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my; = sin/ (2.1.2¢)
m,, =sinwsiry cos + coB sin (2.1.2d)
m,, = - sinwsiry Sik + C08 Cé&s (2.1.2¢e)
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TRy TF, T, T,
'+, = - DX, + —* DY, +—> +—L
yl yi ﬂxo . 0 ﬂYo . (0] ﬂZO . [Z) ﬂW
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Uy, - Uy i Ny Ny X=X
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)
Uy O Vi 0%ubyYet
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d ai —
u K oa-
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(2.2.1)

(2.2.2)
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Xoﬁyoézo ai D,Om@%i

YA«a O&" (uwO,vw0,d)Jf 04"  (x0,y0,z0)fyoA O‘o=n
,$4° mije{Q >66A U o6!s”@LOO OO
Q >0 DLT,'(G’ ix <€ * 0%0 (2.2.4) 67jA 1
-d
rsl(x' Xo)+r32(Y' YO)+r33(Z' Zo)]

c=[ (2.2.5)

u -u.=-d [rll(x' Xo)+r12(y' y0)+r13(z- Zo)]

w ™ Uy (2.2.6)
° [r31(X- Xo)+r32(Y' y0)+r33(2- Zo)]
V- Vo= - d [ra(X- %)+ 1oy - Yo)*+Tos(2- 2,)] (2.2.7)
I'31()(' %o +r32(Y' y0)+r33(z- Zo)]
aA+0eOi'KAEBOiInA®«BO66Y¥%¢,0%."ABOb6A
+£D0gccon"i
u, - U, =/,(u-u,) (2.2.8)
V, - Vo = /V(v- vo) (2.2.9)
' (2.2.8)6(2.29) 64 (2.25)~(2.2.7)i6 TjAu
x+Ly+ Lz+L
y= XthytLz+l, (2.2.10)
LoX+ Loy +L,,z+1
_ Lx+Ly+ Lz+l,
V=
X+ Loy + Lz +1 (21
°l0
L, = Yol = duly (2.2.122)
D
L, = Yooz~ Aty (2.2.12b)
D
_Udlss- dur13
L, =——= (2.2.12¢)

D
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L, = (dur11 - uor31)xo + (dur12 - Uorsz)yo + (durls - u0r33)20 (2.2.12d)

D
L :VOrLdVrﬂ (2.2.12¢)
D
_ V- dvrzz
Ls =05 (2.2.12f)
L, _ Va3 dvrza (2.2.129)
D
L, = (derl N Voral)xo + (dvrzz '[\)/or32)y0 + (dvrzs N Voras)zo (2.2.12h)
=l (2.2.12i)
r .
Lo="2 (2.2.12))
r
Lll‘ﬁ (2.2.12k)
d
d, = (2.2.121)
d
d, = (2.2.12m)
D=- (X0r31 Yol +Zor33) (2.2.12n)
Lit Laaf, DLTV86) DLT "¢i 67080y%s
40¢DO06 (2.2.10)6(2.2.11) pQOijA U
I‘1
X z1000O0 -ux -uy -uz - u
y Y M = (2.2.13)
0 000 Xy z1 -vx -vy -vz v
I_10
I_11
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Us”(»s d Least Square Method> @ Lt L1;60x¢J3% 11
+DLTVEDUG’ (2.2.106(2.2.11) £KijAd

X
-uly L,-u L;-u u-L
L-uly L-ul, Lg-uly, y = 4 (2.2.14)
Ls- vl Le- VL, Li-vl, 7 V- L

O-s"(»s d6Q>@U 4D, 00a+d

DLT,s” LitL;1D11eV8p'y%ae+3+7,00003L¥"id
VEE-'Yed O&4 " 0a+f O4 ' y%e+tOi"@+308"

e 0n86¢6”"¢COUZII” O4"voz@! @VEY O
4°0'"i6?2-1 PeOeae+t- d"xA0 36 !s”ceOU-=n
[UB’A Pd 04 601,34 " u?y++0<'6,00©:0
®+06°A (sa@% @ (Xo0,Y0,20) O

2-3 ¥Oy®%YL

70(2.214) 1 L1t L11D11-VEAA+6%] <'i 0@ -
*+ 30 VYo, 8 (x,y,2)6Uz d'’¢y%YLAYC¥Oy%uU
Xé «°0¢1 O6EQO0G3YCyld—3 (X, ¥y, 2W 66U 9,s"¥
Oy¥%ay laG_pPe¢@Ubs”0J Abdel-Aziz and Karara (1971 @ °
DLT d6UzQO04@G _ ¢°< (X0 Y0 Zo) ¢ qq ¥ i ¢ "
i 60,$‘T Acos o

-15-



|-|1_ - LléxiL Lli - Lll_OXiL Llé - Lll_lxiL X - Llft
I—Ié - Lléy“_ Llé - LIIoYiL Lzli - L:Il._lyiL Yio - I—Ié

X
I-(1: - L<1:Xic L(2: - L<1:oxic Lg - I-(1:1)(ic YO - X - Li
LS - LSy LS- LSy LS- LSy 0 LS
5 9 le 6 Lloylc 4 LllyIC Z le 8
0
L1R - LEF;XiR L? - LlROXiR L? - LlRlxiR Xig - I—4R
'—? - LgyiR Lg - I-ToyiR LE - I-leiR Yir - Lg (2_3_1)
| L6COR‘C +6ApAGIOTSA‘l 6 X:¥) g Aceai
i'y%006¢ Qex(»'jd>@°@UO‘y%*KvooL,

1h'VeyYo

(e vel/ |

U9 ¥Oy%ucA _Giqé6¢t@U  (Wanek and Wu, 2006)

2-4 &Y ...8§]

ay ... (calibration), ¥OGiy%€6'pPI1"0 (Wanek and Wu,
2006)62y ...E—e+eyé0f<,ay .. (Interior calibration) f ’,
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fy ... (Exterior calibrationpay ...Z*' ee0f<'2', —,-0
(Principle Pointi f'«Z2‘p,¢ ...4a8 44 + BDy%a BIl‘\
°0

V5U96UIG _¢t°cq (Xo,Y0,Zo) €Yy %o p AT ¢ UA (%iL,YiL) 6 % 6
"x om[U (Abdel-Aziz and Karara, 197Hi-abD O "iQO0j
0

o LKLY Bz
: LI‘S-JXO + LIZ-LOYO+ LLllZO+1

(2.4.1)

Xt LY ¢ Lzt L
L;XO + I‘I:I_.OYO + LL:I.120+1

Yie (2.4.2)

[ L,L,L,RL,A%y V§‘ §6iday ‘VEE-‘ay °

(GU-*yoA )& ~ (focallengtho+Aai (optical center of camera)
0%iday ‘VEAAe. 6”x 0e8diQO0@gx¢J 3 'Y
¢‘'ed,[@+t0aA’'¢'yae+d

A'3%lay ...6e@ Ub‘<' ...HOOU 10 ¢6 ...H'p»
A752 éx752 é6HC¢CIH; O™ .06 ...UA"é 2@ épu»’ O
L. UPO" " tA 6®xé6%lIAy .. 6’ ..HOI (ccbs_) U2
sl‘f 04 (2.4.1)] (242 YoAY6 3 ATA 6

XL+ 2L+ L, - % XLy % ZLE % (2.4.3)

XL+ ZL + L= Y Xly % ZLE ) (2.4.4)

I (X,Y,)A ..lUci"e+¢'ae+6,, .. M4 ‘ez
(distorted coordinate) 6 (X,Z) pA .. H¢E ..0's.e+606 %Il ..b
p 6!?2y8§— .. H¢t°@d*U0%0Oidelc ...HC'®®@£0=+¢
y%heae+6e (243) 1 (24.4) > (‘i§ Li6t ..Ubd,p]>
ep,0OCtocl e+ (X,2)6léyci 9,4 ‘ee+ (X, ¥,) b Q
—{2.45)©(2.4.6) £63+0 £6 ¢l 6yy€6,0s_sl’
1 3(‘j

XL +ZL + L
= Xhr it L, (2.4.5)

X =
XL +ZL,+1
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_ XL+ 7L+ L
P TXC szl w1 (2.4.6)

Ay ...'f’'sZ',¢c ,-U'OUG] |EUAAgD ‘ha=
'a 012Uy %EeEG' 0UTex0d ... 3y%eOuoi

‘“"ta€bAéUa (radial distortionp 11" 1,-G*éU "t "66
Ull ¢6GxE,-u6él0a G»o Holland et al. (199734 @ ¢éUa &
viéU t"iodUuU 12 ¢6e(k'a 3 Acex» fé

(odd-order polynomialp 6 6

Dr =k,r® +k,r (2.4.7)

rAy%i  (%,Y,) %oy% ¢ Eu(X,Y,)  T6a Q3éUa £v

— Ac¢
O =% )+ (- %)= (% %F (% ¥ (2.4.8)
60036 (x,y,)A¢Jué ..U, & ‘Oubd k 6k,Ad 180G
3¢JW Ub, -4 O0Q7U010" (X%, Y,) 6+ (24.7)0(2.4.80 /&£ s”

6'PO@%0"%é04a a4 a4(»A 6%,- 004 i§ OUS
bey¥¢ éUa pQOIl ...0
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350
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U2 é04a Av1é0t'a "i (Holland et al., 1997)
2-5 fy ...§]
fy ...'2'TAa@U2y fz2+,DO0 iu0 (EtOUYyo
AK)die@ @&"P"x onrd (DLT)6fy ...{A 3 11+ DLT f

yV86<0OQ & O« (ground control point)da— A6 @ +‘'§e

O« 30 6@ €06'2+x,0 * _06100¢G_¢&4%°O"
O«tbz*@ V5 Wanekand Wu (2006 @D dol1”<¥O0
P46‘3«U>1-0UDaxe+t60dU 13 ¢

>S>@y%'t% 2@+t Yt Oae+0uD"iixé "%ip"”
x oo (DLT)ee 6'0JD (2.2.10)] (2.2.11)003 1

x y1 21 0 0 0 0 -uxg -y -uz 5]
Xo Yo 221 0 0 0 0 -upXo -Upyy - Wz Us
M M MMM M MM M M M L M
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sV) (Epipolar Geometryp " Jo+, 0O u»6‘E T1fj "6,>"
yUp>-ey CCD 2y ‘ayVvgfiuOud6ws,$ (Fundamental
Matrix) p,”p”Je-y%O‘sV"id

u svipYteO'a@+7'¢ty¥s DO'<eQ0i0on‘ce

OsVu "isoU 14Ao06pSay éyi OT0'PO‘A €AW
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6G | 120 | 150 | 18a | 210G | 24 | 304 | 360G | mean | sa | €OV
DLT (%)
V§
L1 -1.76 -1.9 -2.21 -2.25 | -2.49 -2.69 -2.72 -2.73| -2.34380.3529 | -0.1506
L2 2.65 2.31 2.12 2.01 1.91 1.9 1.8¢ 1.8¢7 2.0826.2564 | 0.1231
L3 -0.74 -0.65 -0.61 -0.58| -0.57 -0.55 -0.55 -0.54| -0.59880.0633 | -0.1058
L4 311.36| 311.39| 311.408| 311.41(311.437| 311.45| 311.46 | 311.47 (311.4231 0.0353 | 0.0001
L5 1.12 1.15 1.15 1.16 1.16 1.14 1.16 1.16 1.15250130 | 0.0113
L6 1.19 1.16 1.16 1.15 1.15 1.15 1.1% 1.15 1.1%57%.0130 | 0.0112
L7 -3.02 -2.96 -2.96 -2.96| -2.95 -2.95 -2.95 -2.95| -2.96250.0222 | -0.0075
L8 230.28| 230.67| 230.7 | 230.77| 230.78 | 230.81 | 230.81 | 230.81|230.7037 0.1676 | 0.0007
L9 -0.0016| -0.0015( -0.0014| -0.0014( -0.0014] -0.0014| -0.0014( -0.0014| -0.0014] 0.0001 | -0.0484
L10 -0.0013( -0.0014| -0.0014| -0.0014| -0.0014| -0.0014| -0.0014| -0.0014| -0.0014| 0.00003| -0.0238
L11 -0.0022| -0.0018| -0.0018]| -0.0018| -0.0018| -0.0018| -0.0018]| -0.0018| -0.0018| 0.0001 | -0.0715
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b RMNW L. 1
A

(b) pAyY

() SAy Y%

U59 2y/K 1.8 !2DbAHyY%

A 291 10ay/K /KaaéKA

EOH@ /IKaa
a0 (Cm) 6 /3 (cm)
H=110 | H=140 | H=180 (cm) H=110| H=140 | H=180
cm cm cm cm cm cm

1 31.79 31.88 31.67 31.2 0.59 0.68 0.4y
2 28.42 28.37 28.31 27.8 0.62 0.57 0.51
3 26.95 27.05 27.13 26.6 0.3% 0.45 0.58
4 26.58 26.46 26.68 26.1 0.48 0.34 0.58
5 22.68 22.61 22.88 22.3 0.38 0.31 0.58
6 21.15 211 21.22 20.6 0.55 0.5 0.62
7 20.47 20.57 20.39 19.9 0.57 0.67 0.49
8 19.21 19.34 19.28 18.8 0.41 0.54 0.48
9 19.83 19.93 20.07 19.5 0.33 0.43 0.5f
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A 30! 10w Y /KaabékKA

AEOH@ /K&a
e (cm) 6 /3 (cm)
D=20 | D=60 | D=80 (cm) D=20 | D=60 | D=80
cm cm cm cm cm cm
1 32.40 | 31.81| 31.79 31.2 1.2 0.61 0.59
2 28.95 | 28.45| 28.42 27.8 1.15% 0.65 0.62
3 27.83 | 27.13| 26.95 26.6 1.23 0.53 0.35
4 27.28 | 26.61| 26.58 26.1 1.18 0.51 0.48
5 23.38 | 22.73| 22.68 22.3 1.08 0.43 0.38
6 21.81 21.21| 21.15 20.6 1.21 0.61 0.55
7 20.93 | 20.59| 20.47 19.9 1.03 0.69 0.57
8 19.76 19.34| 19.21 18.8 0.96 0.54 0.41
9 20.56 19.93| 19.83 19.5 1.06 0.43 0.38
3
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+0(UB5)D/30@ %H@BA 327U6606

U64 6M\QiuAl

Obj1O G (i

5m)6} 0

U65 Obj1D Q 6 U

A 32! Obj1B UQOUD @ % H@

. HEQ@ % QO,¢7

z+ U 1 2 3 4 5 6 7 8 9 10 11
00v 00| 14.3] 21.1|36.8| 20.4| 20.4| 36.8| 36.8| 58.1| 58.1| 58.1
C1 3.6| 16.5| 23.2|38.4| 22.9| 23.3| 37.8| 38.2| 58.4| 58.0| 58.3
C2 3.0| 16.1| 22.8|38.0| 22.5| 22.6| 37.8| 38.2| 57.8| 57.4| 57.3
C3 4.7| 18.6| 25.7|41.4| 25.3| 25.4|40.6| 40.8| 60.5| 60.3| 60.4
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c4 2.4| 15.3| 22.0|37.1| 21.7| 22.0|37.0| 37.4|57.0| 56.6| 56.7
C5 412.2| 81| 17.9/39.1| 17.5| 17.9|38.2| 38.3| 61.8| 62.0| 63.5
C6 14.8| 3.3| 12.3|32.0| 11.2| 10.3|39.8| 41.7|63.2| 61.8| 58.5
C7 60.4|-37.1| -25.7| -1.2| -27.4| -28.7| 14.8| 18.5| 43.0| 40.2| 34.1
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C1 7.3| 7.3/15.0/31.4|13.7|13.4|31.5/31.4|54.0/54.0| 53.9
C2 3.6|10.8| 18.5/34.8/ 17.3| 17.2| 35.1| 34.9| 57.5| 57.6| 58.0
C3 6.0| 19.0| 25.9| 40.7| 25.0| 25.5|41.4| 41.1| 61.5| 61.7| 63.1
C4 2.0 11.8/19.0/34.5|17.7|17.1| 34.9| 35.0|/ 56.0| 56.0| 55.9
C5 9.6|21.4|27.7| 41.2| 26.9| 27.0| 40.7| 40.2| 59.0| 59.2| 59.6
C6 15.2| -0.6| 7.0|23.0| 5.0| 3.3|25.0|/25.9|46.8| 46.2| 45.3
C7 14.4| 16| 9.7|26.6| 7.6| 5.3(27.8/29.0|/50.2|49.3| 46.4
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0.0{14.3|21.1| 36.8| 20.4| 20.4| 36.8| 36.8| 58.1| 58.1| 36.8

(@}
(@}
< | &

C1 -11.8| 8.0/ 19.0|41.8|17.8|17.8|43.9|45.2| 75.9| 75.7| 45.7

C2 -1.0| 15.7| 25.2| 45.0| 24.3| 24.2| 46.7| 47.7| 74.0| 74.1| 48.3

C3 3.3/17.9|26.2| 43.6| 25.8| 26.1| 44.6| 45.3| 68.6| 68.7| 44.9

C4 2.2116.2| 24.1| 40.8| 23.6| 23.8| 41.9| 42.6| 65.4| 65.4| 42.5

C5 7.0 20.0| 27.2| 42.7| 26.8| 27.2| 43.6| 44.2| 65.1| 65.3| 44.0

C6 2.6/10.1|18.0|34.1{17.9|17.1| 34.2| 35.6| 56.0| 56.1 | 34.5

C7 3.9 9.3|16.9|32.7|16.1| 15.9| 34.4| 35.3| 55.8| 56.1| 35.9
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U75 16

EXP1@#IQ6 ,0- ObjlOu( ti

EXP20UQ6,0 -
UD/366KH@BAA

EXP30Q6,0-
UD/366KH@BAA

UD/36@ % H@GA 360

Obj20 U (" ti

Obj30O (T

..Hbc-

5m)6} O

..uo

11m)6} 0
376

17m)6} 0
386

...,Oéq@%oQé,¢2i

..HEqQ@ % Q06,¢ 7+

. HEQ@%QO6,¢7+

A 36! Objl1B UQOUD @ % H®@
Z+0 1 2 3 4 5 6 7 8 9 10, 11
06V 20.8| 35.6| 20.2| 20.2| 35.6| 28.5| 285| 12.8| 24.2| 457| 54.0
C1 19.2| 23.7| 15.0| 4.7| 12.3| 0.1| -13.1| -24.8| -23.0| -13.3| -12.8
C2 40.6| 165.4| 69.5| 144.5| 238.4| 240.1| 309.8| 251.3| 325.8| 462.9| 547.8
C3 16.8| 46.1| 28.8| 51.7| 72.4| 78.8| 105.0| 97.8| 114.4| 145.7| 166.0
c4 15.6| 19.3| 16.6| 17.4| 20.4| 19.8| 21.0| 185| 21.0| 24.1| 24.0
C5 -6.0| -52.1| -9.5| -12.1| -53.3| -32.4| -26.7| 14.4| -10.4| -60.3| -72.8
C6 18.3| 32.8| 21.4| 26.0| 38.9| 358| 39.3| 32.1| 38.6| 56.0| 64.6
C7 129 9.1| 120| 99| 69| 68| 48| 63| 43| 05| -16
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A 37! 0bj2B UQOUD@ % H@

1 2 3 4 5 6 7 8 9 10 11

u
\Y 20.8| 35.6| 20.2| 20.2| 35.6| 28.5| 28.5| 12.8| 24.2| 45.7| 54.0

C1 129 7.7} 111} 75| 42| 33| -02| 05| -19| -55| -7.8

C2 36.4| 116.1| 41.9| 56.9| 125.7| 98.1| 109.1| 49.9| 93.5| 189.1| 227.2

C3 23.7| 48.9| 25.2| 27.5| 49.8| 39.9| 41.0| 21.9| 36.0| 64.8| 76.9

C4 14.7| 13.5| 13.9| 11.8| 11.4| 103| 83| 74| 7.2| 66| 6.4

C5 12.8| 16.8| 16.9| 26.0| 26.1| 32.4| 42.4| 50.3| 50.0| 47.1| 48.7

C6 16.2| 24.1| 17.6| 21.4| 27.9| 26.9| 30.6| 27.3| 31.7| 39.0| 425

C7 13.3| 11.2| 13.0| 12.2| 10.4| 10.8| 10.1| 11.3| 10.0f 7.8| 6.8

A 38! Obj3B UQOUD@ % H@

1 2 3 4 5 6 7 8 9 10 11

u
\Y 20.8| 35.6| 20.2| 20.2| 35.6| 28.5| 28.5| 12.8| 24.2| 45.7| 54.0

C1 13.0f 9.9| 12.6| 105 7.7 8.0| 58| 69| 50| 22| 05

C2 34.1| 86.7| 36.7| 43.7| 88.8| 65.1| 70.3| 32.3| 64.4| 124.4| 149.4

C3 19.8| 32.7| 18.1| 17.7| 31.3| 23.2| 21.1| 7.3| 17.2| 35.2| 424

C4 13.4| 11.6| 12.7| 109| 96| 9.1| 68| 6.7 6.2 46| 3.9

C5 15.1| 20.3| 17.3| 24.0| 27.3| 29.3| 37.1| 39.7| 41.7| 42.7| 45.1

C6 16.1| 21.5| 17.0| 20.2| 25.0| 24.8| 28.3| 26.2| 29.2| 34.6| 36.8

C7 13.5| 12.1} 13.4| 12.8| 11.5| 11.8| 11.3| 12.0f 11.2| 9.7| 9.0
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Focal Length: fc =[1283.57759  1284.07188[47.22777 48.02692 ]
Principal point: cc =[323.20812 222.74477 [ 42.84241  43.75257 ]
Skew: alpha_c=[0.0g10.00 ] =>angle of pixel axes = 93M0degrees
Distortion: kc =[-0.029 -0.348 -0.00D.001 0.000]2[0.139 0.911 0.0110.008 0.000]
Focal Length: fc =[1251.62956  1250.04p1B[ 26.36888 26.73478]
Principal point: cc =[354.29335 244.85434 [ 21.69796 24.58809 ]
Skew: alpha_c =[0.09]0.00] => angle of pixel axes = 90.80 0.0 degrees
Distortion: kc =[-0.007 -0.979 -0.008.003 0.000]2[0.111 1.567 0.008 0.004 0.000]
Focal Length: fc =[1272.09915 1270.0973% 43.27868  43.34597 ]
Principal point: cc =[329.12223 261.96Q04 41.63239 41.27203]
Skew: alpha_c=[0.00§0.00 ] =>angle of pixel axes = 90.00.0 degrees
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A 393 H@T660H@&aa-@A
. ..Alaa ..AUAaa
I *— (M (»v +— (M (»v
SiVv . SiVv .
a \) a \'

R | 0.1159| 0.1834| 0.4088| -0.1383| 0.0805| 0.0758| 0.1487| -0.0591
cfje L | -0.0543| 0.1260| 0.1637| -0.1845| --- --- --- ---

C | 0.2089| 0.2248| 0.5383| -0.0640| 0.0938| 0.0747| 0.1890| -0.0117

R | 0.1610| 0.0492| 0.2252| 0.0792| 0.0577| 0.0408| 0.1072| -0.0077
cfze L | 0.0820| 0.1098| 0.2127| -0.0668| 0.0204| 0.0647| 0.1176| -0.0601

C | 0.0540| 0.0466| 0.1303| 0.0023| --- --- --- ---

R | 0.0828| 0.0541| 0.1445| -0.0109| --- --- --- ---
cla_tze L | 0.0217] 0.1132| 0.1233| -0.2339| 0.0358| 0.1002| 0.1314| -0.1931

C | 0.0309| 0.0380| 0.0709| -0.0246| --- --- --- ---

R [ 0.1007| 0.1826| 0.3753| -0.1969| 0.0225| 0.1179| 0.1826| -0.1642
Czaje L | 0.0353| 0.0902| 0.1586| -0.0767| --- --- --- ---

C

R | 0.0696| 0.0422| 0.1263| 0.0128| --- --- --- ---
C;ze L | 0.0609| 0.0611| 0.1328| -0.0357| --- --- --- ---

C

R | 0.0930| 0.0341| 0.1491| 0.0352| --- --- --- ---
C;ze L | 0.0756| 0.0348| 0.1281| 0.0189| --- --- --- ---

C

R | 0.0830| 0.1929| 0.3893| -0.2401| 0.0627| 0.0896| 0.1724| -0.08967
c;aje L | 0.0600| 0.1243| 0.1924| -0.1397| --- --- --- ---

C

R | 0.1319| 0.0425| 0.1707| 0.0504| --- --- --- ---
c;a_tze L | 0.1474| 0.0655| 0.2689| 0.0463| 0.0427| 0.0582| 0.1227| -0.04644

C

R | 0.0870| 0.0435| 0.1623| 0.0411| --- --- --- ---
c;af:e L | 0.0991| 0.0356| 0.1413| 0.0317| --- --- --- ---

C
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