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Development and Evaluation of the PKNU3 Small—Format, Multi—Spectral,

Aerial Photographic System as an Environmental Remote Sensing Method

Eun Khung Lee

Department of Satellite Information Sciences, The Graduate School,

Pukyong National University

Abstract

Our laboratory originally developed the compact, multi—spectral, automatic
acrial photographic system PKNU3 to allow greater flexibility in geological and
environmental data collection. We are currently developing the PKNU 3 system,
which consists of a color—infrared spectral camera capable of simultaneous
photography in the visible and near—infrared bands: a thermal infrared camera;
two computers, each with an 80—gigabyte memory capacity for storing images;
an MPEG board that can compress and transfer data to the computers in real—
time: and the capability of using a helicopter platform. Before actual aerial
photographic testing of the PKNU3, we experimented with each sensor. We
analyzed the lens distortion, the sensitivity of the CCD in each band, and the
thermal responsc of the thermal infrared sensor before the aerial photographing.
As of September 2004, the PKNU3 development schedule has reached the
second phase of testing. As the result of two aerial photographic tests, R, G. B
and IR images were taken simultancously: and images with an overlap rate of
70% using the automatic 1 —s interval data recording time could be obtained by
PKNUS3. Further study is warranted to enhance the system with the addition of
gyvroscopic and IMU units.

We evaluated the PKNU 3 system as a method of environmental remote

sensing by comparing each chlorophyll image derived from PKNU 3 photographs.



This appraisement was backed up with existing study that resulted in a modest
improvement in the linear fit between the measures of chlorophyll and the RVI,
NDVT and SAVI images stem from photographs taken by Duncantech MS 3100
which has same spectral configuration with MS 4000 used in PKNU3 system.

Keywords: Multi—spectral automatic aerial photographic system., PKNU 3.

thermal infrared sensor, multi—spectral camera
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Fig. 2.1. Multi-spectral aerial photographic system (PKNU 3).
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Fig. 2.2. Sensor portion of PKNU 3 System.
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Table 2.1. Specifications of GPS equipment

Z-FX

93| 43

Channel

RTK 01 T

n«“ 1 *1]

.’;t /\1 7}. }5'

1

S5mm+ lppm

12 channel

Z-Surveyor

PCMCIA 128Mb

[.1 C/A code,
LL1/1.2 P code

LL1/L2 full cycle carrier

S5mm+ lppm

12 channel

O

PCMCIA 128Mb

.1 C/A code,

L1/L2 P code

L1/L2 full cycle carrier

4 RS-232 ports
(115,200 baud rate)

4 RS-232 ports

(115,200 bhaud rate)

10-28 VDC, 7.5W

10-28 VDC, 8.5W

3Hx7.3Wx8.25Dinch

Ok

ofy

A7)

2 3.75lbs

b}l @ 9.411bs

3Hx7.3Wx8.25Dinch

4217] ¢ 3.751bs

fae

SFeL} : 3.751bs

RTCM A %]

22 RTCM v A1®] &9

22 RTCM HA1#] =2

=7

NMEA

O183NMEA =9

0183NMEA =&

1rps %4

yves(dbV TTIL)
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2.1.4 Platform
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g el xg sfFdEd dEdel delFeolrt. grol R Z(Kamov)
HhALel Al E A7) Sikorsky) BRAbl]  ofd] JiE FFET(Kamov) ARA
A2 FHE AFYS Fig. 2.63 grp. 2 delFHo HPde5e AT Jr2
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AN

Power planis Two 1645kW {2205 shp)
driving two three bladed counter rotating coaxial
main rotors
Performance Maxirmum cruising speed 260 km/h
Static maximum altitude 3,700 m
Practical maximum altitude 5,000 m
Length of flight 1,300
kg payload
Weights 11,000 kg ( Takeoff weight)

? | Dimensions Rotor diameter (each) 1590m
length rotors folded 1225m
fuselage length 11 30m
height to top of rotor head 540m
Rotor disc area (each) 1985 m

Accommodation | Maxirum nurnber of passengers 13 +1 pilot
Operators Russia

Fig. 2.6. Platform.
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PKNU 33 ofzf =8 ddo]l a4 d52 A 712253249

2.2.1 thE 37k 2HMS 4000 RGB/CIR sensor)

A g 2 Hel gide] §A #Hozx  FdAYGe RGBIYATH
CIR¥4S 858 4 2= REDLAKE MS 40002 3-CCD 7}ul2}3 Redo) ¥,
Green/Blueth 7} <+ 2] spcjHelal dlg 7hA gty CCDeo A A
T 1600x1200019 g HAG A7) 7.4meltHFig. 2.7). GAtHolE =
8hitsl A& (0-2559] dlelg He)E HAHh Nikkon Frl&E, 20mm F-
2.8 d=E MS4000 ezt FFsigior], d=xg F& Eoos ol
tHet BhgS WAHORE gain@td A4 MEE B3 =HHE 5 Ak

& Aol AH8® RGB/CIR 7hd 2HMS 4000)= R, G, B, NIR E
CCD(1:NIR, 2R, 3:G&B)olA 7RIt} Green/Blue
BayerslHEEH 2 B35 9] Green oAl 50%, Bluethd oA 2592 ztzt
@255, Reddl g3 IRAHH ] W& Z4zh w4 CCDefl 93 100% ==
T dch
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Fig. 2.7 Specification and spectral configuration of REDLAKE MS4000 (the
source of figures: http://

www.alliancevision.com/produits/cameras/redlake/redlake_ms4000.htm)
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Fig. 2.8. Flow chart of Camera lens distortion correction.
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25k 7)Aol A AlskE WA A Y(reference)9 G4 A gtow AAk"

BAA Y (E Hlaste] 2b A efol] ik WAL (Ar) ghE Table 2.2

[a=as ed=g

Table 2.2. Form of the Camera lens distortion correction

1SR 4 59 WAL E & (2004.07.22. 71F)

A 2 ,3 A
(mm) o ixeD  (m)

10 035 0059 015 0538 0866 0518 3.83

20 0.69 0.832 043 0.446 0.518 0.465 344

30 1.02  0.798 0.379 0.892  0.742  0.671

(42 0671 497

40 1.36  1.261 0.956 0.989 - 1.57 1.172  8.67

50 1.7 0.786 0966 1.245 1.669 1.293  9.57

60 2.03 097 0965 2298 1.208 1490 11.03

70 237 1.878  0.643  0.791 1704 1.046 7.74

80 2.71 1.958  0.269 1.188 2.02 1.159  8.58

90 3.04 3442 0.299 2.092 1.731 1374 10.17

100 3.38 2795 -0.27 0.698 1.611 0.680 5.03
110 3.71 3.846 -0.518 0.619 1.177 0.426 3.15

120 - 4.05 4653 0.012  0.044 1564 0.540  4.00

130 438 5975 -1.117 -0.7 0341 -0.492 -3.64

Lens: VNikorrx 20 mn 28 AF Nikkor, CCD: 1600>< 1200 (11.8 mmw>r<ﬁ8.r9 nm)



MpAREE) o Fe wAbAR (DS WAL AT (A (2-1) Aol Y shed
Ky=6.4817200e-3., K;=-4.4270500e~-4., K,=3.9596100e-062] ®A}f=

of widsted WAt Fel wBAE ARIARE

o

o] RMSE: #2.33 )

X
X, =x——Ar , y, =y—XAr (2-2)
r r

Table 2.3. Precision

Image precision

X(pixel) 'Y(Pixel) | RMSE

Before lens distortion correction

0.9374 | 0.8530 [0.9195

After lens distortion correction |0.6789 |0.4936 |0.5736

718kekA o gk A Ky Ay 5= 0.57~0.928 422
o] vjolgk Ao g eyt

. EE At M e = el Fo]

ol

15 o]y wAEch e,

°F 12%% dutvbeetol A 7pd of Fo

d=g) o] 7o) wAsx @i olfetn
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2.2.1.2 CHERAOIE ] WA} 43 A BA

EAA HEHL WARE AU AZE Aol #AxE W, A"
AuAE 2AdgdN AdEs"H 2 EBAY HEIAlUAS A FsH
dAspA FErh ole HY ks ¥ed, A dodzER ZE

g7l aE,  Ade @ sd S @ Aotk admz A4
HPRAEEY wAEe] F5S dd WAARL mAser @k HY
DEoh A7, RS olol2E e o7l aEel o wWAldEe date
g5e ol Azalop s BRI ¥ ATolME BA A MM 7A
S dZehel B AAY CCD B4 #Asn 4 W= 8 4% xF

Huls RGB @4 @2 SUH we} doider vepdo. ARt do)
EAb HAol 49 Ae. 9N B3 WSS o83t At B
Aol A= GrelagmacbethAl9] Color Checker Color Rendition Chart®
AHE S THFig.  2.9). EF 48 RS AWAPE dojuA] gE
FAAEAE &ol WA Ge W} "oz ¢, FE, UF Fo A
dAjshe=, MM HM7kx 24808 ojfojd  AMEH(Color
Checker)o] T},

Fig. 2.9. Macbeth Color Checker.
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54 (spectroradiometer)® A2l delo] A=d 4 F 71 A%
o ofe] W3 dA e el EFAUAE VIEFTE B Ao Algd
REDLAKE MS 4000¢] RGB/CIRo A bluei= 460nm, green< 540nm, red:
660nme]il infrared= 800nmZE, Z W= Z2 40~65nmE  ©|Fo] A

SItHFig.2.10). &% =AF A2 23 wkal o] 4

o
ta

S ZQs. W

= REDLAKE MS 4000202 #3lo] $A&3t)

45nm e ACrm Sy
° i iy - H
g o.7 i ? g 4 H i A:‘-,,mss
h 0.8 f ; : L
€ 0.5 : i . | : i
8 0.4 ; ) .
g 6.3 { 4 \" ;
£ ooz | ]
£ Sy | A
g O4e0™ i 540 550 SO0 6501 e 730 #do a0 00
& 460 ' 680

Wav e [ errg i rimd

Fig. 2.10. Spectral Transmittance and FWHM (Full Width Half Maximum) of
RGB/CIR configuration of REDLAKE MS 4000.

LFEAM | (Spectrometer) 8 o] &8t 7 Aol Az g JALS

L4 f 4

B9 b uAS wblslel U BaeluAwRe AZsn, QA
AL o A)o] e AR AU A B ERAEE BT 5 A
MS40007be e 14 £ HEwS FIsto] 4 Ao og WE E %)

#(Digital Number, DN)& 24 s} o}



Table 2.4 Radiometric calibration of screen RGB values

Ground target
Correction
RGB DN values spectral
Colors factors(CF)
reflectance (%)

B G R B G R B G R IR

Darkskin 0705 1.7 42 61 33 11 12 22 33

Lightskin 0604 1.2 131 160 89 32 26 41 48

Bluesky 0604 1.8 144 125 30 36 20 21 44

Foliage 14 1.0 35 66 95 19 30 36 26 52

Blueflower 0.4 0.2 06 154 137 H9 21 11 13 28

Bluishgreen 0.4 0.3 0.7 155 183 37 21 18 10 18

Moderatered 0301 07 74 88 98 8 5 25 33

Purple 0703 1.2 69 52 33 18 6 16 39

Yellowgreen 0208 1.4 118 174 60 11 54 32 48

Orangevellow 0.2 0.3 0.8 81 181 95 5 18 30 40

Blue 1.003 1.4 116 55 11 43 7 6 36
Green 0203 07 93 150 22 6 18 6 11
Red 0201 0.8 32 47 109 3 2 36 38
Yellow 0104 08 95 164 109 5 26 34 36




Magenta 0201 04 128 102 118 11 3 19 21
Cyan 0705 1.4 173 150 16 50 27 9 26
White 0.9 0.7 0.7 180 173 177 60 48 47 44
Netual8 1.4 0.9 1.6 154 180 97 85 66 62 56

Netural6.5 0806 1.4 145 171 64 47 37 35 32

Netural5 1.1 0.8 26 115 125 37 48 41 38 37

Netural3.5 1.007 23 64 71 19 25 19 17 15
Black 040206 26 29 9 4 2 2 3

Average 0.6 0.5 1.3




2% RGB W& 4ol RGBS EHAFAIEA)HE 7
RGB¥I=o} st DN (Digital Number)gtel B #H QA (Correction Factor)Z
k= Zolth(Ron Graham et al., 2002). 2t W= E HHGaingts 4H=317)
fol A= o] BE Ao thste] &3 HAF AldA oz 460nm(blue),
540nm(green), 660nm(red), 800nm(NIR)t] & o] WkALg- 3} z}zhe] DNgL, 19
mE CFgke AtAste Table 240 7153qdch. CFake 2-3 2o ofs) 7

e B2 AAdn

i
oli

Correction factors (CF) = Ground target spectral reflectance / (RGB values/255)
(2-3)

AAe] RGBEHEE CFato=® 4ol =&l MS400044 2] we ®
CFate 43 23 R=2] CFglel Ha 1.288 449 RAE o 87
gholl uisll A& R= whAbgo] O A Yelda Jod, Gl BHEQ)
CF#te 27} 045, 0615 97 ol disl 2= gtol o wA Yeivz
Aes € 7 AT F MS40004AM M G/BRENA Y] HETE w3,
Refdel = the wi=o] vjs) o] gt Z=rt @32 o8 Yeidgg
Hebdh mebsd FEFZ2G A] RAFGAA gaingte &8F0] ASALE
TR e 22 7 URF dodof 8, (/B Wi A gaingtE S T
RGBE =S W#H2E sHF=% ok vt Gaingtel AAAHJ] =&
E3ted Table 2.49] Yeht AA 2] RGB WHg SA0] tis] wekst 4 lth
aeste] Zt CCDE AHEd w=&S Foste] RGBA @1 ~7)

F4e 45% F Ak

U
1
A
i)
N,
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2.2.2 442 AA (Raytheon IRPro)
Hoodola Ag" dAe] MA, Raytheon IRPro: 7~14m=3d thale)
U E ZAAste AAMEN T34 2 2EHAPNE FH3sle LCD viewerE

3 vjaZee] srh 54 Zek LCDel7] wiEe] e ¢

e

XE 5M

i

Ztebred, orange, yellow, green, blue)Z YEld F= A1 87 oz
L2E Yl Fx o) (Fig. 2.11D). €39 A2 A71E 95x140x240

mm), FAE 9 1.72kgALold, A2 50mm (STD)7F # 2ty At}

—

A SIAEE 320x240(640x480)0. 2 Bl Aoz AHAEH,  zh
2GAEe bmpH Y E A

Detectar Type Format Uncooled ferroelectric (3202240)
Spectral Response 7 to 14 microns (L WIR)

Themmal Stab ilization Urnooled Themmoe leciric
Video Update Rate 30 Hz

Time to Operation [ Typical]

50mm (STD)
Standard Lens 25%mm, 75 & 10 fxem lenses OPTIONAL
;1.0 (sealed bayomet}
Focus Range 6"/ 18" to mfinity

Viewer color LD (5 selectable palettes)

SelectableTange, Color
resohition & Pakttes

Yeg

Text Annotation Yes (reporttitle time & date)
Sensirrity 180mE
Digital Storage Source S3mb PCMCIA flash (60 nages)
Dnage File Type 8-bit BMP

Fig. 2.11 Specification of Raytheon IRPro thermal camera (The
source of figures: http://www.x20.org/thermal/palmirpro.htm)
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o FFo® T Ao deE dobsta Azl wE d 549
WMstE Hrtsked ol &dctiUohn G. Jensen, 2002). THEFEY FF A
A z~glell  REDLAKE MS4000 #3344 g7 =42 o o] A
Raytheon IRPro®] & #e] g =iAlel st 243 grrpe] vlm A&

a8l b 2 ArH(Fig. 2.12).

FH g EEdE & @Y #4249

r 3
g9 GuT Pwo| LR
EEREE
GAsl Hye @9 245 o)

Fig. 2.12 Flow chart of thermal IR camera verification.

24



254 2E Raytheon IRProd #¢] AME F4 g fgEE A& 7350

dAste] 7-14m(d H2) oo o) 168 HAoR #Edstu, 19

=
Ao 2 AAME ojfdle] E2adE, Ar), dHE ¥HE 5 o FAlolA
HHo R Hro] He B 2xE A=39rHFig. 2.13).

Fig. 2.13 Observation of objects using thermal sensor (Raytheon IRPro) and

thermometer.

A9 gATAle] BAE B BAAS sAAA 2o (7, )%
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(2-4)
1258%E e wo
ot Aol
!

F

CIE 3 Axe 5 ik,
M =¢o0T,'
A 9-5= BH7} BAlSE BAIZ A0l A9 A1A o]
qasiA w@aty] 9ste BA exo WEES udgsn
Me dwtrow 2%(T, )7b ohdel AEe BHY| EALLE(K,,
NEHTH BAlo) MEES 1 BEo] AR A, AX 7=
2o BEALEE &% U WEEY K =47, 7 & BAS A0
mely AEE S5 o] WMEEL IElstd 7t Aol gE EALLES
MR 1 gk Aol Z1E8 B AXd #gEE w9y @3t
BTt 72t BEAlo] ge A% &% FHDFH BALE(IR)G
2 BG3 7~14m AN A A Aol
2.149} 2T}, BAle] L% A 158 RAcw Any
(‘un:;-‘ﬂs‘l .

CEEE

3|
Table2.50] A23lAh

14412 B¢ 168 Ao
Aaa=

7] gl wg
g3 50 24

Fig. 2.14 Change of brightness values according to time on thermal image
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Table 2.5 Surveyed Temperatures (T), Radiant Temperatures (RT), and Brightness

Values (BV)

TC) Concrete(1) Concrete(2)
Time T RT BV T RT BV
11:50 33.2 32.3 217 36.6 35.6 153
12:05 31.8 31.0 . 36.0 35.1

12:20 31.1 30.3 224 35.1 34.2 193
12:35 29.8 29.0 213 34.0 33.1 122
13:05 30.9 30.1 207 35.5 34.6 136
13:20 30.1 29.3 208 34.9 34.0 179
13:35 30.0 29.2 211 34.6 33.7 179
13:50 31.4 30.6 202 36.0 35.1 185
14:05 31.9 31.1 211 35.9 35.0 170
14:20 32.2 31.4 . 36.1 35.2

14:35 31.8 31.0 207 36.0 35.1 154
14:50 29.9 29.1 206 35.1 34.2 155
15:05 29.9 29.1 196 34.5 33.6 157
15:20 29.1 28.3 191 34.0 33.1 147
15:35 29.2 28.4 183 33.7 32.8 130
15:50 29.8 29.0 . 33.6 32.7

16:05 29.3 28.5 32.8 31.9

16:20 28.0 27.9 176 32.9 32.0 130

Do
-~



16:35 29.0 28.2 171 32.5 31.7 124
16:50 29.3 28.5 32.6 31.8

17:05 28.1 27 .4 156 31.8 31.0 116
17:20 28.2 27.5 153 31.9 31.1 116
17:35 28.0 27.3 134 31.3 30.5 107
17:50 27.9 27.2 119 30.6 29.8 94
18:05 27.4 26.7 117 29.3 28.5 97
T(C) Wall Grass

Time T RT BV T RT BV
11:50 27.4 26.7 73 30.7 29.9 124
12:05 27.3 26.6 28.8 28.1

12:20 27.1 26.4 76 27.6 26.9 115
12:35 26.9 26.2 79 30.7 29.9 90
13:05 28.5 27.8 103 29.5 28.7 104
13:20 27.9 27.2 130 29.5 28.7 143
13:35 99 26.5 25.8 100
13:50 112 28.7 28.0 100
14:05 127 29.8 29.0 117
14:20 31.4 30.6

14:35 140 28.4 27.7 64
14:50 139 28.8 28.1 71
15:05 132 27.1 26.4 63
15:20 136 27.1 26.41 45




15:35 136 28.4 27.7 65
15:50 27.0 26.3

16:05 26.2 25.5

16:20 162 26.0 25.3 ol
16:35 29.8 29.0 162 26.6 25.9 54
16:50 26.5 25.8

17:05 26.0 25.3 o4
17:20 167 25.6 24.9 55
17:35 167 25.0 24.4 48
17:50 165 25.0 24 .4 56
18:05 174 23.9 23.3 49
T) lane Tree

Time T RT BV T RT BV
11:50 33.0 32.1 159.0 30.2 29.4 61
12:05 32.5 3L.7 27.6 26.9 61
12:20 30.8 30.0 105.0 26.4 25.7 95
12:35 27.8 27.1 130.0 25.9 25.2 49
13:05 31.5 30.7 135.0 28.4 27.7 40
13:20 31.2 30.4 121.0 27.6 26.9 37
13:35 28.9 28.1 156.0 25.6 24.9 54
13:50 30.3 29.5 144.0 27.6 26.9 45
14:05 29.9 29.1 188.0 28.3 27.6 42
14:20 31.0 30.2 29.0 28.3 18




14:35 30.2 294 109.0 28.4 27.7 67

14:50 30.1 29.3 154.0 27.8 27.1 53
15:05 28.8 28.1 133.0 26.4 25.7 42
15:20 29.2 28.4 . 27.0 26.3 61
15:35 28.9 28.1 130.0 27.5 26.8 69
15:50 20.2 28.4 . 26.9 26.2 73
16:05 28.1 274 . 26.1 25.4 o6
16:20 28.2 27.5 134.0 26.2 25.5 60
16:35 27.8 27.1 133.0 26.1 20.4 62
16:50 27.+4 26.7 . 26.1 25.4 72
17:05 27.2 26.5 100.0 25.9 25.2 74
17:20 26.6 25.9 135.0 25.4 24.7 53
17:35 26.3 25.6 118.0 25.4 24.7 56
17:50 25.9 25.2 101.0 24.9 24.3 78
18:05 25.2 24.5 82.0 24.1 23.5 72

LA B¢ 299 B2 gaeld by FEsts] 42 123
%

Aohe} 7 ke NFOR dhol 4 A% BAS 94 W 94 @S
Aol A BEo WE TASEAUE AREA 3
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Table 2.6 Coefficients between radiant temperature and brightness values on

thermal image of each object & Emissivity

Concrete Concrete

Wall [Lane  Grass Tree
() (2)
Emissivity 0.90 0.71 0.93 0.95 0.97 0.90
Correlation
0.84 0.83 0.89 0.50 0.73 -0.37

coefficients

>

e =2 getel B dAe) AME A4 2AelE
gogste] G RAEDRAAE Fuy] 2R
A

7} e Aoz veidr ey U] Fad ex AAMsh At

2 o] oA i oA glof Yol At 2k FHo] o] FoAA A Fo}
AR E

of gadel whrl grtel Aud w4l dsfsiadd e, I
3

g Azeme) wmay A Gaela AriLe] &7 st P
Dag sohyA Easl @R 2&7 oA Axewe gate] 9l
garel Am BAo) AR ofFol4 7 e Aow Az,

Wa A 2go) A olFolAA e e 0o oolgE A9
e dolel(EagE, W, e 4ol #7] g ®ALR

=1 =
$ b 988 mob B 7o) AEH G dAY 2EEH PEE

£z

v, 874 @4 So 2Hog 4§ bse Adetn Apzdh

=
FF U & 5ol da w4 49 59 44 dFol aFEn
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Al 3 & PKNU 3 Al2=He] d874d H7}

AlZtd PKNU 3A28"9 7|2 A% 2 d8%F ds&3 &9 7ts4e
H7ret7] 918k Fig. 3.13% 2 ARE F a4 F389E& A

2 SHRERQ004U 9 H 148 AR
20 Y0 DM BB OIHR

Fig. 3.1 Flight route of two aerial survevs.
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A2 A BASERS & #s oA
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Fig. 3.2 Result of kinematic surveying data (Ashtech Z-surveyor) processing.
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Fig. 3.3 Flight altitude and velocity of the 1 aerial survey.
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Red band

Fig. 3.4 Photographs taken at the 1% aerial survey (Still photos-4band, RGB & color-

infrared composite image) .
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3.2.2 2z A9
GPS dlole] A2 23, Fig. 3.5°14< Zo] vgPuEr} fLa%E 100mol A
400mE Y o, vPLET = AL 100~220kmE #G3 Aoz Jepyio)

MS4000tHE 2% AAE AEzdzdo] HAy, A9 MME FFow
WS AN Folob drh 12 Ao AH9 HAE FEoZ AL
ZH3bE o dEFdo] AM dAXHRAANE AAFRE o H AW
Yarete] 9407 2% 5+ AE2 Beratoit)

|= |

cnom L ¥ 3 i "

- TN

- k3 | 1 L}

LT ) : 2 "-¥]
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[T ca !

Fig. 3.5 Flight altitude and velocity of the 2" aerial survey.
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A

37



Red band

Fig. 3.6 Photographs taken at the 2" aerial survey (Still photos-4band, RGB &

color-infrared composite image) .
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Fig. 3.9 Configuration of image strip by using GPS data.
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Table 3.1 Camera attributes at that time of the 2" aerial survey (exposure station

position (x, y, z), Omega-phi-kappa rotation angles (omega (@ ), phi (¢ ), kappa (x))

Time X y Z 0] 0] K
14:30:31 | 148233 | 143953 269 22 17 -342

14:30:32 | 148223 | 143976 271 22 17 -338

14:30:33 | 148211 | 143999 272 22 17 -334

14:31:31 | 146378 | 144815 267 22 17 -300

14:31:32 | 146342 | 144831 253 22 17 =300

14:31:33 | 146305 | 144847 249 22 17 -300

14:32:31 144134 | 145805 235 22 17 -316

14:32:32 | 144104 | 145831 236 22 17 -318

14:32:33 | 144074 | 145858 235 22 17 -354

14:33:31 145028 | 149614 284 22 17 -42

14:33:32 145051 | 149646 286 22 17 -42

14:33:33 | 145074 | 149678 287 22 17 -42

14:34:31 146558 | 151265 282 22 17 -0l
14:34:532 | 146589 | 151296 284 22 17 -0l
14:34:33 | 146620 | 151327 285 22 17 =50
14:36:31 148307 | 152860 340 22 17 -08

11



Time X y z ) ¢ K
14:35:32 | 148335 | 152882 341 22 17 =57
14:35:33 | 148363 | 152905 342 22 17 -57
14:36:31 | 150129 | 154337 346 22 17 -59
14:36:32 | 150161 | 154360 345 22 17 -59
14:36:33 | 150193 | 154384 344 22 17 -60
14:37:02 | 151061 | 155009 318 22 17 -63
14:37:03 | 151091 | 155028 316 22 17 -63
14:37:04 | 151122 | 155047 315 22 17 -63
14:37:05 | 151152 | 155067 314 22 17 -64
14:37:06 | 151182 | 155086 313 22 17 -64
14:37:07 | 151213 | 1551056 312 22 17 -64
14:37:08 | 151243 | 155124 311 22 17 -64
14:37:09 | 151274 | 155143 310 22 17 -64
14:37:10 151305 | 155162 308 22 17 -64
14:37:11 151336 155181 307 22 17 -64
14:37:12 | 151367 | 155200 306 22 17 -65
14:37:13 | 151398 | 155219 305 22 17 -65
14:37:14 | 151429 | 155238 303 22 17 -65
14:37:15 151460 | 155257 301 22 17 -65
14:37:16 | 151491 | 155276 299 22 17 -63
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Fig. 4.1 Flowchart of evaluation of the PKNU3 image.

44



L1729 AE 2L P

4.1.1 HAAF 1A

gz 2o <ol F7tgel web JHA Y, 53] Red?t Bluethd 9
o] Fol FFE, ZAHINIR)HH ] Ho] @Wo] vrALE tH(Zbinden,
1985; Chappelle et al., 1992:;Paterson et al., 1998). 3 &<t 7FA i 1}
= Al digel Whabg zelE AZEstoz A A4 ol dig HRE
g537] g WS BFAsvr ottt ERATdE 4
Ao FREF do] £2 Agxz AFgsden thgEA ol &so st
(e.g. Yoder and Waring, 1994: Penuelas et al., 1993). &4} s]4 2] 8o
thated Redo} <+ Aol wi=E o] &3k Ratio Vegetation Index (RVD) <}
Normalized Difference Vegetation Index (NDVI)¢} & <ldAr F=2
olgdct 1 ¢, & A9 Green WME=e] HIE(IRGVL Lichtenthaler et al.,
1996)3 o] H]& <9 4 (LIRGV]; Buschmann and Nagel, 1993)¢} & t}p&
w3 92Tt o] &€

NDVI Alxkajol AlEz wj o] = el 144 F3wgoA vEhve
1 OF O]
A2 (SAVD T (Huete, 1988, Huete et al, 1992) o] -0l A NDVI gkl

FEa mgmlel 92 Axssts U SAVIE EsAddel sy

AFe  Axsar] Ae LFuAAL L FlE EgEd

ot

2ltH(Bausch (1993)).



Table 4.1 Vegetation Indices used in this study.
Vegetation Index VI Method Reference
Ratio Vegetation NIR
RVI i Jordan, 1969
Index Red
Normalized Rouse et al.,1974;
) NIR —Red _
Difference NDVI NIR + Red Deering et
Vegetation Index al., 1975
Infrared/green NIR Lichtenthaler et
IRGVI
ratio Green al., 1996
Log
NIR Buschmann and
infrared/green LIRGVI log( )
Green Nagel, 1993
ratio
Huete, 1988, Huete
Soil Adjusted (1+ LYNIR —Red) and Liu,1994;
SAVI
Vegetation Index NIR+Red +L Running et
al., 1994
Atmospherically PLT,: P,z Kaufman and
Resistant ARVI P, + Rh Tanre, 1992; Huete
Vegetation Index P,’; = P,:d - 7/(});;,3 - P,;i) and Lin, 1994
Soil and
X . Huete and
Atmospherically P.-P,
SARVI * * Lin,1994: Running
Resistant Pnir + ‘Drh +L
ct al., 1994
Vegetation Index
Enhanced P, -P., Huete and
EVI 5 x LT
Vegetation Index P,+CP,, —CF, +L Justice, 1999
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Fig. 4.2. CIR(left) & RGB(right) Images of PKNU 3.
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Fig. 4.3. Images of each vegetation index derived from PKNU 3 photos.
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Table 4.2. Spectral signatures for images of each vegetation index

Class 1 2 3 4 5 6 7 8 9 10 11
Class l:asphalt, 2:blue roof. 3:coast, 4:concrete, Hisea, b'trees,
7.green roof, 8:near sea, 9:orange roof, 10:sand. 11:soil
Spectral signature of RVI
Mean 108 251 122 118 117 254 126 98 118 122 115
St.dev. 8 11 12 2 13 6 8 10 O 7 8
Max. 168 255 209 138 191 2566 176 150 153 163 186
Min. 77 146 86 105 58 136 97 54 118 102 84
Spectral signature of NDVI
Mean 104 249 128 123 119 253 135 84 123 130 117
St.dev. 15 9 18 3 22 6 12 21 1 11 13
Max. 187 255 220 153 207 2556 194 168 171 181 202
Min. 33 162 55 99 O 150 84 O 123 94 51
Spectral signature of IRGVI
Mean 123 146 123 121 92 238 104 92 159 127 159
St.dev. 15 16 16 2 9 22 10 9 13 12 18
Max. 225 200 237 146 133 255 152 137 231 184 246
Min. 89 86 85 102 60 117 79 60 129 99 114
Spectral signature of LIRGVI
Mean 131 157 128 130 76 229 101 76 170 136 170
Stdev. 19 17 20 3 21 19 17 22 12 15 16
~ Max. 211 205 223 159 145 255 167 149 253 191 237
~ Min, 73 38 61 99 0 125 42 0 130 94 120
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Spectral signature of SAVI

Mean

128 123 119 253 135 &4

St.dev.

Nej

18 3 22 6 12 21

Max.

220 153 206 255 194 167

Min.

55 99 0 150 84 0

Spectral signature of ARVI

Mean

125 127 136 145 131 123

St.dev.

3 1 7 4 4 5

Max.

a
(o]

144 131 255 157 146 151

Min.

—
(o8]
oc

110 121 112 124 120 102

Spectral signature of SARVI

Mean

126 127 132 137 129 125

St.dev.

2 1 4 2 2 2

Max.

136 129 244 143 137 140

Min.

121 124 119 126 124 114

Spectral signature of EVI

Mean

128 127 127 141 128 128

St.dev.

Max.

12 1 16 6 26 31
1

Min.

0 0 0O 129 0O 0

Spectral signature of CIR (NIR)

Mean

124 253 053 249 146 656

St.dev.

20 5 8 19 22 15

Max.

219 2566 103 255 207 105

DS

(@]



Min. 31 81 58 186 13 83 70 11 220 129 71
Spectral signature of CIR (Red)
Mean 103 76 121 2564 55 77 133 74 255 178 136
Stdev. 15 10 19 6 7 12 14 16 3 20 16
Max. 148 180 184 255 89 133 169 113 2556 255 179
Min. 55 44 59 184 29 43 72 34 95 114 87
Spectral signature of CIR (Green)
Mean 90 164 126 253 93 89 197 96 169 176 86
Stdev. 20 30 27 7 15 21 30 21 20 28 15
Max. 157 2065 255 2556 174 149 255 164 237 255 134
Min. 28 79 47 175 55 35 96 50 100 104 49

Table 4.3. Correlation coefficients among images of each vegetation index

RVI NDVI SAVI [RGVI LIRGVI ARVI SARVI EVI
RVI 1 099 0.99 0.70 0.65 0.82 0.82 0.47
NDVI  0.99 1 1 0.71 0.67 0.80 0.80 0.47
SAVI  0.99 1 1 0.71 0.67 0.80 0.80 0.47
IRGVI 0.70 0.71 071 1 1 0.22 0.22 0.71
LIRGVI 0.65 0.67 0.67 1 1 0.22 0.22 0.56
ARVI 0.82 0.80 0.80 0.22 0.22 1 1 -0.08
SARVI 0.82 0.80 0.80 0.22 0.22 1 1 -0.08
EVI 047 047 047 0.71 0.56 -0.08 -0.08 1
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X
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= Ao t(R. J. Murphy et al., 2004).
FA3AT 5 RVIONDVI, SAVIZE giA 2
=4 Yelsth. 2glal, R 1. Murphy et al.2] AFoA 24295 F RV,
NDVI, IRGVI, LIRGVI, SAVIE 7o HEste] HA4 =229 SAHAgH
o BA% Adul SAVIZE 222930 5o A4S ®Boon, NDVIL
RVIZ} 2 thZo 2 & 4a4de At (Fig. 4.4, Fig. 4.5).
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