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Motion Parameter Estimation for Visual

Servoing with PTZ camera*

Keisuke Kawajiri

Abstract

Visual servo is a kind of tracking control based on real time visual information.
When tracking control is implemented, sometimes tracking error will remain be-
cause of the time delay caused by slow video sampling rate and or computations
for the image processing. The tracking performance can be improved by the feed-
forward control based on the estimation of the object motion. In this paper, we
consider this problem with PTZ (Pan-Tilt-Zoom) camera. The motion parame-
ter estimation by nonlinear observers in previous work is extended to the current

case. The result is verified by numerical simulations

Keywords:

Visual Servo, PTZ Camera, Motion Parameter Estimation, Adaptive Observer,

Zoom

*Master’s Thesis, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-MT1051033, February 2, 2012.

i



0 O

1.

gooo
1.1 0DO0O00OO000
1.2 ggooo ..

gbobooogon

21 0O0OOODOOg .
22 000 ... ..
23 0U0OODOOOOO

gboobooooon
3.1 O0O0bOooboo
3.2 0000000
3.3 Ubobobooon

goo
41 ODO0OOOO0ODOO
42 0O0O0OO0OOOO

OO

O

421 0O00O0O0DOOOOOODOO .00 00000
422 0000000O00O00OOODOO ... 000000 ..

gooo
5.1 0Ooo ... ..
52 0OO0OODOO ..

00

gooo

00

A.00D0DO0DOOO

il

w =

N4 o s R

©

15
15
16
16
25

29
29
29

30

31

33

33



O 0O

© 0 N O Ot = W N

I T T T N T NG T N T S G S G G Y
S AR W N R O © 00~ Ul W N~ O

I I 4
I 5
I 0 L 7
UO0D00000 ... 8

000000 ... ..o 11
00000000000 ... ..o, 12
O000000 .0t 13
000000000 ... oo, 14
000000000 .« ..o 18
000000000000 (000000000) .. ... .... 19
000000000000 (000000) «. ... ... ..., 19
000000000000 (Method(a)DOOOOOO). .. . . . 20
000000000000 (Method(b)DJOOOOOO). ... .. 20
000000000000 (Method(c)JOOOOOO). .. . .. 21
000000000 ... oo 22
000000000000 (@O0000000) ......... 22
000000000000 (000000) & ... ... ..., 23
000000000000 (Method(a)DOOOOOO). . . . . . 23
000000000000 (Method(b)DJOOOOOO). ... .. 24
000000000000 (Method(e)JOOOOODO). ... .. 24
00000000000 .. 0ot 25
000000000 ..ot 26
000000000000 (000000) +. ... .. ... ... 27
000000000000 (Method(a)DOOOOOO). .. . . . 27
000000000000 (Method(b)DODOOOODO). ... .. 28
(

000000000000 (Method(c)DOOQOQQOQ). . .... 28

v



[]



1. 00O

1.1 Jo0ooood

go,uogdbbogdgbbooo,bgabbooobboa,bboodgn
goodgbooobbooboobuooboobboobooboo.obo,bon
000000 [1)000. 0000000000000, 0goooooooog
gobobobobboodoooooobbobobbbboodooooon. bbb, on
00000000000000O0000 2. 000,000000000000
gbooboodbbogbbooobooobboobbuooobooobboob
gboog.gbb,dbbugbboodgbba,bboobbuooobbodan
goooboo. bodgg,ggooooobbbbbbodgooooonn
gbobbuoooobbbooogbobuog. gobbbuooooboboooon
gbogo,ddboobboobboboboobooboobooboobbob
gb,ugdgobbooggbbbooan.

gbo,bogboobbobboobaobooboob,obooboon
gobboobbouooooooobobobobo. bbbboudoog,ooooon
O00000000000000O0,0000000030([fpsj000. 00O, O
0000000000000 0000033ms]000. 00000000000
0000000000000 00000000 1 [ms]00000O0O0ODOOOOO
gboogbbodbo,bobbobooboobbooboobba,bogn
gbobobooobobbooogbobuoooobobbuoobob.bbooogn
goboboou,ggobbbbodgoobobobbooooobobbooooon
00000000000000OO0 3. 000,000000000000000
000000000000000000. 000,0000000000 1 [ms]
000000000000,00000000000000000000 [4]. 0
,gogbbugboogbbogbbooobb.oobo,ugooboooan
gobboobboodog,ggoogobobbooboouoog. goooo
goobboooobbbooooboboooobbbuoooobboon. oo
oboobgoboobog,boobogbooboobooboobbob



00000000000000000000 [2p)6. 000,00000000
00,000000000000000.000,00000000000000
00000,00000000000000000
00,0000000000000000000,000000000000
00000000000000,00000000000000000. 000
00000000000000,000000000000000000000
000000000000000000000000000000000,00
0000000000000000000,0000000000000000
00.0000000,000000000000000000000. 700,
000000000000000000000000,00000000000
00000000000000000000000000000000000.
00000000,00000000000000000000000000,0
0000000000000000000000000000000. 00,0
0000000000000000000,0000000000000000
000000000 [R0000000000000000,000000000
000000000000,0000000000000000000000 [9)
0000000000,
000,0000000000000000000000000.000,00
000000000000000000000,00000000000000
00,000000000000000000000000000000000
00000.000000000,PTZ0000000000000000000
000.0000000,00PTZ00000000000000000000
00000o0oo0.



1.2 OO0Oogdg

gggobbbbboduooodo. gobbb,bbbbbouoooogon
gboobo,g0ob,buoogoobbobooooobo.bbbodg,gon
gboboggbboogbboodgbo,gobuooobboobooobooon.
gbooboo,gggobbbogooobbobbuoooobobbooooon
gooobod.gobboobdoogdo,bbuoooobobbuoooobobog.



2. 0goooooon

godgobbil1oooooobbbboobbooda. obo,bbbbo1n
goboboobboodoog. gogo,goobbbobbbododoooooon
gobboobboodogooob. bbbbbbboddoog,goooon
goooooooobooa.

Desired
Image
f + i
eatuers Controller Motorized
Stage

Camera Position

Camera|: Object Position Object

U1 0dgdgobobooogon

Image features

21 0JOooon

00000000000000000000000000000000000
00.0000,02000000000000000000.0000,000
oooo0o,o.0000000,f00000000.000,00000000
000000000000000¢000. 000,000000000000
0000,000000000000000000000.00,00000¢0
000,000000000000000. 0000000000000000
00000000000, Sy, S, 000

Sow = [Xow Y;)w Zow]T (1)
Soc = [Xoc Y:)c Zoc]T (2)

oo, 0d0oddobodoooooooooooo rooa.
T:[Xc Y. ZC]T (3)

4



Image plane

02 00000000000

000,00000000000000000000000.0000000,0
000000 q, 00000000 RO,

1 0 0 cosq; 0 sing
R = 0 cosqy —sings 0 1 0
i 0 sing, cosqo —sing; 0 cosqq
[ COS q1 0 sin q;
= sing; singy  €coS@gy — COS @y Sin @9 (4)
| —singicosqy sings  €osgpCos gy

O00.0000000000000 SO0 8, T, ROOODO,
Soc = R(Sowy — T') (5)

000000000.000,(G)00 (1),(3), 0000000

Xoc COSs q1<Xow - XC) + sin Ch(ZOw - ZC)

Yvoc = sin q1 sin QQ(Xow_Xc)+COS QZ(Yow_YC)_COS Q1 sin QQ(Zow_ZC) (6)

Zoe — sin gy cos ga(Xow—Xe)+sin ga (Yo —Ye) +cos ¢1 €08 ¢o(Zow—2e)
goo.



gogobobboooooboob,dggobobobboooobobobboooon
Oobo¢dbooo,0oboooooooDo.

f X oc
x

Z, Yoc
oc Sy

f(cos g1 (Xow—Xe)+sinq1(Zow—2c))
Sz (—sin g1 cos g2 (Xow—Xc)+sin g2 (Yow—Ye)—cos q1 cos q2(Zow—Zc))

f(sin g1 sin g2 (Xow—Xc)+c0s g2 (Yow—Ye)—cos q1 sin g2 (Zow—Zc))
Sy (—sin g1 cos g2 (Xow—Xc)+sin g2 (Yow —Ye)—cos g1 cos g2(Zow —Zc))

(7)

ooo,s,S,0x,y0000000000000O00C0O0O0000.

ggbbbooogbbbuooobobobuoooobboooobb.booon
00000oooooooooooooooooooooog, (nmooo,0d
gooodbboooboobooobbuooo.boo,bboobboobobo,n
gbboooobbod,bboooobbooboa,bboaob,oodan
oboobooo.og,goboobob zZ.00oo0boooo,b0b0boobon
gboodgbog,ugbbobobodgbo,gbuogboobboobuoobogon
goooggo.

22 000

000,000000000000000000C0C0C0CO (03). 000000
000000O000,000 ZOOOOOO. 00,000000000000
XO000O,YOoOOOoOOOOoOoOOO0O0O0OOo.0000000000000,0
0000000000000000,0000000q,¢000.00000,
00000000000 ¢0000000¢00000000000,0000
00000000000000. 000,0000000000000000C0
000000,00000000000.000,00000000000000
oooooooooo.

q=-MNE—¢&) (8)



Oood, 0 00000000, oooooooboooooooooooooa
0 [11].

A

Pt
Motorized "S
Stage

Motorized
Stage

U3 uggggboobogd

23 J0ooobood

go,uogdbbuoggbbugobbugobboobbbooobobood.

p=W(p)o (9)
000,p000000,W(p)0OOOOO0O0000p00000000O0OO.
¢*0000000000000000000,0000000. (9000000
0000000. 0000000000000000000000 [12. 000
0 (9)0000000000000000000 (0 4).

000 XYOOOOOOOOOOOO0OO0O0,X000000w, Y0000
00,0000, W(p)O 60,

Wi(p) =1, 0" =[v, ’Uy]T (10)



YA

¥y X 2]
.//Z%) //T‘\v> |
I, 7" A VA

> X

() 0000 (hyooo
04 00000000

obg,00bo0booboobgooboobgn.

HEEIN

b0 Xyoooooooboooooo,obgooobobo 0000 w

o000, 000000,
x 7 COS Wi
- (12)
Y rsinwt

W(p) = [ I ] 0 =w (13)

0oooo, W(p) D 60,

T

gboo,000bbobdooobobbbooobooboooobobooon.

L)



3. Upoooooogn

goboggbobod,boobbuoobboobbooobb.oob,oon
gbobobouooooboboobobooooobobboooobobb,buooon
. gobboobo,bbbddgooooobbbobboodoooooon
goooo. obo,bbbddoooooobbobbbbddooooonon
gboodbugbogboobboo.bog,gobuobobboooboob
gboboodbbogbboooboogbboobbuoobobooobboon
gboooboooon.

3.1 UUgooooooa

O00¢0,0000000,000000,0000000000 ((7)O). O
go,g0boodgbbuogobooobbuoobboog.bboobbo,n
ooobo,0booobooboobooboboboboooboo J, L, RO000,

_ %

J = 5 (15)
_ %

L= (16)
_ %

Ro= o (17)

000000 (00000000000).¢000000000000 (¢1,¢), f
00000000000.000,p000000 (p,p,p.) 000000, 00
0,000000000000000000000000000000, p0 S,
000000.000,000p000.00,J00000000,L00000
0000000O000. 000000,000000000000000000
ooQ.

§ = Jj+ Lp+ Rf (18)



3.2 JOggoon

DDD£DDDDDDDDH*DDDDDDDDDé,éDD,DDDDDDDD
00 (18) 000000000 (9)YOooooooooooooooooog.

Jg+ LWO+ Rf+ H(E—¢)
—WTLTP( - ¢)

. M.
Il I

OO0 OO0 pPOOOOOOOOODOODOOD. 0DO,HOO0DOODODOD,

pOO0OODO0ODOODOODODOODOOD.

H'P+PH=-Q, Q>0

gbobobuoooobbbuoooobbboo. oo, buoooobooog.

_ - . 3
— e h=0"—0e—
§=¢-¢, ,€ [9_]

00O, (19), (2000000000

d A A .

Ge-& = HEe- 9+ LW - )
d * N _  _wTrT ¢
R A

Ooo0o.oooo,
_ H LW
ée= €
-WTLTpP 0
O00. 000, LyapunovO 00O 0O

- . P 0
V =e"Pe, P =
0 I
Oo0O0,00000
V=16 <0

(21)

(26)

(27)

DDD.VzODDDDDEzODDDDDDDD. oboobooboge=000
000,000 e=0000000007([10. 00000000,0000000

10



00,00000000,000000000000,000000000000
0D00,0000000000000000000000000000 [10]. O
0000000,000000000000000000000000000O
0DO00D0. 050000,0000000000¢#)0000,7,000000
(t+T,)0,0000000 LWAOO OO

Et+T,) =&@t)+LWO-T, (28)

ooobog.

§0+ﬂ)

LWé

&(t)

05 0ggoon

3.3 Uguoooon

ggboboboboooogbobo,oogobbbbuogobobbooogon
gobboobbodd. gog,ggoooobbobbbboudoooooon
goooo,gbbbdoooobboboogobbooooooboobog.
00 (a) 0000000000000 O00O0O0O0OO
OO0 () OOOOD0OD0OOOO0OOO0OOO0OOO,00000000000
gobbboogoobooo
00 (¢) DOODODODOOOOODODODODOOODODODOOODOOOODODOO

O00000000000000 Fig.6000. 000000000 (X,,Y,,2Z,) =
(~100,-100,800) [mm] 00, XYODOOOODODOODOOOOOOO. 000
00 XOO,YOODOODOO 80 [mm/s], 40 mm/s]000. 00000000
00000 4.5 mm]00, 1.0 [sec]00, 3.0 mm/s|00000 20 mm|]0000

11



000 (@ 7). 00,000000000000000000O0. 000,000
000000000000000. 000,000000000000 100 [ms],
obobooboo P, HOODOODOODOD.

2 0] [—8 o]
P = H = (29)
0 2 0 -8

Y 7 XY Plane

06 dogooboogoon

12



L
10 15
time[s]

O 70000000

000000000000 8000.080000000000000000O
00000000 (2), 00000 (b), 00000 (¢)000000. 0000,
00 ()000000000000000000000000000.000,0
0 (b),(c) 000000000O000,000000000000000000
000,00000000000000000,000000000000000
000000000000000000000000.000,00 (b)00o0oo
0000000000000,0000000000000000000000
00000000000000.000000,00000000000000
0000000000000000000.

13



velocity [mm/s]

velocity [mm/s]

200

180

160

=
N
o

8

[os]
o

D
o

S

20

200

180

160

=
N
(=)

8

o'}
(=]

D
(=)

S

20

—— Method (a)
- - = Method (b)
1 Method (c)

time [g]

(a) XOO

10

15

—— Method (a)
- = = Method (b)
o Method (c)

time[g]

b)YOD

U8 uguobobodg

14

15



4. 000

goboo,bbugbbuogboboogboboobboob.buog,bogon
gbobobobouooooobobobooooobo,buoooobobobbooooon
gboobuogoobbobuoooobobooon.

gobog,booboobboobuoobobob,oobuooboboboobon
gboboogooaon.

4.1 JU0U0ooooogdg

godoooooboooooooooboooooooooooono, oo
gdotoootdotoooboououood. oo, boguouooooouooon
O000000000000000000000. 000000000, 0 (8), (28)
00,

g =MW+ LWO- T, — &) (30)

000000O0000. 000,000000000000000000000
00000
Et+T) =€)+ Jq- Ty + LWO - T, (31)

gooooo.
000,000000 (xewe X Vo), 000000000000 T, 00,00
Ox0000000¢U000. 000,000000x000000,0000
0000, &, émin 000. 000, 00000000000 foy = af 00
gud,c0b0b0odoooooooon.

E(t+Ts) >0

Xsize / 2
a= - (32)
(&maz + G- Ts + LWO - T)

gx(t + TS) < 0

Xsize / 2
(Emin + JG - Ty + LWO - T))

a=—

(33)

15



yO0OOODOOOOOO 0000, 00000000 0000000000
0000000000 f.,00000.

4.2 JUO0UO0O0OO0ooon

ggbbbuoooobbooodgbbboooobboooaobn.

U gggobobuooobboooooobooon
U obogbooboobon

0000000000,0000000000000000000000000
0,00000000000000000000000.00,00000000
00,00000000000000000000000000000000.
0000000000000,00000000000000000000,0
0000 330000000000000000 (a), (b), (¢)0000. 000,
00000000000000000000,000000000000000
000000000000D0O000. 0000000,00000000000
D000000000000000.

4.2.1 DOO0O0O0OooOOOoOoOoOoooOO

000000000000,000XYOD000000000000000000
000000000000000000.00,0000000000000000
0.00000000003mm0,00000 (X,,Y,,Z,) = (—160, —200, 800)
mm]000. 000,X00,YOOOO0O0O00 20 [mm/s], 110 [mm/s] 0000
00000000000.00,0000000000 QVGA(320 x 240), 00
0000000000 100 [ms]00000.

00000000000000000900014000.090000000
000000000. (a), (b)00000000,YOOOOOOOOOO. 00
0,0000000000000000 ()0000000000000000

16



00.000,010000140000000000000000000. 010
0,0000000000000000000000000000C. 0000
0,000000000000000000000000.000,011000
1400000000000000000,00000000000000000
00000. 000000000000000000,00027[|00000
000000 (011). 00,00000000000000000000 (b),(c)
00000,00000000000000000,000038]s),27[s00
00000000000 (013,14). 00 (2)00000,0000000000
00000000000000000000,000000000000000
000000000000000.

17



velocity [mm/s]

velocity [mm/s]

80

60

40

N
o

o

-20

—— Method (a)

1 Method (c)

- = Method (b)

120

time [s]

(a) XOO

15

110
100

80

(2]
o

N
o

- = = Method (b)
1 Method (€)

-20
0

time [s]

(b)YDD

09000000000
18

15



AN
100k ° 4IRTEEELDS iy
o BEYD O s3xm
S
[s]
o}
Q
501 S
[e]
o
o}
o
o]
— o
e S
‘g_ oF ° i
= SO oF /1)
° BEsm
o
[0
—50+- g .
o
o]
o
o t=0D&ED
° KRB
~100[- rd 1
1 1 1 1 1 1 1
-100 -50 0 50 100 150
x [ pixel ]

=150

010 000000000000 (@Mobooooooog)

1001 \ 2.7?}“6E1%%EJ:75\5
O
)
50 POE Y] 4
O DEENHA
O
i O
2 o0 i
= O
O
O
,50 —O -
O
8 t=0 DD
¥ sigimiE
-100{0 o ]
-150 —50 6 5‘0 100 1§0
x [ pixel ]

011 00000000o0oooO(oooog)

19



D O U U UUUU000pmmsmmsmm=— N
100Q BERELET 1
©
ol |
©
_ OBEAH
3 ©
s %0 1
-~ D
©
O
_SOO .
O
O
O - t=0D80
-100{O ° WRIIE g}
O O 0000600
~150 -100 -50 0 50 100 150

x [ pixel ]

12 000000000000 (Method(a) 1000000)

U 0 U9 w
100l O \ s TEEELAS |
o BT
O 54
O
50/ .
O
O
_ A
T O] saw
2 o0 | ommrm | =
= ©
O
O
_50 [ O .
O
O
O
t=0 DEFD
—100—% 5 o sgmiiE 1
OOOOOOO
150 100 50 0 50 100 150
x [ pixel ]

13 000000000000 (Method(b)DOOOODOD)

20



g

O

100

27RTERELENS
Pl e O gt

50

PEERY)
DIEENHE)

=50

y [ pixel ]
<
CIOROECHONCHONGHGHONONEONON®)

t=0 DD
& ngmeE

Il Il Il Il Il
-150 -100 -50 0 50 100 150
x [ pixel ]

014 000000000000 (Method(c)DOODOOO0O)

00,0000000000000000.0000000000 3[mm]0,0
0000 (X,,Ys, Z,) = (100,0,800) mm]000. 000,00000 100 [mm],
000 2rad/s|000000000. 00,0000 Y0000 10 [deg)000
000000. 000000000,0000000000000000000
00000000.000,00000000 30000000,

00000000000000001500020000.0150,000000
000000000000, 000,00 (a)000 (b), (¢)0000,0000
00000000000000000000000000. 000,00 16000
200000000000000000000.000000000000000
0000000000000.000,00000000000000,0000
000000000000000000.00,000003[s0000000
00,0000003[0000000.0160,0000000000000
0000000000000.00000000(01700020)000000
00,00000000000000000000000000000.00,0
17000200000 (a)000000000000000000000000
0000000000,

21



Method (a)
- = = Method (b)

'+ Method (c)

1 1 1

3.5

1
w0 o~ [} —

[s/pei] 100 _o>Mm_:mcm

0.5
0

15

10

time[s]

U 15 ooobobooboob

PIERY)

O

EfRERH

120

[1oxid ] £

-120

160

-160

x [ pixel ]

016 000000000000 ((@obooooooon)

22



T
-8
@
120 OO —
8 © O g
. i
Q O
2 O ©
2 o SHERYID
9 E; M e
- \E ©
2 O o
STk o |
> 2 t=3.0D&ED
2 - N
o 0] A
2 O
3
%}%@@9&
o B 1
—16(‘) (; 16‘0
x [ pixel ]

017 000000000000 (oooog)

120 17 'oo a0)) §
: . O g
0 O
5 O o
; O
8 o
s SELII
- g O o smrm
CREEN S - O ° |
= 3 O 5
> 3 t=3.00&ED
3 = RN
o
8
0 &
20 %O@wjp |
g
—16(‘J (; 16‘0
x [ pixel ]

018 000000000000 (Method(a)DOOODOODO)

23



4
120 @) b} @%
oo !
| P O %4
o[ O o
D
@ O 0\ signo
_ O O BEER
2ol b S
a Q °
- A= t=300E%D
8 S PN
O
O
g o4
e &
120 |- %OOO .
G
—16(; (‘) 160
x [ pixel ]

019 000000000000 (Method(b)DOOOOO

0)

'Q@
Q
1200w
o © O
o9 OO O X%
B O °
9 o HRID
4 O BEARH
O o
- ‘ <
2 of 3 Q0
A 8 O %
> s O t=3.00EED
8 O ™ e
5 oA
> O
o &
s)
@ ooongp
-120 .
EREE
o0 0 60
x [ pixel ]

020 000000000000 (Method(c)DOODOOODO)

24



4.22 DO000O0O0OO0OOOOO0OOO

0000,2000000000000000. 0000000000000
21000. 0210000,000000000000000,0000000
000000000000000. 00000000200000 2.5 [mm] 0
00000O0.000,000000000 (X,,Y,,Z,) = (100,0,800) [mm] O,
00 100 mm], 000 2rad/s)] 00 0000000. 00,000000000
(X,,Y,, Z,) = (—110,0,800) [mm] 0,00 110 [mm], 000 0.3[rad/s] 0000
00000000.00000000,000000000000000000
00000000000000000. 000,00000000 4500 100
mm]0000000.00,000000000,0000000000000
000000000000000.

000000000000210002000.0210,0000000000
000000000.021()00000,((b)000000000000000
0.00000,0000000000000000000000000000
000,02300020000000000000000000000. 00
00000000000000000023000,0000000000000
000000000000.00,00 (), ()000000025 0200,0
000000000000000,00000000000,000000000
0000000000000,

, @, X RH2

800 [ @

YT z wEEn  HRW
X

021 O00OO0OO0Ooooooo

25



1
1
! |
1! |
f 1
- N v
@ . - - ! 7
2 15 Pas A ' ot ~\’.' ‘.
£ | ~.s” PN
'g 1+ i . ﬁ_“‘-m i
] o e
) FEEE
: !
U &
A K —— Method (a)
05k - - -Method (b) | A
‘ ‘i Method (c)
0 . ‘
0 10 15
time[s]
() DO0DODOOO0OO0OO
25
—— Method (a)
- = = Method (b)
oL ‘i Method () i
@ 150
€
E
2
g
S 1r VARREN

U 22 gobbodogdo

time[s]

(hy DOOOoooooo

26




QO NS O st
OO | O [RM2
120- & O - / \/‘/\ ‘(}/\
NS
0 é
d d
° a
—_ O o a
] o) 7N
£ or [+ g 1
‘ q
R <
( \jj:
/@3@00 OO0 o
—120f 1
[EEE e
760 0 160
x [ pixel ]

023 000000000000 ((@COOoon)

O xR
O &2
120 — -
O O 000 ‘ K
o ) S
o 3 0
_ o -
5 o o
E ot @) ,/" + 4
= o) o
> O 9
O N e
. g
%g\ 9
&2/ - d
_120- .V Q00 0O O J
b EREE
-160 0 160
x [ pixel ]

24 000000000000 (Method(a)0OOOOO0)

27



O 3354
O 33542
120
O 000U
: U@ o
5 L\
Ny
o
- 0 -
! O
.% oF o + O
f— 0 O
” o\ o
o~ 0
A~ ©
ya 0
O
120 wouoo OO0 O
— BIRE
“160 0 160
x [ pixel ]
02 000000000000 (Method(h)DOOODOODO)
A*\ T
E O sgim
ERA2
120 o000 OQ Sk ]
O -
@) — \/
{ \';,// O
B oO ) \ 2
3 o 2
‘g 0 o) +
E OO Q J’ %
O Q N/ o
g: g
@)
oo O oo
-120
B EEE
—1‘60 (; 1‘60
x [ pixel ]

02 000000000000 (Method(c)DOOOODODO)

28



5. oo

5.1 0004

goooo,prz00000b0obooboboobobooboboobo
gboboboooog,bbbuogogobobbuoooobbobbooooon
gbobobouooogoboboboogag,bbobbuooobobobbbouooon
gob.odb,ggboboogdgboboobobooboogbboo.oboon
oboooboboobbooobbooobbooobbooobbooobb,
gbbobouoodgbobb,boooobbobbuooobobbbboogoon
goboboboobobodg. oo, oooobbbbbbboudgooooonn
gobboobboooooooobobboobobbboodo. oo,0000on
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ooo,

Zoe = —DPg SIN 1 €COS @2 + Py, SIN @ + P, COS q1 COS @2 (37)
gogogoogn

o6 _ 1

a1~ 57,2 [(—pz sinq1 + pz cos q1) Zoc — (P cOS q1 + Pz sin q1)(—psz cos g1 cos g2 — p sin q1 cos qz)}
1 oc

& —f ) . L ) .
87112 =572 (pe cos q1 + pz sinq1)(pz sin g1 sin g2 + py cos g2 — p cos q1 sin g2)
oc

062 ) . .
% = # {(pz cos q1 sin g2 + p; sin g1 sin g2) Zoc
1 oc
— (pe sinqi sin gz + py cos g2 — p. cos q1 sin q2) (—pz €OS g1 €Os g2 — P sin g1 cos qg)}
02 f

2 S,z {(pZ singi cos g2 — py singa — p; cos g1 cos q2) Zoc
2 oc

— (pe sin g1 sin g2 + py cos g2 — P cos q1 sin g2) (P« sin q1 sin g2 + py cos g2 — p- cos g1 sin qQ)}
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&1 [ . .
i = f Zoccosq1 + (px cosq1 + p2 singqi ) sin g1 cos qg}

apz SZoc2 L

g%: = %{)CQ :sin q2(pz cos q1 + p- singy)

gil = SZLOCQ :ZOC singi — (pz cos q1 + pz singi) cos q1 cosqg}

g% = %OCQ :Zoc sin g1 sin g2 + (pz sin 1 sin g2 + py cos g2 — p2 cos q1 sin g2) sin g1 cos qz}

% = SZLOCQ _Zoc cos g2 — (pz singqi sings + Py COS g2 — P COS q1 Sin g2) sin qg}

082 = L _—Z cos q1 sin g2 — (pg sin g1 sin g2 + py cos g2 — P2 cos g1 sin g2) cos q1 cos ]

8pz SZoc2 I oc q1 q2 Dz q1 q2 T Py q2 — Pz q1 q2 q1 q2

96 pzcosqi+pzsing

af SZoc

@ _ pzsingisingz + py cos gz — pz cos qi sin g2

af SZoc
goboodoooodooooogooooooon [pxpypz]TDDDDDD
. dudboououou,odotouoooooouooo. oo, ooood
dodoooooooooooo,pddbdoobooboooooooon
gooooog. oo, 000000000, 00o0ooonooodgon
0oo.

Pz [(f/Scos g1 sin g2 + &2 cos g1 cos g2)&1 singa + (§2singa — f/S cosga)(—&1 cosqi1 cos gz + f/S sin ql)]
pe = —(&2singa — f/Scosqga)(f/S cosqi + &1 singi cosga) + (§2singi cosga + f/S sin ¢q sin g2)&1 sin g2
» _ pa(§2singr cos g + f/Ssinqy singa) — p-(f/S cos g1 singa + &2 cos 1 cos q2)

y =

Easings — f/S cosqa
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