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Abstract

This project "Development of UAS aerial mapping technology "is based
on a four-year founding from National Science Council. Works of the
project are building UAS (Unmanned Aircraft System) and standard
operation procedures of aerial photogrammetric using UAS. The main
purpose of this project is using of UAS as a platform to collect spatial
information, evaluating of aerial image processing software and
hardware.

In 2014, we develop GNSS / IMU integrated navigation positioning and
orientation system for UAS based on NLSC existing UAS operation
procedures, which can speed up the aerial triangulation calculations, and
accelerate orthophoto production. Using e-GPS technology of NLSC
assisted bundle adjustment with self-calibration of the UAS aerial images.
We also analyze the effects of camera calibration methods on the
accuracy of aerial triangulation. And further develop UAS direct
geo-referencing technology to shorten operating time of image geometric
correction, while improving the accuracy of geometric correction.

Keywords : Unmanned Aircraft System, Position and Orientation System,
e-GPS, Camera calibration, Direct Georeference
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Point Id

Given X

Given'Y

Given Z

Computed X

Computed Y

Computed Z VX ‘ \'A'%

\4

V(XYZ2)

A107 | 215583.684 | 2647136.049 | 181.606 | 215584.576 | 2647136.203 | 160.352509 | 0.892 | 0.154 | -21.253 | 21.273
Al44 | 215631.12 | 2647668.152 | 163.007 | 215632.436 | 2647668.355 | 142.055832 | 1.316 | 0.203 | -20.951 | 20.993
B057 | 215206.028 | 2647482.837 | 192.536 | 215207.155 | 2647483.452 | 171.449387 | 1.127 | 0.615 | -21.087 | 21.126
B085 | 214516.773 | 2647083.384 | 262.946 | 214517.303 | 2647084.819 | 241.435669 | 0.530 | 1.435 | -21.510 | 21.565
B021 | 216081.906 | 2646743.839 | 160.873 | 216082.559 | 2646743.442 | 139.81929 | -0.397 | -21.054 | 21.068 B021

RMSE 0.707 | 0.544 | 15.781 | 15.806

UAS #ep i34 17 2 B0 AL 1 5 & % |




[103 & B 3 & &

AEpe £ WA Rl Y BT UAS ;ua:/é;fpg?pzféfm\’g |
LW FAWE CUAS 45 ~ fdp 2 BB in AR ~ = % B o (B
féﬁar%%%ﬁwﬁﬁ%%féﬁ?)ﬂé’“i‘ﬁ%ﬁﬁxiﬁ0%%‘%’&
:s—g TEHEZ FRRBFT {5 88 & £ 4B 3-110~ B 3-111 -

MARTHA R RAMBMARENE 2*

AR

R CIERECRIAYRE MM ISR AR AR R T R R - BRI SR R GNss) -
TR « AT R I AR RIRAT | B - AR - SR ERNE IR SR - A RITRARR
(Unmamned Aircraft System, UAS | LITRIIRUAS ) 2SR RGN EEEDARIE « (FAEIARIWE - 7o - RETHE - EOA0 - 95 - @R §
AR FEMN e -

B2 EMIEEMIIA N IR T (N R ST R (TR BERG - REZAEFISR R R - MR
178 - MRS E R R AR T SR - Ru T I TR DUASIESEE SN RIERE SR AR 3 HER T M
HETEHE - AL TR - - SEL AR SRR SR LSRR - TLE RN L ER R - RS AT -

FPOEOTE BN TR N T SRR MR R ARTT AR R R ERMTRTEER T - SR ENEN R RREE
o FREN R E LR B R R | R R = A ORE - BUASERMI R AR R T LUER] « AP AR i R TR B - S
3k ¢ IRTUASLAINED - RISTNREHRMTRIHE - LR EMRES Y REAARIEREE - XBERRERSRER -

it KEERe TRERETREETE, IR - TR RTEARE (UAS ) BISENNTERIRE - 3RS0 A RHT R AR S R R A
BREN  PREEREREERET RS - BLREETRER A FEES MR TERRRI00- 106 ERTHRM T TR « EA R 4017 - 00
EETEITRIR £id WIS, AR ERNE SR MERELHREY - RERER SRR SRR REENRR - BRE LA
S HEME ISR - MRS - RIS AR TR ARE R W R LB EARMITIR - (ERHITIRE -

BIPRMERT# BIuswmmERE
WOUAVIEE R
TuBRUNE i
[ J E““'"" J [lzn a-u»uJ
I ¥ ; ¥

|,-—-~\|| 1T 1!

BI3-111 % BEReF§FogH

ROER

EEEIMVCESESE RIS VN EEN 135



142t EEETERIE LY

136

EHENT | UAS/HE | SRR ) BRI
BE - EF0T - BAFEEERER

MATRITE B 2 /MM AR ENAE &

EEEE AR

BRI ERAMIER | BEBEEEHIEN | ftiHR R

ERBAEI BiE EHET R

Show only before Show only after

Bl 3-112 B F {ATS S5 6P 0B 7

$AF UAS ol Sl 72 R GAIL ITE 4 4|



[103 # &3 B f& * & 7 §% & oy v i® ¥]

$E2F UASE B¥ B R g kit

o % BTHER LA AR

o>

AR A BB AR A kS AT UAS BE

& GNSS/INS 1 POS - @}@E@m%;{zg = qu BE&BMHAR INS &

GNSS #p 82 POS » M fl#dp a8 2 % » A E R TR S 2 T K

LI P e TSR UAS ¥ &% o Bl 4-1 5 ATEFTF #7i2 * 1B
Hept T e ) UAS e pre & 13

Bl d-1 B 480 T8 30 SLHE G aAg A F R
B ksl 5 5(GNSS)

RIELF G B 102 &R KA 2 H47 GPS Hike
ublox EVK-6T » B 4-2 #7177 & 2 HF 4 o

n Item EVK-6T
n 9% L1 carrier phase measurement

biox 6 GPS Engine Function

and pseudo range

Precision Timing
GPS [ GALILEQ
Evaluation Kit

Communication USB, RS232 port

port

Sample rate 10 Hertz

Voltage 5V

Dimension 74 x 54 x 24 mm3

Bl 4-2 EVK-6T 4.1 4

|% 2% UAS 2 ¥ B =g ccie R



Wk B(INS)

% INS 7 #7::8% > MEMS £ % INS E# £ ¢ 7 d 3|5 ]
Lot 10 B 0 RRER S g kg T A L E PO
7 INS 5 ADIS16405 - H 4p B 734§ 4-3 #77 o

w2

r ltem ADIS16405
Jl feImio Function Acceierometer and Gyroscope
Communication port its own PIN design
Sampie rate 100 Hertz
Dimension 23x23 x23 mm>

B] 4-3 ADIS16405 L %
o8 ppPEEE p o F L
Bl 4-4 5057 5 RFFLE Y odp gl B SRR - SLA AL
2. EOSSDMark Il Ml 2=y crdpld = S 87 e HERY TR 2
R — BLATIRF 2 4pts o

B

1163 m ! |
Il
o

I3l
2 (R EE
“ 8 ng 3E5I;I5 g 11 M

Bl 4-4 4p 1% EOS 5D Mark 11

I I A REF KE -

xR P che B ¢ k- 7 % 4 S
7 % R AL Australis HfgiE 2. A 1% % (Fraser and Edmundson,

2000) » 4p #pF = SrgE {47 30°~45°%a R skAp ¥ > - R dp o - R
FEAP S 9000 B L S BcR 2 B APBE ML o SE S EAp RS 15 Honk

N

bl
L

TH T EI 2 p B4

S AR N E T

~
~

A

-

138 $ET UAS ® #5322 e g i



[103 & B4 B & £ & 7§ & g v 3] PERERE I

dole TS T e ¥ 2§ S dEered o B 4-5 5 A 2 7 R

a >

e W BNk 9
 4-5 E#B#ﬁf‘ff’w‘é#ﬁn%"‘v A
B 46015 %- FE* B2 AGEFREF R b 29 i~
chizd 2 v J [flgL2 {? TR R RA R AT 4 TR L A
PR REERE BRI AR o B 4T R S dE L - AT
FAR A RIS kR 2 A e

W6 & ar i 1 GRS R 6] 4T B d kL g

gt E BAR L Ed N B REGARE S o0 BhAtie A Bt SR
8 Bh2 B ePp$tR TR p E R E B AR B0 A 3 SRR
2 s R R R A AR ®T - 1 b oA Z R E
F T RFEEFTLRHR 0 bREP T RGP RA
BITLSFRPIT LI RF TMHE AP HPTPTE T g FRIFL
Bl e o AR s R ERF B A SR
Rt T2 BARBLRI R o i el 1S BLed R o

% Australis F ¥ > F e p 3 A F f 38 L EE(C) > i 2
B EAE(xp ~ yp) ~ ¥R SIS e (KT~ K2~ K3) o i A

|5 2% UAS 2 #3023 reie RL



RFCIRE L R Y

TAEY o R he BEE T A 6 mm o B (T A iE i
> Tf.ﬁﬁ%’%éﬁﬁ:’:ﬁw}%?%ﬁ i Rl A = & gt W | NS v

F A g B BT S A

C 2z
—
3
O
=
T
5
g
1‘
3
~
G
q?g
)

m/‘ S ,i%‘étl (RakF .—" °#§‘:§.3§?‘J&‘é\ “!}Pi)q_li ﬁ qrﬁ" %/2‘
CHIBE ek B o R AR 2 xp fryp &7 Pl e
HAPLeP2 5 0 £ A7 7 e

%

N

FZ8 Mol FREEFL

AL LR AR L 2FIMNEE - F R RHIH - F 2
SERE S Fail St &;mhm%ﬁ%w Aol 4-8 41T o b ]
H2 BT Ua 1% 5 B o iR GNSS sUEE % E‘Ji&kfa T § R
BB 0 PR A B RAR o B B AR o A GRS
FlEhz = AR R GNSS 4Rl £ 7T L35 8 1] 248

UAS E® 45 72 2 Pt g sTag |




Fr& Py %

hé% & &4+ POS R T 4L .%’E-f‘%;é;‘ ’%éﬁ_ﬁ;#&f# e &
HERGApE TR POS ERF RS kaf R A4 - U TR R
2% o 3 E g F A UAS &£ e' 24 > 112 UAS % |k

200
FRENZ > SR EEF RS LT RFRES 80%H 60% 0

G e R MR R B 2 &t%%‘%é”i
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Value Accuracy
Principal distance ¢ (millimeter) 20.4967 0.001
Principal point offset in x-image coordinate | x, (millimeter) 0.0467 0.000
Principal point offset in y-image coordinate ¥, (millimeter) 0.0242 0.000
3rd-order term of radial distortion correction K1 2.4318%e-04 2.2619e-07
Sth-order term of radial distortion correction K2 -4.96373e-07 1.1009e-09
7th-order term of radial distortion correction K3 1.03515e-10 1.6940e-12
Coefficient of decentering distortion P1 -4.4857e-06 2.796e-07
Coefficient of decentering distortion P2 9.6876e-06 2.002e-07
No significant differential scaling present B1 -5.7348e-05 4.868e-10
No significant non-orthogonality present B2 -1.6704e-04 4,868e-10
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~Measurement Accuracy Summary
Scale set? I‘fes

Estimated accuracy af 30 point coordinates (RMS 1-sigma level)

A W units, ar W
b IW units, ar W
z ID-D‘34? units, or Il:lEE-EIIZI

Crverall W units, or W

Estimated accuracy of image referencing II:I.48 pixels (RMS 1-sigma level)

Cuality of self-calibration f applied) |see camera parameters dialog

Bl 49 72 =2+8 KB4 = SficFz %

] 4-10 POS & {7 frup™

%42 FRFEfhE F 22 %

142 EEEERRVNE RS Ty p SeTy



[103 & &8 B & 4 # 17§ & Fudp H AT §] NIRRT

X -0.5577 omega -1.2804387231
y -0.3683 phi 4,9299610970
z -0.1052 kappa 14176266113
X STD 0.1045 omega STD |4.7115064022
y STD 0.1621 phi STD 4.7129844945
zSTD 0.1049 kappa STD (4.7112575662
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Errorsource Magnitude Impacton &ri® (DG error)
INS/GNSS 1-2m 1-2m
Positional error
INS/GNSS 0.5-1degree | 6-12 meters with 600 meters tlight height
Oricntation crrer

3-6 meters with 300 meters tlight height

Calibration errcr 0.5-1degree | 6-12 meters with 600 meters tlight height
8RY, 2-6 meters with 300 meters tlight height
Calibration error 0.05-0.1m 1-2 meters with 600 meters tlight height
§a° 1-2 meters with 300 meters flight height
Synchronization error 1-2 msec 3.6-7.2 e with 120 knv'hr flving speed
V8T 2.6-7.2 cm with 120 km/hr flyving speed
Synchrenization error 1-2 msec 30-60 cm with 300 meters flight height
W8T when angular  equals 30 deg/s

30-60 cm with 300 meters flight height
when angular « equals 30 deg/s
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Canon 5D II + 20mm lens

CAMERA CALIBRATION REPORT

PROJECT DETAILS

Camera: Canon EOS 5D Mark Il
Filename: C:\IOP\IOP_20mm_case1.aus
Calibration Date: 27/03/2014 13:35pm

METRIC CALIBRATION PARAMETERS
Resolution = 5616 x 3744 pixels
Pixel width = 0.0064mm, Pixel height = 0.0064mm

VALUE STANDARD ERROR

Principal distance c= 20.4967mm 0.001mm
Principal point offset in x-image coordinate Xp = 0.0467mm 0.000mm
Principal point offset in y-image coordinate yp = 0.0242mm 0.000mm
3rd-order term of radial distortion correction K1 = 2.4318%e-04 2.2619e-07
Sth-order term of radial distortion correction K2 = -4,96373e-07 1.1009e-09
7th-order term of radial distortion correction K3 = 1.03515e-10 1.6940e-12
Coefficient of decentering distortion P1= -4.4857e-06 2.796e-07

Coefficient of decentering distortion P2= 9.6876e-06 2.002e-07

Differential scaling between x & y B1 = -5.734%e-05 4.868e-10
Non-orthogonality between x & y axes B2= -1.6704e-04 4.868e-10

STANDARD CORRECTION EQUATION
The corrected image coordinates x(corr) & y(corr) can be calculated from the
measured coordinates x(meas) & y(meas) by using the formulas:
X = x(meas) - xp
y = y(meas) - yp
x and y are now with respect to the principal point,
M2 =x"2+y"2
dr = K1+r"3 + K2+r*5 + K3+r\7
x(corr) = x(meas) - xp + x=dr/r + P1+(r*2 + 2x"2) + 2+P2+xsy
y(corr) = y(meas) - yp + yedr/r + P2+(r'2 + 2y"2) + 2+P1+xsy

Produced by Australis from Photometrix - http://www.photometrix.com.au PAGE1 of 5
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CAMERA CALIBRATION REPORT

correction dx = x«dr/r

correction dy = yedr/r
VALUE

c= 20.497mm

K1 = 2.43189-04

K2 = -4.96373e-07

K3 = 1.03515e-10

r(mm)

0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
20.00

Produced by Australis from Photometrix - http://www.photometrix.com.au

GAUSSIAN RADIAL DISTORTION CORRECTION PROFILE (dr)

For principal distance ¢, Gaussian radial distortion correction dr (microns) is
given for any radial distance r (mm) as:

dr = K1erh3 + K215 + K3+r"7

STANDARD ERROR
0.0008mm
2.2619e-07
1.1009e-09
1.6940e-12

dr(microns)

0.0
1.9
151
48.7
108.5
194.6
300.4
411.3
503.4
543.7
489.6

PAGE 2 of 5
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CAMERA CALIBRATION REPORT

BALANCED RADIAL DISTORTION CORRECTION PROFILE(dr)

For 'balanced’ principal distance cb, radial distortion correction dr (microns) is
given for any radial distance r (mm) as:

dr = KOsr + K1+1"3 + K2¢r"5 + K317

chb = 19.8829mm

KO = -2.99463e-02

K1 = 2.35906e-04

K2 = -4.81508e-07

K3 = 1.00415e-10

r(mm) dr(microns)
0.00 0.0
2.00 -58.0
4.00 -105.2
6.00 -132.4
8.00 -134.4
10.00 -110.7
12.00 -67.9
14.00 -20.3
16.00 9.2
18.00 116
20.00 -124.0

Distortion profile is 'balanced’ (dr = 0.0) about a radial distance of r = 15.1mm

Produced by Australis from Photometrix - http://www.photometrix.com.au PAGE 3of 5
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CAMERA CALIBRATION REPORT

GAUSSIAN RADIAL DISTORTION PLOT  [dr shown in micrometres]

550um ——
500um —-
450um
400um
350um
300um
250um -
200um ——
150um
100um
0um
dr Oum - : - - - - -
-S0um  Omm 2mm 4mm Brmm Bmm 10mm 12mm 14mm 16mm 18mm ZUmm;

-100um

-150um
-200um
-250um
-300um
-350um
-400um

-450um |
=500um
-550um

DECENTRING DISTORTION PLOT [P(r) shown in micrometres]

4um—{-

P(r)

oum ; T T T T T i
Omm 2mm 4mm 6mm Smm 10mm 12mm Tdmm 16mm 18mm 20mm

Radial Distance (r)

( present, — — indicates the maximum radial distance d in the self-calibration.)

Produced by Australis from Ph rix - http:if phot trix.com.au PAGE 4 of 5
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CAMERA CALIBRATION REPORT

4"1\
&

BALANCED RADIAL DISTORTION PLOT [dr shown in micrometres]

325um
300um
275um ~-
250um
225um -
200um -~
175um
150um ——
125um —-
100um
75um

S0um

25um
dr oum | | - - - - e

-25um  Omi 2mm 4mm Bmm Bmm 10mm 12mm mim 16mm
-50um
-75um
-100um —-
-126um -
-150um

-175um —
-200um ~f-
-225um
-250um
-275um —-
-300um
-325um

Radial Distance (r)

(If present, indicates the maximum radial distance encountered in the self-calibration )

Produced by Australis from Photometrix - http:/f/www.photometrix.com.au
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Canon 5D II + 50mm lens

CAMERA CALIBRATION REPORT

PROJECT DETAILS

Camera: Canon EOS 5D Mark Il
Filename: C:\IOP\IOP50v1.aus
Calibration Date: 30/04/2014 12:05pm

METRIC CALIBRATION PARAMETERS
Resolution = 5616 x 3744 pixels
Pixel width = 0.0064mm, Pixel height = 0.0064mm

VALUE STANDARD ERROR

Principal distance c= 51.8632mm 0.001mm
Principal point offset in x-image coordinate Xp = -0.0006mm 0.001mm
Principal point offset in y-image coordinate yp = 0.0531mm 0.001mm
3rd-order term of radial distortion correction K1 = 5.09430e-05 1.3977e-07
Sth-order term of radial distortion correction K2 = 2.21899e-09 6.4733e-10
Tth-order term of radial distortion correction K3 = -2.05552e-11 9.5304e-13
Coefficient of decentering distortion P1= -1.9868e-06 1.645e-07

Coefficient of decentering distortion P2= -2.7679e-06 1.126e-07

Differential scaling between x & y B1 = 1.3603e-05 2.776e-06

Non-orthogonality between x & y axes B2= -5.4852e-05 2.776e-06

STANDARD CORRECTION EQUATION
The corrected image coordinates x(corr) & y(corr) can be calculated from the
measured coordinates x(meas) & y(meas) by using the formulas:
X = x(meas) - xp
y = y(meas) - yp
¥ and y are now with respect to the principal point,
M2 =x"2+y"2
dr = K1+r"3 + K2+r*5 + K3+r\7
x(corr) = x(meas) - xp + x=dr/r + P1+(r*2 + 2x"2) + 2+P2+xsy
y(corr) = y(meas) - yp + yedr/r + P2+(r'2 + 2y"2) + 2+P1+xsy

Produced by Australis from Photometrix - http:/f/www.photometrix.com.au PAGE 1 of §
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CAMERA CALIBRATION REPORT

GAUSSIAN RADIAL DISTORTION CORRECTION PROFILE (dr)

For principal distance ¢, Gaussian radial distortion correction dr (microns) is
given for any radial distance r (mm) as:

dr = K1erh3 + K215 + K3+r"7

correction dx = x«dr/r

correction dy = yedr/r
VALUE STANDARD ERROR

c= 51.863mm 0.0015mm
K1 = 5.09430e-05 1.3977e-07
K2 = 2.21899e-09 6.4733e-10
K3 = -2.05552e-11 9.5304e-13

r(mm) dr(microns)
0.00 0.0
2.00 0.4
4.00 33
6.00 11.0
8.00 26.1
10.00 51.0
12.00 87.8
14.00 138.8
16.00 2055
18.00 288.7
20.00 388.3

Produced by Australis from Photometrix - http://www.photometrix.com.au
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CAMERA CALIBRATION REPORT

BALANCED RADIAL DISTORTION CORRECTION PROFILE(dr)

given for any radial distance r (mm) as:
dr = KOsr + K1+1"3 + K2¢r"5 + K317
chb = 51.2743mm

K0 = -1.13568e-02

K1 = 5.03645e-05

K2 = 2.1937%-09

K3 = -2.03218e-11

r(mm) dr(microns)
0.00 0.0
2.00 -22.3
4.00 -42.2
6.00 -57.3
8.00 -65.0
10.00 -63.2
12.00 -49.4
14.00 -21.8
16.00 21.4
18.00 81.0
20.00 156.8

Produced by Australis from Photometrix - http://www.photometrix.com.au

For 'balanced’ principal distance cb, radial distortion correction dr (microns) is

Distortion profile is 'balanced’ (dr = 0.0) about a radial distance of r = 15.1mm

PAGE 3 of 5
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CAMERA CALIBRATION REPORT

1 1% 4

GAUSSIAN RADIAL DISTORTION PLOT

500um
450um
400um
350um
300um

250um —-

200um

150um -

100um
S0um
dr oum
-50um
~100um
-150um
-200um
-250um
-300um
-350um

-400um —

-450um

-500um

DECENTRING DISTORTION PLOT

[dr shown in micrometres]

Omm 4mm Brmm Bmm 12mm 14mm 16mm 18mm 20mm

[P(r) shown in micrometres]

P(r)
Qum . . T i T i ;
Omm 2mm 4mm Gmm Smm 10mm 12mm T4mm 16mm 18mm 20mm
Radial Distance (r)
( present, — — indicates the maximum radial distance d in the self-calibration.)
Produced by Australis from Ph rix - http:if phot trix.com.au PAGE 4 of 5
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CAMERA CALIBRATION REPORT

BALANCED RADIAL DISTORTION PLOT [dr shown in micrometres]
250um
225um
200um
175um —
150um
125um
100um —-
7Sum
S0um
28um

dr Oum - - 1 t -

.25um O m 4mim Brm Bmm 10mm 12mm m 16mm 18mm

-50um
-fSum -
~100um
-125um
-150um —-
-175um
-200um

-225um

-250um
Radial Distance (r)

(If present, indicates the maximum radial distance encountered in the self-calibration )

Produced by Australis from Photometrix - http:/f/www.photometrix.com.au
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