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3-12 61  

    

 
61  

 0.842 0.3 

 1.6 m 10 m 

 2.2 m 12 m 

25

3-31  

 
3-31 61  
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19

 

 

( 19 ) ( )

3-13 3-32

 

3-13  

  

 
( 19 ) 
( ) 

 104/7/4 

 109  

 ( 36 C 0%) 

/  /  

/  800 /1200  

 0.11  

UAS  UAS ( 1 ) 

 
3-32  
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104 7 4 11:30

11:50

12:00

UAV 3

95 51

POS

14:20  

 
3-33  

 

( 19 ) ( )

460 10 Sony 7R 

( 4.88µm) 35mm 800

80% 50% 8

1142 3-34 (GSD)

11  
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3-34 UAS  

UAS

GSD25

3-35

3-14 3-36  

 
3-35  
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3-36  

3-14  

    

 
 

 0.502 0.3 

 5.9 m 10 m 

 5.8 m 12 m 

25

3-37 3-38  

 
3-37 19  
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3-38  

 



 

 

62 UAS  |  

 

13

 

 

13 3-15

3-39  

3-15 13  

  

 ( 13 ) 

 104/6/5 

 95  

 ( 35 C 0%) 

/  /  

/  800 /2000  

 0.11  

UAS  UAS 

 
3-39 13  
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104 6 5 11:30

11:50

12:00 UAV

3

90 32 POS

1430

 

 
3-40  

 

( 13 ) 1130

40 Sony 7R ( 4.88µm)

35mm 800 80%

50% 8 961

3-41 (GSD) 11  
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3-41 13 UAS  

UAS

GSD25

3-42

3-16 3-43  

 
3-42 13  
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3-43 13  

3-16 13  

    

 
13  

 0.924 0.3 

 2.2 m 10 m 

 3.4 m 12 m 

25

3-44  

 
3-44 13  
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1

 

 

1 3-17

3-45  

3-17 1  

  

 
 

( 1 ) 

 104/4/7 

 1.8  

 ( 32 C 0%) 

/  /  

/  210 /800  

 0.067  

UAS  UAS 
 

 
3-45 1  
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104 4 7 12:30

UAV

1.6 7-8

 

 
3-46  

 

( 1 ) 20

0 Canon EOS 5D II (

6.40µm) 20mm 200

80% 50% 2 68

3-47 (GSD) 6.7  
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3-47 1 UAS  

UAS

GSD25

3-48

3-18 3-49  

 
3-48 1  
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3-49 1  

3-18 1  

    

 
1  

 0.942 0.3 

 2.8 m 10 m 

 4.1 m 12 m 

25

3-50  

 
3-50 1  
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3-19

3-51  

3-19  

  

  

 104/11/20 

 4.2  

 ( 31 C 0%) 

/  /  

/  200 /500  

 0.06  

UAS  UAS 
 

 
3-51  
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104 11 20 14:30

2 15:00

8 40 15:25

8 32

1600  

 
3-52  

 

38

23 Canon EOS 5D II (

6.40µm) 20mm 200

80% 50% 2

68 3-53 (GSD) 6.7  

 
3-53 UAS  
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UAS

GSD25

3-54

3-20 3-55  

 
3-54  

 
3-55  
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3-20  

    

 
 

 0.650 0.3 

 3.5 m 10 m 

 3.6 m 12 m 

25

3-50  

 
3-56 
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3-21

3-57  

3-21  

  

 ( ) 

 104/09/22 

 30  

 ( 31 C 0%) 

/  /  

/  700 /1000  

 0.095  

UAS  UAS 

 
3-57  
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104 9 22 12:30

12:50

13:00 UAV

3

58 31 POS

14:50

 

 
3-58  

 

( ) 151

0 Sony 7R (

4.88µm) 35mm 700

80% 50% 4 120

3-59 (GSD) 9.5  
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3-59 UAS  

UAS

GSD25

3-60

3-22 3-61  

 
3-60  
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3-61  

3-22  

    

 
 

 0.710 0.3 

 2.2 m 10 m 

 5.1 m 12 m 

25

3-62  

 
3-62  
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3-23 3-63

 

3-23  

  

 ( ) 

 104/09/10 

 24  

 ( 32 C 0%) 

/  /  

/  700 /1000  

 0.095  

UAS  UAS 

 
3-63  
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104 9 10 12:30

12:50 13:00 UAV

25 30

POS 14:00

 

 

( ) 99

3 Sony 7R ( 4.88µm)

35mm 700 80%

50% 4 81

3-64 (GSD) 9.5  

 
3-64 UAS  

UAS

GSD25

3-65

3-20 3-66  
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3-65  

 
3-66  

3-24  

    

 

 0.720 0.3 

 2.1 m 10 m 

 2.8 m 12 m 

25

3-67  
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3-67  
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UAS

1.  [i] 

UAS  

UAV Very Small UAV

UAV the Small UAV ,complex operations

4  

 

C D

E F

 

5 9  

300

 

606.02

UAS  

2.  [ii] 

(FAA) AC91-57

 

 

UAV

400
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3.  [iii] 

2015 5 17

2015 7 1

 

50

10  

 

RPAS, Remotely Piloted 

Aircraft System  

RPL, Remote Pilot License  

RLA, RPA Letter of Approval)

 

ROC, RPAS Operators Certificate

  

 

UAS

 

400  

500  

50 (

)  

50 ( )  
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10 ( )  

( )  

( )  

 

4.  [iv] 

2015 12

(AC-91-FS-2015-XX)

4-1

AC-61-FS-2013-20

 

4-1  

(kg) 0-1 1-7 7-15 15-116 

(kg) 0-1.5 1.5-15 15-25 25-150 

I II III IV 

 V 

 VI 

I,II  VII 

 

C2

(III IV VI VII )

 

4-2 4-3  
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4-2 /  

      

 
 

55 lbs 

(A)0-20 kg
(B) 20-150 

kg 
(C)>150 kg

-- 
0-2 kg, 
2-4kg, 
4-25kg 

-- 

 
 

55 lbs 20 kg 25 kg 
<4kg, 
<25kg 

<7kg 

 152.4 m 
(500 ft) 

121.9 m 
(400 ft) 

150 m 
(492 ft) 

150 m 
(492 ft) 

121.9 m 
(400 ft) 

   
  

  <20 kg    

     
<4 lbs
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4-3 / ( ) 

      

 
 

 

7<116 kg
116<5700kg

7 kg -- -- 

 
 

<7 kg FAI 12kg 15kg 

120m 
61 m 

(200ft) 
-- 

121.9 m 
(400ft) 
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GNSS IMU

 GNSS IMU

UAS

POS

GNSS IMU

POS

GNSS IMU GNSS

RTK 2

MEMS IMU

 

POS GNSS/IMU

IMU( 0.0001 / ) MMS

GNSS (RLG)

IMU

IMU

 

GNSS

GNSS/IMU IMU

IMU GNSS/IMU

GNSS

GNSS/IMU
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GNSS/IMU

IMU

GNSS/IMU 5-1  

 
5-1 GNSS/IMU  

5-2  

1. POS

(GNSS) (IMU)

 

2.

 

(1)GNSS

(Lever arm) (2)IMU

(Boresight)

GNSS/IMU

 

3.

UAS
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4. GNSS/IMU POS UAS

(1)GNSS/IMU POS (2)

(3)  

 

5-2  
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 GNSS IMU

5.2.1 GNSS IMU

5-3

GNSS IMU

GNSS IMU GNSS

IMU

 

5-3  

MCU( Microcontroller Unit)
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32 MCU GNSS IMU

MCU MCU

Trigger

 

MCU MCU GNSS

IMU Trigger I/O

MCU

MCU

POS

IMU

 

5.2.2 GNSS IMU

IMU POS

IMU MEMS IMU MEMS IMU

10

IMU ADIS16488 5-4 IMU

SPI Accelerometer Gyroscope Magnetometer

Pressure Temperature IMU

GPS POS  
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5-4 ADIS16488  

Trimble BD970

GNSS 5-5

RTK

POS Trimble BD970 ADIS16488

GNSS GPS IMU

Trigger

 

 

5-5 Trimble BD970 GNSS 

POS

32 STM32F407 MCU

ARM Cortex-M4 CPU 168 MHz LQFP-100

UART SPI I2C POS

GNSS IMU

5-1  

Item ADIS 16488

Function Accelerometer and Gyroscope

Communication port Its own PIN design

Sample rate 100 Hertz

Voltage 10 V ~ 30 V

Dimension 47 x 46 x 14
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5-1 STM32F407  

 ARM Cortex-M4 

ROM 512 KB 

RAM 196 KB 

CPU  168 MHz 

 LQFP 

 100 

 1.8~3.6 V 

 14  

PWM  8  

 CAN I2C SPI UART USART USB 

5.2.3

5-6

5-10 ARM + GPS PWM IMU LED Micro SD

3.3V 5V

IC

PWM POS

POS

PWM PWM

POS  
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5-6 ARM+GPS  

 
5-7 PWM  
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5-8 IMU  

 

5-9 LED  

 

5-10 MicroSD  

UAS

5-11 5-12

I/O S M mini USB I/O Trigger
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PWM S M GNSS mini USB

POS

micro SD POS

mini USB port  

 

5-11 POS  

LED

USB GPS Status Power USB USB

GPS 1PPS

1PPS Status

POS POS micro SD

Power

 

  

5-12 POS  



104  

 

 | GNSS IMU  97 

 

5.2.4

UAS

GNSS/IMU POS IMU

GNSS POS

UAS 5-13 5-14

 

 

5-13  

 

5-14  

5-15

ADIS16488 IMU BD970 GNSS
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1. 32 MCU   

2. (+3.3V +5V)

  

3.

IC   

4. RS-232 SPI UART CAN-Bus   

5.   

 

5-15  

UAS IMU(ADIS16488)

(IMU) BD970 GNSS

Trigger

 

6 ADIS 

16488 GNSS Trimble BD970 32 MCU

Camera ADIS 16488 Trimble BD970

IMU CSV(

) GNSS Raw data(

UTC ) MCU
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CSV Raw data POS

MCU CSV Trigger

CSV

 

GNSS IMU 12V

ADIS 16488 BD 970 12V

12V ADIS 16488 BD 970

3.3V 10 Hz update rate

1 10

POS UAS  

 

5-16 -  

5-16 GNSS

IMU ARM

BD970 2

BD970

GNSS IMU

POS  
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5-17 -  

POS GNSS GSOF

LLH ECEF POS

BD970 GSOF

5-28 GSOF

GSOF IMU

 

 

5-18 GSOF  

POS UAS UAS 5-19(a)

UAS

UAS POS
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POS 5-19(b)

POS

5-20 POS POS

 

  

 5-19 UAS (a) POS (b) 

 

5-20 POS UAS  
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5.3.1

GNSS IMU

GNSS IMU

GNSS IMU

(1)GNSS

(Lever Arm) (2)IMU

(Boresight)

GNSS

IMU IMU GNSS

GNSS (Schenk, 

2001; Morin, 2002) (Ellum and 

El-Sheimy, 2003)  

1. (Total Station)

GNSS

 

2.

GNSS

GNSS

 

3.

Z

GNSS

Z  
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1. IMU

(Skaloud, 1999)  

2.

(Mostafa, 2002; Pinto and Forlani, 2002)  

 
5-21 UAS GNSS/IMU  

UAS

IMU GNSS

GNSS/IMU

UAS

5-21 UAS  

7 (5.1)  

IMU GNSS

(5.1)

IMU
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IMU (b-frame) (s-frame)

IMU

 

                                                   (5.2) 

                                                       (5.3) 

                                  (5.4) 

5.3.2

5-22 EOS 5D Mark II  

 
5-22 EOS 5D Mark II 

Australis

(Fraser and Edmundson, 2000) 30°~45°

90°

5-23

5-24

 

 
5-23  
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5-24  

 

Australis (c)

(xp yp) (K1 K2 K3)

(P1 P2) 6mm

Auto-cal

xp yp P1

P2 P1 P2 0 5-2

 

5-2  
Item  Value Accuracy 

Principal distance c (mm) 20.4967 0.001 

Principal point offset in x-image coordinate xp (mm) 0.0467 0.000 

Principal point offset in y-image coordinate yp (mm) 0.0242 0.000 

3rd-order term of radial distortion correction K1 2.432e-04 2.262e-07 

5th-order term of radial distortion correction K2 -4.964e-07 1.101e-09 

7th-order term of radial distortion correction K3 1.035e-10 1.694e-12 

Coefficient of decentering distortion P1 -4.486e-06 2.796e-07 
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Item  Value Accuracy 

Coefficient of decentering distortion P2 9.688e-06 2.002e-07 

No significant differential scaling present B1 -5.735e-05 4.868e-10 

No significant non-orthogonality present B2 -1.670e-04 4.868e-10 

 

5.3.3

UAS

80% 60%  

4 3 5-25

400

5-26 GNSS

GNSS

0.3  

 

5-25  
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5-26  

400

65 Canon EOS 5D Mark II (

6.40µm) 20mm 300

80% 60% 14

5-27  

 

5-27  

5-3

3818 5-28 (GSD) 6.8
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5-29 5-30  

5-3 POS  

104 / 07 / 29

165

( 31 C 0%)

/ /

/ 300 /800

6.8

UAS UAS

 

5-28 UAS  
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5-29  

 

5-30  
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POS

(1) GNSS

(Lever arm) (2) IMU (Boresight)  

GNSS/IMU

POS  

5.4.1

UAV

 

( ) UAS

 

( )

 

( ) 9

2

1  

( )

 

( )

 

( ) 2
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344

17 17 5-31 5-32  

5-31 /  

5-32  

5-33

300 0.51

0.05  
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5-33  

5-34  

5.4.2

5.3.2

( )

POS(IMU ) , 
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5-35 GNSS/IMU POS

5-4  

5-35 GNSS/IMU  

5-4  

 Value (m)  Value (deg) 

x -0.6237 omega 1.34584366 

y 0.0049 phi 0.51119237 

z 0.2629 kappa -0.28419414 

x STD  0.0714 omega STD 0.15690973 

y STD  0.1317 phi STD  0.14208760 

z STD  0.0858 kappa STD 0.14200759 
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GNSS/IMU

5-36 60  40 GPS 5-37  

5-36  

5-37 GPS  
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5.3.2 5-3

80 60 (GSD)

2.0 UAS GNSS/IMU

5-38  

5-5  

104/12/17

1.2

( 15 C 0%)

/ /

/ 60 /400

2.0

UAS UAS

5-38 UAS GNSS/IMU  

5-2 5-39

5-40 0.858

0.019
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5-6  

5-39  

5-40  

5-6 /  

 Value (m)  Value (deg) 
x 0.0599 omega -0.0813 
y -0.0167 phi -0.9303 
z -0.0228 kappa 0.5510 

x STD 0.2440 omega STD 1.0834 
y STD 0.3428 phi STD 0.9455 
z STD 0.2595 kappa STD 1.1786 
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5-41 Visual Studio C++

 

 

5-41  

 

5-7 RMS

0.072 0.411 0.538 0.681

1  

5-7  

 E( ) N( ) H( ) 3D( ) 

AVG 0.018 0.337 0.264 0.428 

STD 0.071 0.241 0.479 0.541 

RMS 0.072 0.411 0.538 0.681 
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5-8 POS

Error source Magnitude Impact on ...

GNSS/IMU Positional 

error 1~2 1~2

IMU

 

5-8 POS  

Error source Magnitude Impact on  (DG error) 

GNSS/IMU 
Positional error 

1 - 2 m 1 - 2 m 

GNSS/IMU 
Orientation error 

0.5 - 1 deg 
3 - 6 m with 300 m flight height 

6 - 12 m with 600 m flight height 

Calibration error 
 

0.5 - 1 deg 
3 - 6 m with 300 m flight height 

6 - 12 m with 600 m flight height 

Calibration error 
 

0.05 - 0.1 m 
0.5 - 1 m with 300 m flight height 

1 - 2 m with 600 m flight height 

Synchronization error 
 

1 - 2 msec 
3.6 - 7.2 cm with 120 km/hr flying speed 

7.2 - 14.4 cm with 120 km/hr flying 
speed 

Synchronization error 
 

1 - 2 msec 

15 - 30 cm with 300 m flight height when 

angular  equals 30 deg/sec 
30 - 60 cm with 600 m flight height when 

angular  equals 30 deg/sec 
 

5-9 GPS POS

RMS 5.910 7.109 9.997

 

 



104  

 

 | GNSS IMU  119 

 

5-9  

 E( ) N( ) H( ) 3D( ) 

AVG 0.149 0.723 -1.163 1.377 

STD 5.819 7.034 8.908 12.755 

RMS 5.910 7.109 9.997 13.616 

 

GPS GNSS/ 

IMU RMS GNSS/ 

IMU POS 0.681 POS

13.616 19 (13.616-0.681) / 0.681 = 

18.99  

UAS POS

 

GNSS

IMU POS
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2000 ADS40

(Structure from Motion, SfM)

5

 

(Ortho-Photo)

(Oblique 

Image)  

2000

ADS40

Pictomerty Trimble Track�Air

DiMAC 6-1

 

6-1  

 

 

CCD

45
 

CCD
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3 5
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6.2.1

6-6

SfM

(Mesh)  

 
6-1  
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6.2.2

6.2.2.1  

 

6.2.2.2  

UAS

6-2 120cm 500m

20

6-2  

 

6-2  

6-2 UAS  

 120   500  

 5.0  1000  

 1.0   20  

45 6-3

6-4 Sony DSC-QX10

4.45mm 4896*3672

1800 CMOS 1.25*1.25 m
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6-3  

  
6-4  

45

 

6.2.2.3  

45

6-5  
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(a)     (b)  

6-5  

6.2.2.4  

6-6  

 
6-6  
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AgiSoft PhotoScan

Python PhotoScan

Python

PhotoScan  

 

clustering computing

6-3  

6-3  

A. HP Z620 
WorkStation 

B. Dell 
WorkStation 

C. HP Z440  
WorkStation 

Intel Xeon 
E5-2620*2  
(24 Core ) 

Intel Xeon 
E5620*2  
(16 Core) 

Intel Xeon 
E5-1630 V3  
(8 Core) 

96GB 24GB 68GB 
Nvidia GeForce 
GTX 780 Ti + 
Nvidia Quadro 
2000 

Nvidia Quadro 
4000 

Nvidia Quadro 
200 

Windows 10 Linux ubuntu 
15.04 

Windows 10 
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6.2.2.5  

SfM

6-7 6-8  

  
(a)   (b)SfM  

  
(c)  (d)  

 

6-7  
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6-8  
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6-13

UAS

230 6 /

1.16

4 2369  

 
6-9  

1043 239

235 95

474 6-10  

  

6-10  
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4

6-11

 

  
(a)   (b)SfM  

  
(c)  (d)  

 
(e)  

6-11  
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6-12~ 6-15

1,325,311

 

 

(a) 1  
 

 

(b) 1  
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(c) 1  
 

 

(d) 1  

6-12 ( 1) 
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(a) 2  
 

 

(b) 2  
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(c) 2  
6-13 ( 2) 

 

 

 
6-14 ( 3 ) 
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6-15 ( 4 ) 
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6.4.1 ( ) ( + )

95

474

6-16  

(a)                     (b)  

(c)                  (d)  

(e) Mesh                 (f) Mesh 

(g)                  (h)  
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(i) 1  

 (j) 1   

(k) 1  Mesh

 (l) 1  Mesh 
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(m) 1  

 (n) 1   

(o) 2  

 (p) 2   
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(q) 2  Mesh

 (r) 2  Mesh 

(s) 2  

 (t) 2   

6-16  
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808,260 1,325,311

60.99% 
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6.4.2

6.3 +

2

6-17  

(a)                     (b)  

(c)                 (d)  

(e) Mesh                 (f) Mesh 

(g)                  (h)  
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(i) 1  

 (j) 1   

(k) 1  Mesh

(l) 1  Mesh 
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(m) 1  

 (n) 1   

(o) 2  

 (p) 2   
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(q) 2Mesh

(r) 2Mesh 

(s) 2

(t) 2  

6-17  
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1,094,151

1,109,171

1.3%  

1,325,311

82.56%

83.69%
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6.4.3 UAS MMS

3D MMS

104 10 11

7.516 6-18  

 

6-18  

10 JPEG

3200 ( 8000 4000)

6-19

SHP DBF ( 6-19)  

 
6-19  
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6-20  

MMS

(

)  

MMS 7

UAS

MMS  

 

6-21 SfM MMS  
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6-22  

 

6-23 ( ) 
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6-21~ 6-23 MMS SfM

( )

MMS

SLAM MMS

SfM

SfM UAS MMS

 

1. : 

 

2. MMS : 

 

3. UAS MMS : 

MMS UAS
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2 2

(48 )

 

1,325,311

808,260

60.99%

 

1,094,151

1,109,171

82.56% 83.69%
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