 1.074 0.659 0.888 1.061 0.754 0.91 0.558
0.954 1.435 1.008 1.153 0.707 1.067 1.335 0.722 1.071 0.657
1.203 1.035 1.079 1.108 0.68 0.869 0.984 0.682 0.854 0.524
1.538 1.244 0.874 1.249 0.766 1.04 1.28 0.66 1.026 0.629
1.102 1.001 1.052 1.053 0.646 0.887 0.979 0.606 0.839 0.515
1.392 1.251 0.815 1.179 0.723 1.051 1.279 0.626 1.022 0.627
1.049 1.149 1.015 1.073 0.658 0.883 0.975 0.592 0.833 0.511
1.337 1.443 0.901 1.249 0.766 1.057 1.278 0.62 1.022 0.627
1.055 1.149 1.033 1.08 0.663 0.866 0.97 0.524 0.81 0.497
1.332 1.442 0.882 1.242 0.762 1.032 1.284 0.564 1.005 0.617

Total RMSE

15

20

25

30

RMSE (cm)RMSE (cm)

5

10

Total RMSE

4-12 Sony QX_02
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4-6 Sony QX1_03

X Y Z (cm) (Pixel) X Y Z (cm) (Pixel)
0.859 0.622 0.336 0.908 0.523 0.905 1.01 1.008 0.967 0.561
0.953 1.087 1.497 1.699 0.977 1.234 1.149 2.586 1.783 1.025
1.039 1.227 0.6 0.991 0.569 0.794 0.858 0.694 0.785 0.451
1.207 1.445 2.573 1.841 1.058 1.215 1.099 1.957 1.234 0.847
1.218 1.127 0.588 1.016 0.584 0.801 0.789 0.612 0.739 0.425

1.1 1.4 2.396 1.724 0.991 1.231 1.033 1.995 1.479 0.85
1.129 1.054 0.606 0.955 0.549 0.847 0.81 0.518 0.736 0.423
1.031 1.281 2.196 1.584 0.91 1.031 1.281 2.196 1.584 0.91
1.02 1.136 0.618 0.951 0.547 0.836 0.802 0.495 0.727 0.418
0.946 1.315 2.244 1.598 0.918 1.232 1.053 1.991 1.483 0.852
0.994 1.083 0.702 0.94 0.54 0.817 0.788 0.476 0.71 0.408
0.949 1.293 2.206 1.575 0.905 1.172 1.049 1.986 1.462 0.84

Total RMSE

15

20

25

30

RMSE (cm)RMSE (cm)

5

10

Total RMSE

4-13 Sony QX_03
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4.1.2.4  

    WebGL

OBJ STL X3D DAE

Khronos Group
COLLADA COLLAborative Design Activity Digital Asset 

Exchange, DAE
 WebGL 

Khronos WebGL
glTF GL Transmission Format

JPEG for 3D
 3D 

glTF COLLADA
glTF glTF JSON
3D

glTF
Extension

 

WebGL

3D 
LoD 3D

3D Tiles
octree 4-14
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4-14 3D Tiles for octree

LoD octree
octree

3D LoD Google Earth KML
4-15 KUAS.kml 3D Tiles

000_000 002_002 9 3D Tiles
3D Tiles LoD

L15~L17

4-16
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4-15 3D Lod Tiles KML
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a L15 b L16 

  
c L17 d L18 

  
e L19 f L20 

  
g L21 h L22 

4-16 3D Lod Tiles KML  
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    3D LoD
WebGL

glTF 3D
Cesium glTF b3dm

 

4.1.3  

4-17
UAS

300 8 1.16

4 1,557  

 

4-17  

    4-18
SfM

4-7 14.3
10.3 9.17

Pixel 0.828 Pixel  
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4-18

4-7

ID
Error

X m Y m Z m XY m Pixel
Control Point

Tc01 0.0333 -0.0996 0.0440 0.1139 0.698
Tc03 0.0141 -0.0039 0.0111 0.0184 0.958
Tc05 -0.0352 -0.0680 -0.0066 0.0769 0.984
Tc06 0.0365 -0.0211 -0.0196 0.0465 0.637
Tc09 0.0142 0.1106 -0.0337 0.1165 0.848
Tc10 0.0190 0.0528 -0.0366 0.0670 0.746
Tc11 -0.0327 0.0590 0.0223 0.0710 0.653
Tc13 -0.0561 -0.0382 0.0295 0.0740 0.975

RMSE 0.0790 0.809
Check Point

Tc02 -0.0056 -0.0442 0.0431 0.0620 0.877
Tc04 0.0586 -0.0351 0.0359 0.0771 0.970
Tc07 0.0150 0.0051 -0.0145 0.0214 0.577
Tc08 0.0202 -0.0270 0.0384 0.0511 0.613
Tc12 0.0031 -0.0648 0.1063 0.1245 0.721
Tc15 -0.0767 -0.1207 0.0036 0.1431 0.987
Tc17 -0.0548 -0.0652 0.0782 0.1157 0.862
Tc18 -0.0356 0.0160 0.0603 0.0718 0.861

RMSE 0.0917 0.828
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UAS 4-19

4-22 104
4-23

QX-1 QX-10
Bentley Contexture 104

 

 

4-19  
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4-20  

 

4-21  
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4-22  

 

a Sony QX-10 1 
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b Sony QX-1 1 

 

c Sony QX-10 2 
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d Sony QX-1 2 

 

e Sony QX-10 3 
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f Sony QX-1 3 

 

g Sony QX-10 4 
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 (h)Sony QX-1 4 

4-23 104  

4.1.4 UAS  

4.1.4.1 UAS Ladybug  

 Ladybug  

UAS 104

Ladybug
Ladybug

SfM
Ladybug 4-24

SfM
 



 

204   |  

 

 

4-24 Ladybug  

 Ladybug  

    
SfM

4-25 4.1  

 

 
(4.1) 

u v w h f
X Y Z  
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4-25

    

UAS 4-26 4-27

4-26 UAS
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4-27 UAS  

  

    SfM
CMVS Clustering 

Multi-View Stereo PMVS Patch-based Multi-View Stereo CMPMVS
Clustering Patch-based Multi-View Stereo

UAS  

4.1.4.2  

    
Ladybug

UAS ( )
UAS

UAS 4-28
Ladybug
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a UAS  

 

b  

 

c UAS  
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d UAS UAS  

4-28 UAS  

    
UAS

 

4.1.4.3  

    UAS

4-29
4-30 UAS UAS

Ladybug  

    

100
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4-29 UAS  
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4-30 UAS  

4.1.5  

    

UAS
UAS

UAS
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4-31
720

4-32 UAS

UAS
 

 

4-31  

 

4-32 720  

4.2.1  

    RICOH THETA S 360 4-33
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4-8 190
360 4-34 RICOH THETA 

S

ISO
4-35

4-36  

 

4-33 RICOH THETA S  

4-8 RICOH THETA S  

 10  

 
 ISO  

  

  

 
-2.0 +2.0EV

1/3EV  

ISO   ISO100~1,600 
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 ISO100~400 

 
 

 

  

 
 1/8,000~1/7.5  

 1/8,000~1/15  

 4GB 

 

 1,200  

 
3

40  

  

 200  

 

 JPEG Exif 2.3 DCF2.0  

 
MOV MPEG-4 AVC/H.264

LinearPCM  

 microUSB USB2.0 

 W42 x H129 X D22.8  

 95  

 0~40 C 

 90%  

 -20~60 C 
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4-34 RICOH THETA S
https://theta360.com/  

 

4-35  
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4-36  

    UAS 4-37 UAS
4-9

UAS
UAS 4-38

4-39 UAS
 

    JPG 4-38
4-39 MP4

4-40

 



 

216   |  

 

 

4-37 UAS  

4-9 UAS  

 120   < 500  
 5.0   < 2,500  
 1.0   < 20  

 

4-38  
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4-39  

 

4-40  

    4-41 4-42
60
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4-41  

 

4-42  

4.2.2  

    UAS

RICOH THETA S
4-43 4-49

4-45 4-46 360 4-47 360
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4-48 4-49
 

 

4-43  

 

4-44  
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4-45 360  
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4-46 360  
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4-47 360  
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4-48 /  

  

4-49 /  

    4-50 FOV
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4-50  

    360 4-45

VR
4-51

 

 

4-51 VR http://store.sony.com.tw/  
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4.2.3  

    360
UAS

15 360

VR

VR
 

   
UAS

UAS Wi-Fi

VR
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    UAS NIR, Near 
Infrared Spectroscopy

RGB

Normalized Difference Vegetation Index, NDVI
Green Normalized Difference Vegetation Index, GNDVI

Sample Ratio Vegetation Index, SRVI UAS 
NIR NIR

RGB NIR

 

  

    UAS

5-1 RGB
800~980nm NIR

RGB NIR
5-2  
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5-1

5-2 RGB NIR

    NIR
5-1 RGB

CMOS 380~1,200nm
380nm~780nm 780nm

1200nm CCD Charge Coupled Device CMOS
FE-Mount

Carl Zeiss Sonnar T* FE 35mm F2.8 ZA Carl Zeiss 
Sonnar T* FE 55mm F1.8 ZA 35mm

20mm
2,400
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2.2 5-3
 

5-1  

  

 
35.9 x 24.0mm Exmor CMOS
2430  

 35mm  
 32GB 64GB 

 JPEG/RAW 
 6,000 x 4,000  
  
 1/8,000  

ISO  100~25,600 

  

5-3  

    
RGB NIR < 1/100

1

IMU
GNSS IMU 3 3

GNSS IMU
RS232

GNSS
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    UAS
5-4 5-2
1.5 x 2 UAS

UAS UAS
UAS UAS

 

 

5-4 UAS 

5-2 UAS  

 169 x 49.5 x 70   < 500  
/

 
190/36   < 7,000  

 9.0   < 50  
 15.0    
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Commission Error, CE Omission Error, OE

Overall Accuracy Kappa Kappa Coefficient
 

  

    Maximum Likelihood
Supervised

NDVI
 

  

    

 

  

    5-5 350
10 250 80%

50% 5 RGB 625~740
500~565 470~500nm NIR 760~850nm 5-6 5-8
RGB NIR  
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5-5  

 

5-6 RGB  
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5-7 NIRRGB  

 

5-8  
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5.3.1  

    
5-9

5-3 5 30
 

 

5-9  

5-3  

 Pixels   

5cm 42,971 x 34,297 34  

10cm 21,486 x 17,149 5  

20cm 10,743 x 8,575 1  

40cm 5,372 x 4,288 30  

80cm 2,686 x 2,144 30  

160cm 1,343 x 1,072 30  
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160  
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Pixel-Based

Salt and Pepper 
Effect

40  

5.3.2  

    
40 5-4

11 R G B NDVI
10 10 4

3 1 7
 

5-4  

 R G B NIR NDVI 
%  

Kappa 

 

1      83.2524 0.7799 

2      68.7976 0.6006 

3      69.2376 0.6048 

4      87.1036 0.8292 

5      87.5676 0.8351 

6      86.2276 0.8175 

7      87.9812 0.8403 

8      87.0942 0.8289 

9      85.9899 0.8148 

10      68.4661 0.5970 

11      88.4609 0.8475 

12      87.1028 0.8297 

13      88.0967 0.8427 
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    NIR NDVI
5-4 2 3 4 5 6 7 RGB

NIR NDVI NIR
NDVI

NIR NDVI  

    5-5 5-8
5-5

80.90% 5.80%
17.46%

B
10.31% 12.00%

7.10% B
77.22%

B B
15%  

5-5 2  

 2 Ground Truth ( ) 

       

 80.90 5.80 1.59 0.05 0.68 9.54 

 17.46 76.79 5.64 0.28 79.02 30.02 

 1.10 3.51 82.67 2.28 6.76 18.43 

 0.01 0.01 1.89 96.29 3.24 36.12 

 0.53 13.90 8.20 1.10 10.31 5.88 

 100.00 100.00 100.00 100.00 100.00 100.00 
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5-6 3  

 3 Ground Truth ( ) 

       

 78.03 3.18 1.19 0.16 0.85 9.00 

 20.60 72.85 4.10 0.30 73.15 28.23 

 0.98 7.15 84.18 1.59 11.30 19.93 

 0.01 0.00 1.00 97.42 2.71 36.23 

 0.37 16.81 9.54 0.52 12.00 6.61 

 100.00 100.00 100.00 100.00 100.00 100.00 

5-7 10  

 10 Ground Truth ( ) 

     
 

 

 73.44 3.66 1.47 0.41 0.32 8.58 

 25.41 82.60 4.90 0.40 81.51 31.94 

 0.91 4.44 84.43 1.49 7.77 18.79 

 0.01 0.00 2.37 97.32 3.30 36.60 

 0.23 9.30 6.84 0.37 7.10 4.09 

 100.00 100.00 100.00 100.00 100.00 100.00 
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5-8 11  

 11 Ground Truth ( ) 

       

 91.64 1.93 1.12 0.84 12.16 13.37 

 3.16 85.84 6.37 0.00 5.16 10.97 

 0.51 8.27 82.83 0.08 4.65 17.53 

 0.01 0.00 0.09 98.86 0.81 36.11 

 4.68 3.95 9.59 0.22 77.22 22.02 

 100.00 100.00 100.00 100.00 100.00 100.00 

  

    UAS

40

77% 98%

5-6 5-7 5-16
5-17

/
5-18
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593 1

593 1

813 1

578 2

580 2

580 2

819 2

813 3

593 7

x 8

x 10

x 10

506 25

579 70

817 80

565 95

566-3 98

565 98

566-1 100

594 100

594 100

594 100

594 100
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4.331 5.030 4.471 GNSS
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27% 29% 55%
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6-1 4
6-1 RGB NIR 0.790nm, 

40nm 550nm, 40nm
660nm, 40nm Red edge 735nm, 

10nm GNSS IMU
Sunshine sensor

Test pattern
4
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6-1 https://www.micasense.com/sequoia/  
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/

UAS
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AGL Above Ground Level  

AIC 
Aeronautical Information 
Circulars 

 

CCD Charge Coupled Device  

CMOS 
Complementary Metal 
Oxide Semiconductor 

 

CMPMVS 
Clustering Patch-based 
Multi-View Stereo  

CMVS 
Clustering Views for 
Multi-view Stereo 

 

COLLADA 
COLLAborative Design 
Activity 

 

DAE Digital Asset Exchange 
COLLADA

 

DEM Digital Elevation Model  

DSLR Digital Single-Lens Reflex  

DSM Digital Surface Model  

EP External Pilot  

GCS Ground Control Station  

glTF GL Transmission Format  

GNDVI 
Green Normalized 
Difference Vegetation Index 

 

GNSS 
Global Navigation Satellite 
System 

 

GSD Ground Sample Distance  

IMU Inertial Measurement Unit  

IP Internal Pilot  

MEMS 
Micro Electro Mechanical 
Systems 

 

NDVI 
Normalized Difference 
Vegetation Index 

 

NIR Near Infrared Spectroscopy  
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OTFC On The Fly Command  

PMVS 
Patch-based Multi-View 
Stereo 

 

POS 
Position and Orientation 
System 

 

RMS Root Mean Square  

RMSE 
Root Mean Square 
Deviation 

 

RTK Real Time Kinematic  

SfM Structure from Motion  

SRVI 
Sample Ratio Vegetation 
Index 

 

UAS Unmanned Aircraft System  
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