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NOMENCLATURE

Transformation matrix from frame {7/—1} to frame {7}

Position vector of the ith cue in the {7} frame

Position vector of the cue in the robot base frame{0 }

X component of position vector F for jth cue of ith moving
point

Y component of position vector F for jth cue of ith moving
point

Z component of position vector F for jth cue of ith moving
point

Camera parameter

X component of vision system model for jth cue of ith moving
point

Y component of vision system model for jth cue of ith moving
point

Performance index for camera parameter estimation C

X component of vision data acquired for jth cue of ith moving
point

Y component of vision data for acquired for jth cue of ith
moving point

Camera parameter correction vector

Jacobian matrix of (2 xXixj)x6 for camera parameter estimation
Transpose of matrix J

Residual vector for camera parameter estimation

Performance index for robot’s joint estimation
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Ab Robot’s joint angle correction vector

J Jacobian matrix of (2 x¢xj)x4 for robot's joint values
estimation
JT Transpose of matrix J
R Residual vector for robot’s joint values estimation
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ABSTRACT

Development of the robot vision control schemes for
slender bar placement task based on N-R and EKF
method

Son, Jae Kyung
Advisor : Prof. Jang, Wan Shik Ph.D.
Department of Mechanical Engineering,

Graduate School of Chosun University

This study uses the vision system model which i1s proved in previous studies
to efficiently transform the three-dimensional position values of the robot to the
two-dimensional camera plane values using the software method. The vision
system model has six camera parameters. Among six parameters, the first four
parameters indicating the camera inner parameters, explain the uncertainty of
the camera’s orientation and focal length, and the other two parameters
indicating the camera outer parameters explain the uncertainty of the relative
position between the camera and the robot. In order to increase the precision of
the vision system model, the positions of the cameras are selected so that the
object attached to the end-effector of the robot is filled in the image plane of
each of the three cameras while the robot moves along the arbitrary motion
trajectory. In particular, to minimize the amount of data, the test model using
an LED-cues representing the entire object shape is manufactured.

Thus, using this vision system model, the two robot vision control schemes,
based on the N-R and EKF methods, are proposed for object placement task
to the fixed target point. The spatial position value of this target is unknown
but only the vision data 1s known. The experiments of slender bar placement

with two cues are performed in order to show the effectiveness of the proposed

- XII -
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two vision control schemes. From the experimental results of slender bar
placement involving positional accuracy and processing time, we would like to
identify the advantages and disadvantages of the proposed two robot vision
control schemes with different numerical analysis characteristics. Also, for the
judgement of the vision system model’s fitness in EKF method, the changes of
the estimated six camera parameters used in the vision system model are
observed, and their characteristics are identified. Additionally, the robot inverse
kinematic analysis is carried out for the estimation of robot’s joint values to
the fixed target with the known spatial position value, in order to set the
criterion for the judgement of positional accuracy of the two robot vision

control techniques.

- XIV -

Collection @ chosun



=

A1 A

T M o W ON R W F il 23
aaoaf%mo.%m_f_mﬁmyﬁ%& 9 M ® R od T M P
0 o y = - ol ¥FE R OW X e
o - mE N T A R i A o
TR B R ) T aom © 8 e BN R
ﬂxﬂu%i%m)ﬂg WD W N 4%&%%%470 )
ﬂﬂ@ﬂ&ﬂommﬁﬂg%ﬂgﬁ o 2 ﬂ_ﬂ._a&ﬂ_s
b T omog = B MP T B oo = S N
T T N B 2 XN E ® o i o R T o T
I I B L D L O R
A .n_wo & o X gjo " X o X = o m o= T L
vw o o < B A - S o W IH o = = wo— <
7?&“&%;nm%%ﬂ&qﬂm% Hox ooy Moo
TP T L RE KT T T W R b
oo tuiistfEaTIeEe A
N O 10~ = — o~ < 1 o
D W oo BN R M oo U Moo ™R G
T _ (=) o X fo ‘I‘._._.Lvﬁ
WM A_n_mrdaoﬂ{ﬂn.mmwzmwﬂjﬂ% ﬂﬂﬁ%boﬂwﬁ.Wﬂﬂm
X P oo X W T £ my B 1 X %
=J 5.0 ~ :.L‘JII R
 H g R Lgu e 3w _axiﬂ,gzoﬂw%
ol T L o o ooy Z T Z e
o X o Koo 42T TerHE gL &=
M%ﬂwﬂﬂuﬂnm}iié]x% O A B
7%]91,HF_61F X o u@_.x_ﬂlmM,xi
‘m..u ﬂl* 0 NJ_ S Ry 0 o.,_o e &o o_,_ ! _foT ) X ) = ﬂ me
ce Nﬁ,dr.@%m,noﬂ%ﬁ%#%ﬂ s I BT E e B
aﬂ%%ﬂ}w%ma%iil T rn S ke U
K TRRpg I MeT % 5T MF B 9w
T T Tl G X W % B o S miﬁi
o o TR - N - Ry o
AW e W O o By 0 T o 2 o e M "
w&ﬁmowl,ﬂmﬂ%% T oW R MHM7W9§%EWT
T Tgadfed¥erx SR -
= @rﬁ T K sl N o)) < . < 0 N K m W o b = mK B
M B oR om T o< ow K omk = L S S+ _om o
g p e d Ty Edy S R A R
— YW w = = T T T
— oo o ﬂ.oﬂ%7ﬂ|iﬂﬂlo% }Jﬂanuliiﬁr
TomK of o_e ._uf_mu Jo ﬁT; ﬂ o o.._o — V ﬂ J.ﬁ ;M - N O# X0
o T ™ o~ ® W xR T o

a3 o.

PN
T

=]
=

o] o
H=

]_

A
s thde] W}

RS

Q.
o

o]
H

IMFY] 7] uwet A%
FHog FHA

T

-

51Tk 1997~2001d =

S

Al 2F
Collection @ chosun



Had 28 7Nbr]s )

T
-

ol A

il

uze)

A =i, %

ko]

=
=

A 7124 2002~2007d 713tel+= A5y =5ES 10t A A

il

i

JJo

Aol A A

—_
fite)

= A

ol 20089 B &= FH < 20159 71HA]

S

gk, oA 7]l

22

871 F-x 2] MOUZF #ojxt}.

ol
=
g =257

et

22X BRFAYE vlaHEAH
20094, 2014\d e 1,22 A

o<
—_
file)

s
i+
el
B

A

-
[¢)

=)

R

!

1] Fagstel 2

5]

kg sk 2013
A Z7]% R&DE oo 229

S
=

Advanced Manufacturing Partnership)

o FA4E

=2
=

Fa lem 20204744 ¥ E e 30%

|

SEER R

Alo] B

Z

)

82,0008 delE T2

2HEo0Z 1

=
=

at7]1 %= 83t

Hl o
=2 =2

=7

Kl
21 (SPARC)e 219 7007k

T
T

oF

23 X

94

SERE 38 FIL2Y:

Bty

a1 =}

0
i)
K

==
i%e)

=

2AE

28 F92H(RobotCom)

o] Horizon 2020

95

A]

3L

ki3

A% 9

X
=

2 FAH20149),

o
T

109

fite)

Ny

N

AH g vigo quag =

94

No

tel = e okxTkel WY T

S

Al

of AlA 91l A 2012l Al

s
a-

=
T

%13

I 20143 A

5

Collection @ chosun



T 2RSS 104

of wel FFAESFAA 20209 7HA AA =R A

o

91

[e)
A&

5% &

[elie)
71(5:]11“5

XOP

s,

1By
it

ol

T o

gl

A8 2 2014%

R

&

oF

il

Bl

|

o

Hir el IT

o
T

Fol = 23 A4

o)

7 &

gl

Z

o] 80% sEol™, ¢

=
=

SEe A=

ki3

o

PN
=

Collection @ chosun



424

1

X

1.2 |77

o

BK

ol
A

o
N

|
—~
file)
il

el
JJo

=
=

=

=]

ok

| ] 24 CCD7}H

Eis

ISiMIz}ar

[e)

|

=N

2, ol o

A~

=
TFo AxlE ="y CCD7H)

)

Tracking 7|
HEW, Park®

A}
=

=,

RESE

-

cICE

A ok B (9

B 2ol wjg 7]

%
7]

a
o
S

arL
[}
. =
o

3

-
fius

=

ul
o] 3a

3l4lt}. Bacakoglu®t Kamel”

G
al

aowE AR A A
&

bel 7hul e}
2 ARE 27

&

[e18
3}

°©

o]
=
]_

)

&

7

g e AFAUV)I

v

94

N7 we) 33

17}
2o A
=i}

T

T
=]

p s
0]

-

2}
8

A

7

= EE!

s

el o

s

g

fl
il

5
)

)

uj 7]

=]
-

=

o]
=i

w2} 3z

o

—_—

o

o

rvze)

22

}4,

—

.

lgom, Tsai®= &

S

=

Al

Al

p s

o

1 sl 2

2} &

b gAel AHsE

2
&

=
=

3]
2

7
HAl Abe] PA-102% 2o shvlest

SEAEE 2
1ge %4

=

=

o

LN

3

-
fins

[e]

=

Fel, A=

o]

she] 33}

S

T

B
= o
)

= dHel=

o
oS doemM HHe) F=

a

S
S

&tof 7k et

S

st} Pomares"”

g
[¢}

B

PN

=
=
T

A3 7
TE

:

-

Collection @ chosun



U] H] A o]
H]7d  7]¥ke]  SGM(semi-global

T

o

= o
2 H ¥ L

9I5to]

3l ). Stelzer®

S

bol @1

°©

Stk X5 e 23 &ol

)

=

=

A

T

9
pal

HE Ao Al 2~Ele o
matching) " &2 A

of i

il

T
Tor

199}, Hafez''Ms

°

A Al

el
Nm

oW

,mwo
<]
il

—_—

0

ol

IR IR

°©

83
Alzgle] HA Ao} ke

o
=

5&

143t} Mishra'?
1

gl

[}
A

}a

)

RRET

3]
=)

°

of i
Al

|
file)

—

0

I

o
N

[

e

23 ]

5 2o,

o

Fo] 23 A0} 7]

& O]

R o

iE

Q.

=

N-R(Newton-Raphson)®H
A)

L.

°]

1A 2g e A}
g

g

o] ¥

o] B ast},

7} EKF(Extended Kalman Filter)®H o] tf

%
file)
A
14

i

=
)

—_
fi%e)

qr

i

Wedepohl'?

g

el

Z}
7kl N-R

3

] 7}
=i}

3

o] Wi

=<

E 8l A~
=

H B W Skaar'®S o] HA 27 o4

)

=

ek )
A

i

2 9%

3

?_

|

o

o

Fa . Makoto"5< PV(photovoltaic) ©] @l ¢] 2]

°©

&Y
MPPT (maximum power point tracking)%ild]

A

o]-§3ke 3

I~
T

=

=

&t

A&
[€)

1

9
.

T

-

o] 7hvie}

<]
[e)
=

5

Collection @ chosun



i)

A ATE 92, Shahamiri'¥E So] A9S dars egdlor &
2 AASs FAsta e A Feleel 3¥9E 98kl  Nullspace-biased
Newton *'H-S PUMAS60 mjuE#olEle] A &sts A4S F389h Yang'™”
S& dhal Qlo] AAZFe R 65 parallel 259 ¥ZE A7) 993t GNR(Global
Newton-Raphson) Ho]'ﬂ‘% Agste]  A7|FE digsk s shoH,
Altamirano"¥+= 3SPS-1S W& viUE#olHE 7|Wte R A 9 w9 A2wlS
Algrstz] #1sl 7d7] -l Eﬂf?} iAol NI = WY N-REHS A833e
), ojuf doj Azut FHES FA st iy EH|H O SolHE AAlstal 7
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§3to] 2R 225 $e v4y w¥or Az dgen, Lin?e F
o= mE Erigtel EAHS Fa3d £x ZEIAR B AAS 9l
DBLA(real-time look-ahead)® 1] &l AAg =7 7k vHE4 N-R¥YH S
o]-§3to] d7]+8te] & ekl AMESEATh

T8A ALt 93ty E EEseE EKFYHES o]§3 dutddd AF&
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A& Shademan®%-& HEl sheuE, FivetR gy} ojwxAgle Fol wl$
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H A 283 A A el e Este] EA F29 A T A7 AT

g #9371908) EKFSES AHgstel 9§ 71w mpaAsgle] ve 4%y Lms)

EKFWH S 23] Agste A dd 43S A4y wd, Guodong Chen™&

S o] g3t FrHol= HlHA~Fl ALESTEES Jhde A WS Al
A8kt Ling Chen™V%e ®ntd 21l g F3d Fad o
localizations <=3z} 3t
X FRPAY SAY)E ol &ste] Eutd 2RO 9F

Ahmad®5 <& 239 93

e, 2
o
TR
o
o
ol
o
N
e
ol
ol
£
-
il
e
o
ofo
ol
ol
2
=
O
3.
o
S
flr
i
= oX
AN
o
e o
rlo >
Nt
)
=)
=

A AFd s vty FAAE FAHS7] Y3 EKFYHES AHE 3ot
Xu®z dlelA AlMsh 2ite) lar =R W Jus Fiete] mukd =ite
A Aol A TS ¢ UKF(Unscented Kalman Filter) & AFE sF3l o,
Nguyen™& e 2Xo] wlo]la o]go]S Algdlo] 7t Hor S2o)E »

o) wHol wH AR TIE X =oA HEE o9 =A AW $IS 94
MKF (Mixture Kalman Filter)& A}& &}tk T3 Lippiello™% 2 7hvgl A]l2H
S ZE U o 2EY A 7uk vFdE AR giste] BAle] 229lS EKF
WHE AMgete] AAte R FASE WHES AASER o, o] MhHE ojuA] &

A FE=L Ysle] HA olnx EA Hgul ygste =z ghdgl o A9l

of

5] A

oM Hojx A o] HAALES AR mXA Ve te B AR
o] AAEo] A ey A7y AT

AR g ) 2442 s& dEdE W

of svlerel =3 abole] AUH IAE UEUE )% sebue

_7_

Collection @ chosun



ol F Fhulg 914, z
FaeA et @747 Ak F ok

3,

Awsse] As Aol Baste, A3 Bl ¥
] 3 Bl x%ﬁg]l:go]
Hg 74

daglF so] MEEHJA N nAA 2T g

Collection @ chosun

o1t w}am

AA g3 oA WA

93k

o

2



ol
-

o o L%
e N

'

=2

2
z%ﬂi‘ﬂrﬁ

>
N
£
>
il
2
o
o
ol
2
of
o
2
2
ol
ol
rlr
[-‘O
-4
N
N
N
N
o
i
i
ol
™
o
A,
Kl
30,
)
[
=

i
o

s

z,

>
ot
=

2 N
)

By
i
2
N
rlr
=
©,
a
T
fol
o
N
o
o fi

| ()
o

1z

i

4 3 A
Mg o] 43 Woje doly Fowm s Az
of olggol WART oled TAHE

o EE AFHY 7l FH 1S5 vl

LI
e
ol
o
N

grabber)g]r =5 ﬂ“ﬂ £ o]
o=, 33 FHdol A Al
mep ojm x| FH Afolol] A&k Aol Aoty A3 HAo] o] Fojtial
A e 25 vy Egold E¢t =
ol HAS 4 oY TS 7HAA KstEg tA] BAS doF g
2 dAqeE dugs % oA(SW)H Sl oz 9o ZAHES HZ

A 23] 33 T AHEFE 23 A REA goE S84 WS
A7) 98 AaAfelA Fede]l 2HE wAA s wdS AR du
AbEE WA 2E] mdl giueke] ook AR BEAAdS

of i} virpA el FhlEkel =i Abole] Al 91A e =S

= 278 Zhilek v E 7R F 670 Zhet mivkR e E P A dln e
A A5 o)l AEAgds wolv] fdl Tt AAAE S =X el B

© : , oA f1A gkl &
AA eFar A vlAHolHyE 4zl g Ale] tis] 2RES o] &% &4 Wi &Y
T3st7] Y8t N-R¥% EKF S o] g3 27 BE uA Aol WML AAE

Collection @ chosun



of mEde Heolrl fdl nAw walel el =3t 274

qu 2
2
>
it}
[\
=
N
2
N
L

g 2% gt wA 4ol Ayt 4Ee B A2 nE FAH4 5
42 7h N-RYHWSH EKFSES 489 waxsg wae) 4849 e o)
A A Al gyl e s mnFozA, Aze FUHE sefsel o
Fek BA E&HIT BRE AW gl thte] YoluzA vk ojsh v
of BAel e F1d AN/t FeA Aol @ mie] BARE FRNE =2
2oy 7e mug ey, dold sMdnE 2 2R wa Aolswe] g
He stefste JlFow Agstanh 53, EKFdel Age wasss mad
AAe 2] e wAxaw wae) xR 6ol sviel ohlmel wa
g wastel 1 54 sefeta sk

ogstel, B =Rl BAL AfH ATNES 2 U Bet 2o TR

g, A4 A4 AZAS AT v dAo 7 U, A5 AP A 2 AU,
A6 AFAH F AT AR 45N oM Fig. 1-13% o] 7AEH
Fixed target estimation for
slender bar placement task
Robot’s target position
Known Unknown

Forward kinematics model

Inverse kinematics model

Newton-Raphson method Extended Kalman Filter method

Result of vision system model Companson

based on N-R

Result of vision system model
based on EKF

Result of robot’s slender bar [l sty

placement task

Result of robot slender bar

Result of analysis placement task

Comparison of result

Fig. 1-1 Structure of thesis
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A2 25 7IE Sy

2.1 B7173 a4

2.1.1 o] &4 " A

o

2o 7982 32k FRbeA 2R 7 wdo] g #
W wlolx HF A e =& =39 A (£, F,F)E T Aotk 2R &
A SAA(F, F,F)E T3t7] 9alAe 25 3 Ao dsix Aelsop gt
A #AEF {ifol dalA 470 @ 2 A A= Denavit-Hartenberg(D-H) Tf2Fol )
g} Jojst= HAJAELS Table 2-10 whe} WA {i}7F dES{i—1}o] i+ &
A 1A dAl= Fa24o](link length) o, ¥ H2 FE"Hdink twist) o, 2 &
sk, WAS {itol dal olxste Jali—113 da{ite] A2 Hule 22 2
IAE 4.9 Ak (Goint value) 0,5 471 AXZ &SI, Fig. 2-19A] H o FT},

i

7(0,)0] ol A

»

[y
N
rr
S

o%
o2
o
;EL
=
A
flo
i
s
ol
o
to
gl

SlitolA #4d= {i+1}E 7)
WA wgom Ao,

Fig. 2-1 Link frame {i} and link parameters
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Table 2-1 Link parameters describing the relationship(a,_q,o;_;) and the

relationship(6,,d;) between the neighboring links

Link parameter Convention
a The distance measured along a line that is mutually perpendicular to both axis{7} and
1 axis{i — 1}
Qg The angle of the twist of link{z — 1} relative to link{z}
d; The distance measured along the common axis{z} from link{z — 1} to link{s}
0; The angle of rotation about the common axis{7} between link{s — 1} and link{7}

Table 2-2 Convention of intermediate link frame {i} attachment

Frame | axis and origin Convention
Z;-axis Assign the Z;-axis along the joint axis {7}
origin The point located where the a; perpendicular intersects the joint axis {7}
{é) X -axis Assign the X;-axis pointing along a; in the direction from joint {7} to joint
' {i+13
Y, -axis Assign the Y-axis by the right-hand rule

AEA BAS HolFE Fig. 2-13 2ol AL}E Ali—1)e) 71Zske] £
W olejsl 2t

]_

Ol

=ttt yriTirt (2-1)

A7IA, TrirE X Fol e o, A, e Xpg& w6, AY, IT
T ZyF diste] oubE A, rE Z,5S wE 49F dAE e gle

H, Eq.(2-2)¢F #Zo] 4x4YE =2 T
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1 0 0 0
i1 0 cosq,_; sino,_; 0
W - .
0 sino;_; cose;_; 0
0 0 0 1
1 0 0 a_,
W 0 1 0 0
T= _
U 0 0 1 0 (2-2)
0 0 0 1
cos; —sinl, o 0
U = sinf; cost)y O O
0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0
S _
=l 0 1 4
0 0 0 1
olglst, Eq.(2-2)4 9] AE =L #3tH Eq.(2-3)2s 4A €t
cost, —sind, 0 a;_
i1 sinf,cosey; _; cosbcosey; ; —sina;_, —sino;_d, (2-3)
! sinf;sinc; | cos;sino; COSQY;_ 4 cosq; d;
0 0 0 1
- ’|3 -
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2.1.2 A71+38 =4

B o= A SM7 4% SCARARES ALg3te] A2 A3 3om, 24
SM7 4% SCARARX S X4 7|&tsts 4 2 72 34 HAFAE Fig. 2-20
Bl A 2uh sk AHd SM7 43 SCARAZEo A 7 #Ao gt 47 Y=l

2} %k Table 2-37 %ol 7|=31%

Table 2-3 Link parameters of 4 axis robot

Axis o; — 1 (degree) a;— 1(mm) d;(mm) 0, (degree)
1 0 0 387 0,
2 0 400 0 0,
3 180 250 ds 0
4 -180 0 0 05

Fig. 2-2 Link parameters and link frame assignments of 4 axis robot

_14_
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H oo Lo AFE-FH AMA SM7 4= SCARAZYE-9] 4719 &4 t)st Table 2- 301]
A melz P33T S Eq.(2-3)el ddste] 7 #de] tie waaEs 4
Al Eq.(2-4)9F 7o),

[cosf; —sinf; 0 0]
o wlo) HEA WE 1% FHA WS P, V7= Sig‘gl 00391 fl) 3
1
0 0 0 1]
[cosf, —sinfy, 0 a]
e 1% ZuAd W 2% FuA wdY; 7= 51302 C0§02 g 8
| 0 0 0 1]
71 0 0 ()
= =% 5l 2= A wAo 5. 5] & 2|0 =1 0 0
o 2= FEA h3t 3= FHE A Hel P, sT= B
10 0 0 1
[ cosf, —sinf, 0 0
e 3% FEAC UF 4% FuA waRY, 7= ‘5(1)“94‘C8594 015 (2-4)
- 4
0 0 0 1

SRR
2ol YEra 4 9l

=TT

Eq.(2-4)¢] 7 #dd gt W3 d-S Eq.(2-5)l
3} o] FojRth
l.’IJ ml nl
0 — ly m, n,
T T2T3T4T L m. n.
0O 0 O
oA 7] A,
- ’|5 -
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FHEAOINA A B {4)74] 9

Hatgdd 7= Eq.(2-5)9F

(2-5)
Qlslo] AAbetd Eq.(2-6)

g.’IJ

Iy (2-6)

9.

1



[, = cosb,cos (91 + 92) — Sin94sin(91 + 92)

l, = cosfysin (0, +6,)— sinf,cos (0, +6,)

=0

m, = —sinfycos (0, +60,) — cosb,sin (0, +6,)
m, = —sinf,sin (0, +60,) — cosb,cos (0, +0,)
m, = 0

n, =0

n, =0

n,=1

g, = 250co0s (0, +6,)+ 400cosb,
g, = 250sin (91 + 92) +400sin6,

g. = 388 —d, — 67.05

A v AEA )] FHR e vhle] ¢ ol FFE 2 ol A E e
3} e},

(2-7)

4Pj:[4P1}:[P$ P;lez[ 15 —18 —103

Pl ppprp 115 18 —103

wpebA], 28 o]~ HEAON] e ZE FH P AME = Eq.(2-8)%
o] Axte

V=07 4pI (2-8)

Eq.2-8)9] Eq.(2-6)7} Eq.2-D& didatel inAl oleA el juiA sl izt
238 71T Ag AR WY, Y, F)R e ok 2o o

_16_
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Fl7 = cos (01 + 05+ 0,)P] — sin (0] + 05+ 6}) P]
+ a,cos (0] +05) + a,cost;

F9=sin (0% + 04+ 6,) P + cos (0, + 05 +0,)P) (2-9)
+ aysin (00 +05) + a;sinb’

Fl=pPl+d —dy—d,

A7NA, ay, ay dy, dy= BAARL 01,605, ds, 005 AR o] X Hol e =

a, j= e MEE dEhdth

b

rJ

2

_‘|7_
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2.2 778 4

ME s #5 fe) =004 2o FARE wEs T8 W duHor go

_

AL83F= W o] Newton-Raphson(N-R)® o]t} o] WS Fig. 2-33} o] %7|H
2 R aolA o] FANY A (o fla)NN S FAT pFel A WA
(z,,0)= z,°lgt stH, BA z oA 4999 A (z, f(x) ol Ae] HAHo] 253 1L
et 4 z,ek F
v
y =1
/0 Xy X1 X0 X
Fig. 2-3  Newton-Raphson method
A7NA, 2y ZHYH & Fote AS A, zpollA JAde 7171+ fizy) ol =
2 HAe WAANE y— flzy) = () e—z,) oItk o] HAo] z53 = 39
FRE (30170)‘1} Eigl —f(l‘o):f/(fﬁo)(%_xo) o= 331:350_]{/((20)) 7F A
0
9 42 AL obesh e 4e Aok
f(z,)
Tpr1 =2, — m (2*10)

s 99 AE §Eat eol WEHT WA

y 222;%9/] 97:]7] 6_1' E%o —3]]% ;FLB‘]”EQ]

_’|8_
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222 97173 24

2 Ao = 221494 A& N-RUHS o]&slo] B AFoxA A&t 4HA4
SM7 4= SCARAZRE 9 H7|4-8 ndlS AAltx} st 28 o7 4-ehe 114

2 SM7 4% SCARARE O #AEL 0, 0, dy, 0,5 A7 93] Adsisle
o, ol ek At HALE Fig. 2-49F &t 7|4 Aqbd 23 AAdge & =
ol Atk Bplel ek vl H ol B R AESte] N-RWEWH Y EK
4

s
o%
o
o
Lt
1T

Ol

t3a) @,

( Start )
|

Selection of target point :Step 1

Definition of new function f(6) : Step 2

Application of Newton-Raphson

1 Step 3
method
N
]
Inverse kinematic method : Step 4
Rearrangement of Newton-Raphson . Step 5
method
Tolerance(g) : Step 6

< Result ﬂ

Fig. 2-4  Block diagram of inverse kinematics model
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@ Step 1 : EFA A4 A A

2yo] ngd gkedd B o), ), 24 (=1,2)8 44

(ol

.

N-R W& A&st7] Hs & f& Eq.(2-1D)3 o] o] gt}
f=1.'"P—FJ (2-11)
Eq.(2-9)9} (Step 1) Eq.2-1Dell &3t & fi= Eq. (2-12)3 2t}

fi| | cos (O, +80,+6,)P! = sin (6, +0,+6,) P+ aycos (0, +6,) +a,cos, —
f; = sin(91+¢92+94)Pg+cos(91+02+94)Pyj+a25in(91+92)+alsin91_yzl (2-12)
£ Pl—d,—d,+d,— )

@ Step 3 : Newton-Raphson W A&
Eq.(2-12) 3+ fol Eq.(2-10)2] Newton-Raphson ®¥S #Hg&shd tg3 2
=

—1
r=n= | )| s 213
o 7] A,
Tr— (617 65, ds; 04)T

f=ULrL T

i
£
2
2]
>
%0,
i)

Eq.2-13)°] Aol zob 35S 23t ofeo} ol
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Ouiaa] [B1] | %02 0ds 084 ryi
J J ‘ ;
Oz141| _ (021 _|0fy Ofy ofy ofy| . £2(6,)
dspa| | dar| (36, 36, Bd, a6, | "
g 9 , . . . fz (6n)
4,1+1 4,1 % % a_fzj a_le Za (2-14)
_691 692 6d3 694_
01,1 -1
0,
=2 4 | R
ds;
04,

casel) n>m & A A '=4T4) 4T (2-15)

case2) n<m 4 A A '=A47(447)7!
® Step 5 : Newton-Raphson W5 A4
H =R APFELS n>mo]2E Eq.(2-14)9] Eq.(2-15)¢] caselS # &3
Eq.(2-16)¢F #Zo] A4 & 5 Stk

0,1,=0,,—(ATA) 'ATR, (2-16)

7N, 6,,& P Folxd ZIgtelw, AFHH RILL Eq.2-17D7
Eq.(2-18)°] Ve A3 2,

_2’|_
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afl afd ofd afr!
36, 00, ad, a6,
a fyl a fyl a fyl a fyl
36, 06, dd; a6,
afr afp aft of!
4|00 06 ads 96,
afE afE ofE of?
e, ae, ad;, a6,
ofy Ofy Of ofy
a6, 40, dd; a6,
ofF off off of? e
06, 06, ad; a6,
716,)]
£,0,)
1
R ;QEZ; (2-18)
£,)
/20,))

o] 7] A,

of!
20,
of!
00,
of,
ad,

of!
00,

0

Collection @ chosun

=—sin (9, +6, +94)Pg‘g — cos (6, + 6, —|—94)Pyj— aysin (0, +6,) —a;sind,

=—sin (0, +6,+6,)P] —cos (60, +6,+0,) P~ a,sin (0, +6,)

=—sin (0, +6,+6,)P] —cos(6, +6,+6,)P)
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af’ . 4

aT?y: cos (0, +0,+6,) P! —sin (0, +0,+0,) P!+ aycos (0, +6,) +a,cosb,
1

of’ o .

g, o8 0, +0,+6,)P! —sin(0, +0, +94)Pyj+a2cos 0,+0,)
2

of!
ody

0

?0?/2 COS(Hl +92 +94)Pz - Sin(el +92 +94)P;
4
of
20,
20,
of
od,

0

0

—1

ofy
=0
a0,

® Step 6 : &2}
(Step 504 AAF Hojzl ke Eq.(2-19)& o]&3dte] Folx R (¢) =
Tk wj7kA] (Step 5) AAE WEESFo] Al4EstH,) oluf (Step 5ol A AAE o] X

o WHEALES ST 271 o 2 wix fh

)
rlo

4
E |0n,l+l _0n7l| <e (2*19)
i=1
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A3 ZR HAALES 54 BdT

¥ ogel e ageAe] e w WA de 9
o) 2Rl Aol AW AR s Baw Fo

NS & AT AEHE 2R NAAS 95 829 HNAN2 22 Ao
=

LS

]_

ol

A 6719 it mi/iESF (0 ~ G E EFF

Ak o714, FhHlE WERmAE S ¢ ~ ¢ e 2d A 2 wEke
7 C3 Cp= Zhlek el ZRALol o] A
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X = (CH+ Ci— Cf— CHF+2(CyCy + C,Cy (3-3)
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AA A el s HEFHS vehiv, xLish vl FAE s v
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A7 Eq.(3-8)2 N-R¥HoZ HA8A7)H Eq.(3-9) 37 2o},

0,,01=0,,+A0 (3-9)

=0,,+(JTWIr )W TWR

A7NAM, 12 AR T wrEE Slgoln, W EL Vel Es YEUY, 2 A
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= ARSI o oo tigh A2 3334 At w3, EKF WHe ZAvt o5
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Initial value model

Monte-Carlo method
Pp,xj

—

Prediction model

Measurement model

f

Camera parameter prediction

Xp+1 = Xk

Py =Py

Camera parameter estimation
Ky = P Hig (HgPg Hig + ViR Vi) ™
X = X + Ki (2 — h(x;, 0))

P = (1 — Ky Hp) Py

Vision data
acquired during
robot movement
for each camera

Robot joint value prediction

4mmu

Xpr1 = X
Py = P

Robot joint value estimation
Ky = Pp Hg (H P H + ViR Vi) ™
X, = X + K (2 — h(xg,0))

P = (1 — KiHi )Py

. J

Fig. 3-2
method
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A WA, dEde g #4 o E 48 Eq 3129 ol Bl

z, =[C, C, Cy C, C5 G (3-12)
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,ﬂ
)
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Fig. 3-3 Procedure of Monte-Carlo method
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Fig. 4-1 Data processing method in N-R method
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Fig. 4-2 Robot’s vision control scheme of N-R method

_40_

Collection @ chosun



@ Step 1
Z718F dAA HAE 5 A4S ug ngE gk29d EAls sl o] F3)
3 ]

@ Step 2

25 ols TAA AAHE 5 A4S wt 2AE ey gAs FE ols
= ot 270 ol disl 17 AAFEH (n—1) AAZA 30 Fh g 8 b o]
£ 53

@ Step 3

(Step DollA F=4% 7hele} vi7hd 5 =736 Step 2004 2F Fhlgtel A g 54
Al ddelHE w7l 4 2ol A &35t 1.0e o @S wEsh= 24 )
ko] gk miAHSEE FA 7

@ Step 4

(Step DellA FH¥ =2 Adgt =783 (Step 3)olA FHE Z+ 7helet w7l
W 2 e A e v Aol E 23 BHEg 4 2o Hgate] gl
diste] 1.0e *9] AR S TEEE 2R AES FHe

® Step 5

=AY AT A BAZS v wsty] 98 o3-S A}

_4"_

Collection @ chosun



4.2 EKFYHE A3 25 dH| A A7 H

4.2.1 "l o] E A 2] W

23 ol% A4 179 vAdolEHe} 2715 BAA AME 277ke olgae
A8 B o' e FAWY e T odA ARIAE o dxHe FAH e 27
oz o #7481, B oldel mpAet dolE A § 34

__________________________________________________________________________________________

Initial stage Robot movement stage

Initialfvalues
Vel

m

E (IT)

LT Initial target

Fig. 4-3 Data processing method in EKF method
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Fig. 4-4 Robot’s vision control scheme of EKF method
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A5 4 3

Ao Algx A¥AXE Photo 517 Fig. 5-13 o] 3t slwle= A}

&t MA A" A SMT7 SCARAERY 45 2R S AMgshs 2R Alxd,
AL 7Nk PC A2/ 5 37 Aladlos 4 sigiv. 2 AdolA Aesd 370
Al 2glel] gk ApA R AFgS Table 5-10 Hofsal gl

Photo. 5-1 Experimental set-up

Robot System
'}

FARA

Samsung 4axis SCARA robot

Vision System

Matrox Meteor MC4 frame grabber
Intel Pentium 4 Sony XC-ES51 ccd camera
Windows xp

Fig. 5-1 Schematic diagram of system configuration
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Table 5-1 System specification

System

Specification

Vision system

Frame grabber

Matrox Meteor-II/Multi-Channel :
sampling rates up to 30MHz
32-bit/33MHz PCI bus-master
three 256x8-bit LUTs

programmed using ActiveMIL with Microsoft Visual
CH+

Camera

Sony XC-ES51 Monochrome CCD :
Size: 1/2* CCD

Resolution: 768%494

Frame Rate: 30fps

Lens

Avenir tv zoom lens
12.6-75mm
f1.8

Robot system

SCARA robot

Samsung FARA robot SM7
4axis

Payload: 2.5 kgf

Absolute encoder

Repeat accuracy: +0.026mm

Servo drive

FARA CSD3 servo drive

PWM control using ASIPM

Speed Control Range: 1:5000

Frequency Banwidth: 550Hz

Command voltage £10VDC(16Bit A/D conversion)

Motion controller

MMC-BDPV41

CPU: TMS320C3X

Analog output: £10V 16-bit Resolution
Operating Range: 32bit, +2147483647
Acc/Dec setting: 0~25000(0~100 sec)

PC system

Computer

PC
CPU: Intel pentium4 2.8GHz
Memory: 512MB

Operating System: Windows xp

Collection @ chosun
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At Fokel YSaok @ mAdolHY FS AxFHAA A2w Ao Su

tol =4 @4 AAE ARRsHA &ar oY 7HA FE o] &eto] v

EAE 943t & & U=EF Fig. 5-29 #Zo] AAsidn. & Aol &
< T2 FAstety] ko] 1M 2/ 75 ol &ste] S WA en, 27

ol #AxEA{4fel HF AL Table 5-29 2},

F 3 24
Xy
@
-a- @
]
JEmm :
H
of :
@, !
B P— 3 e 6V
¢ : 30mm ;
30mm ! @,L—————--——-—--- """""" @
5 ; 7
: o P
o L > v
® 0

Fig. 5-2 Test model used for the experiment

Table 5-2 Position values of 2 cues used for experiment

Cue P! P, P!

1 15 mm -18 mm -103 mm

2 -15 mm 18 mm -103 mm
- 47 -
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Initial stage(10 points)

Robot movement stage
(20 points)

20

Actual fixed target —— @

Fig. 5-3 Robot’s trajectory
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Table 6-1 The estimated 6 parameters of camera 1 in initial stage, based on

the N-R method

Cs Ci G, G C, Cy Cs

]

Camera 1 0.722677 0.260449 0.785957 1.027803 621.669434 | 684.228149

Table 6-2 The estimated 6 parameters of camera 1 in robot movement stage,

based on the N-R method

Cs G Gy G Gl Cs Go
Camera 1 | 0754746 | 0304084 | 0.767480 | 1.029749 | 527.699951 | 685.336304
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Table 6-3 For camera 1, comparison of actual vision data and the estimated
vision system model's values in robot movement stage, based on

the N-R method(unit: pixel)

Robot Actual Estimated Error
moving | Cue # RMS
point # X Y X Y X Y

1 172.000 329.500 171.985 329.582 0.016 -0.082

1 0.1344
2 261.500 374.375 261.248 374.416 0.252 -0.041
1 176.000 329.500 175.973 329.416 0.027 0.084

2 0.1756
2 265.500 374.250 265.162 374.282 0.338 -0.032
1 180.000 329.300 179.962 329.254 0.038 0.046

3 0.2141
2 269.500 374.125 269.077 374.153 0.423 -0.028
1 184.000 329.100 183.954 329.097 0.046 0.003

4 0.0427
2 273.000 374.100 272.993 374.029 0.007 0.071
1 188.000 329.000 187.946 328.945 0.054 0.055

5 0.0590
2 277.000 373.900 276911 373.908 0.089 -0.008
1 191.500 328.750 191.940 328.797 -0.440 -0.047

6 0.2416
2 281.000 373.700 280.830 373.793 0.170 -0.093
1 195.500 328.625 195.936 328.654 -0.436 -0.029

7 0.2516
2 285.000 373.700 284.750 373.682 0.250 0.018
1 199.500 328.500 199.932 328.515 -0.432 -0.015

8 0.2358
2 288.500 373.500 288.672 373.576 -0.172 -0.075
1 203.500 328.375 203.930 328.381 -0.430 -0.006

9 0.2208
2 292.500 373.500 292.595 373.474 -0.095 0.026
1 208.000 328.400 207.930 328.252 0.070 0.148

10 0.0825
2 296.500 373.375 296.518 373.376 -0.018 -0.001
1 212.000 328.100 211.930 328.127 0.070 -0.027

11 0.0499
2 300.500 373.250 300.443 373.284 0.057 -0.034
1 216.000 328.000 215.932 328.007 0.068 -0.007

12 0.1878
2 304.000 373.200 304.369 373.195 -0.369 0.005
1 220.000 327.900 219.935 327.892 0.065 0.008

13 0.1580
2 308.000 373.200 308.296 373.112 -0.296 0.088
1 224.000 327.800 223.940 327.781 0.060 0.019

14 0.1214
2 312.000 373.100 312.225 373.033 -0.225 0.067
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(Continued)

1 228.000 327.600 227.945 327.675 0.055 -0.075

15 0.0922
2 316.000 373.000 316.154 372.958 -0.154 0.042
1 232.000 327.500 231.952 327.573 0.048 -0.073

16 0.0611
2 320.000 372.900 320.084 372.888 -0.084 0.012
1 236.000 327.500 235.959 327.476 0.041 0.024

17 0.0460
2 324.000 372.900 324.015 372.822 -0.015 0.078
1 240.500 327.500 239.968 327.384 0.532 0.116

18 0.2753
2 328.000 372.700 327.947 372.761 0.053 -0.061
1 244.000 327.200 243978 327.296 0.022 -0.096

19 0.0776
2 332.000 372.700 331.880 372.705 0.120 -0.005
1 248.500 327.167 247.989 327.213 0.511 -0.046

20 0.3013
2 335.500 372.625 335.814 372.653 -0.314 -0.028

Average error 0.1514

=0 O Actual value
X Estimated value éiie2
[ Target ) wﬁ r:r P
320].65 185 205 225 245 265 285 305 325 345
Fig. 6-1 For camera 1, comparison of actual vision data and the estimated

vision system model’s values in robot movement stage, based on the

N-R method(unit: pixel)
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Fig. 6-2 For camera 1, the rm.s errors in each point of robot movement stage,

based on the N-R method(unit: pixel)
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o GOl =AY 542 Fig. 6-3914% &<l 7hs st
T WA Fhdgtel A o] v AA A8 el FAZEo] Ht = Table 6-63 20]
0.1366(pixe) Z ¥ =o] AFEH HHAA| A" Zdlo] ZYEH[H Ao 7|l ALEF]

71l Fe] Aggs BT o

Table 6-4 The estimated 6 parameters of camera 2 in initial stage, based on

the N-R method

Cy C Cy (@ C, Cs Gs

Camera 2 0.559816 0.174101 0.695954 0.974892 | 788.226868 | 692.636780

Table 6-5 The estimated 6 parameters of camera 2 in robot movement stage,

based on the N-R method

Cy C Cy (@ C, Cs Gs

Camera 2 0.586184 0.209680 0.684622 0.984977 | 735.400269 | 700.507385

Table 6-6 For camera 2, comparison of actual vision data and the estimated
vision system model’s values in robot movement stage, based on

the N-R method(unit: pixel)

Robot Actual Estimated Error
moving | Cue # r.m.s
point # X Y X Y X Y
1 260.500 375.000 260.142 374.958 0.358 0.042
1 0.2048
2 338.000 405.571 338.080 405.750 -0.080 -0.178
1 263.500 374.500 263.163 374.498 0.337 0.002
2 0.1723
2 341.000 405.286 341.058 405.326 -0.058 -0.041
1 266.500 374.000 266.185 374.042 0.315 -0.042
3 0.1618
2 344.000 404.857 344.038 404.907 -0.038 -0.050
1 269.500 373.583 269.211 373.590 0.289 -0.007
4 0.1451
2 347.000 404.500 347.020 404.492 -0.020 0.008
- 54 -

Collection @ chosun



(Continued)

1 272.000 373.143 272.239 373.143 -0.239 0.000

5 0.1194
2 350.000 404.071 350.005 404.081 -0.005 -0.009
1 275.000 372.857 275.269 372.699 -0.269 0.158

6 0.1659
2 353.000 403.786 352.992 403.673 0.008 0.113
1 278.000 372.286 278.302 372.259 -0.302 0.027

7 0.1542
2 356.000 403.214 355.982 403.270 0.018 -0.055
1 281.000 371.857 281.337 371.823 -0.337 0.034

8 0.1722
2 359.000 402.929 358.973 402.870 0.027 0.059
1 284.000 371.286 284.374 371.391 -0.374 -0.106

9 0.2011
2 362.000 402.571 361.968 402.474 0.032 0.097
1 287.000 370.929 287.414 370.963 -0.414 -0.035

10 0.2127
2 365.000 402.000 364.964 402.083 0.036 -0.083
1 290.500 370.583 290.457 370.539 0.043 0.044

11 0.0445
2 368.000 401.643 367.963 401.695 0.037 -0.052
1 293.500 370.167 293.501 370.120 -0.001 0.047

12 0.0569
2 371.000 401.214 370.964 401.311 0.036 -0.097
1 296.500 369.833 296.549 369.704 -0.049 0.130

13 0.0791
2 374.000 401.000 373.967 400.931 0.033 0.069
1 299.500 369.250 299.598 369.292 -0.098 -0.042

14 0.0966
2 377.000 400.714 376.972 400.555 0.028 0.159
1 303.000 368.929 302.650 368.884 0.350 0.045

15 0.1780
2 380.000 400.143 379.979 400.183 0.021 -0.041
1 305.500 368.500 305.704 368.480 -0.204 0.020

16 0.1143
2 383.000 399.714 382.989 399.815 0.011 -0.101
1 309.000 368.000 308.760 368.080 0.240 -0.080

17 0.1288
2 386.000 399.500 386.001 399.451 -0.001 0.049
1 312.000 367.786 311.818 367.684 0.182 0.102

18 0.1213
2 389.000 399.214 389.015 399.091 -0.015 0.123
1 315.000 367.143 314.879 367.292 0.121 -0.149

19 0.1003
2 392.000 398.786 392.031 398.735 -0.031 0.051
1 318.000 366.714 317.942 366.903 0.058 -0.189

20 0.1027
2 395.000 398.357 395.049 398.382 -0.049 -0.025

Average error 0.1366
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Fig. 6-3 For camera 2, comparison of actual vision data and the estimated
vision system model’s values in robot movement stage, based on the
N-R method(unit: pixel)
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Fig. 6-4
based on the N-R method(unit: pixel)
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(3) 7t 3
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Z7]%k2 Table 6-7° HeFiow, o] 27| Cits 7HA L =
AE g Wk C w7l Table 6-82F Zt} o] w7
H ouAA 2" mdgdy gheetel A g5d AA HAdolEE Hwg AdE
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A ZF A A AAE rms 2x3kS Fig. 6-69F 2t}

Al Fhelgkel el 7] ghlel miid el Bl digk skl i<l
Table 6-7% Table 6-59 #= Blushd shele} 29 459 v]szstrt. 7hve} 2
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Table 6-7 The estimated 6 parameters of camera 3 in initial stage, based on

the N-R method(unit: pixel)

Cs Gy Gy & C} Cs Co

Camera 3 0.451753 0.080631 0.743282 1.039226 | 953.611816 | 649.563110

Table 6-8 The estimated 6 parameters of camera 3 in robot movement stage,

based on the N-R method(unit: pixel)

Cy ¢ & & G & &
Camera 3 0.476856 0.105613 0.725722 1.055405 | 916.831909 | 675.841492
- 57 -

Collection @ chosun



Table 6-9 For camera 3, comparison of actual vision data and the estimated

Collection @ chosun

vision system model's values in robot movement stage, based on
the N-R method(unit: pixel)
Robot Actual Estimated Error
moving | Cue # RMS
point # X Y X Y X Y
1 157.500 335.833 156.587 335.769 0913 0.064
1 0.4860
2 242.000 361.600 242.141 361.895 -0.141 -0.295
1 159.500 334917 159.346 335.012 0.154 -0.095
2 0.2174
2 244.500 361.083 244.883 361.182 -0.383 -0.099
1 162.500 334.333 162.110 334.258 0.391 0.075
3 0.2109
2 247.500 360.417 247.629 360.473 -0.129 -0.057
1 165.500 333.500 164.878 333.509 0.622 -0.009
4 0.3172
2 250.500 359.750 250.379 359.769 0.121 -0.019
1 167.500 332.750 167.650 332.764 -0.150 -0.014
5 0.3258
2 252.500 359.083 253.134 359.069 -0.634 0.015
1 170.500 332.167 170.427 332.023 0.073 0.144
6 0.2215
2 255.500 358.500 255.892 358.372 -0.392 0.128
1 173.500 331.417 173.208 331.286 0.292 0.130
7 0.1843
2 258.500 357.583 258.656 357.680 -0.156 -0.097
1 176.000 330.600 175.994 330.554 0.006 0.046
8 0.2127
2 261.000 357.000 261.423 356.992 -0.423 0.008
1 178.500 329.750 178.783 329.825 -0.283 -0.075
9 0.1817
2 264.000 356.400 264.194 356.309 -0.194 0.091
1 181.500 329.167 181.577 329.101 -0.077 0.066
10 0.2413
2 266.500 355.583 266.970 355.629 -0.470 -0.046
1 184.500 328.500 184.376 328.381 0.124 0.119
11 0.1526
2 269.500 354.917 269.749 354.953 -0.249 -0.037
1 187.000 327.700 187.179 327.665 -0.179 0.035
12 0.0960
2 272.500 354.333 272.533 354.282 -0.033 0.051
1 189.500 326.917 189.985 326.953 -0.485 -0.037
13 0.2598
2 275.500 353.583 275.321 353.615 0.179 -0.031
1 192.500 326.333 192.797 326.246 -0.297 0.088
14 0.2488
2 278.500 353.000 278.113 352.952 0.387 0.048
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(Continued)

1 195.500 325.583 195.612 325.542 -0.112 0.041
15 0.3346
2 281.500 352.583 280.909 352.292 0.591 0.291
1 198.500 324.833 198.432 324.843 0.068 -0.010
16 0.3970
2 284.500 351.667 283.710 351.638 0.790 0.029
1 201.500 324.000 201.255 324.148 0.245 -0.148
17 0.1474
2 286.500 350917 286.514 350.987 -0.014 -0.070
1 203.500 323417 204.083 323.457 -0.583 -0.041
18 0.3055
2 289.500 350.333 289.322 350.340 0.178 -0.007
1 206.500 322.583 206.915 322.770 -0.415 -0.187
19 0.2924
2 292.500 349.667 292.134 349.698 0.366 -0.031
1 209.500 321917 209.751 322.088 -0.251 -0.171
20 0.3186
2 295.500 349.167 294.950 349.059 0.550 0.107
Average error 0.2576
269 O Actual value
X Estimated value
360 [ Target
Fig. 6-5 For camera 3, comparison of actual vision data and the estimated

vision system model’s values in robot movement stage, based on the

N-R method(unit: pixel)
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Fig. 6-6 For camera 3, the rm.s errors in each point of robot movement

stage, based on the N-R method(unit: pixel)
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Table 6-10 The estimated i1nitial 6 parameters of camera 1 using the

Monte-Carlo method for EKF method in initial stage

Cs C Gy G C, Gs Gs
Camera 1 0.722677 0.260449 0.785957 1.027803 621.669373 684.228149
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Fig. 6-7 The estimated ¢, parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Fig. 6-8 The estimated c, parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Fig. 6-9 The estimated c¢; parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Fig. 6-10 The estimated ¢, parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Fig. 6-11 The estimated c¢; parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Fig. 6-12 The estimated ¢; parameter of camera 1 in each point of robot

movement stage, based on the EKF method
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Table 6-11

For camera 1, comparison of actual vision data and the estimated

vision system model’'s values in robot movement stage, based on

the EKF method(unit: pixel)

Robot Actual(pixel) Estimated(pixel) Error(pixel) RMS
moving | Cue # .
point # X Y X Y X Y (pixel)

1 172.000 329.500 171.881 329.723 0.119 -0.223

1 0.1840
2 261.500 374.375 261.615 374.133 -0.115 0.242
1 176.000 329.500 175.998 329.499 0.002 0.001

2 0.0015
2 265.500 374.250 265.498 374.249 0.002 0.001
1 180.000 329.300 180.000 329.300 0.000 0.000

3 0.0001
2 269.500 374.125 269.500 374.125 0.000 0.000
1 184.000 329.100 184.003 329.097 -0.003 0.003

4 0.0030
2 273.000 374.100 273.003 374.097 -0.003 0.003
1 188.000 329.000 188.000 329.000 0.000 0.000

5 0.0005
2 277.000 373.900 277.000 373.899 0.000 0.001
1 191.500 328.750 191.506 328.749 -0.006 0.001

6 0.0042
2 281.000 373.700 281.006 373.699 -0.006 0.001
1 195.500 328.625 195.500 328.625 0.000 0.000

7 0.0002
2 285.000 373.700 285.000 373.700 0.000 0.000
1 199.500 328.500 199.504 328.502 -0.004 -0.002

8 0.0030
2 288.500 373.500 288.504 373.502 -0.004 -0.002
1 203.500 328.375 203.500 328.375 0.000 0.000

9 0.0002
2 292.500 373.500 292.500 373.500 0.000 0.000
1 208.000 328.400 208.002 328.402 -0.001 -0.002

10 0.0022
2 296.500 373.375 296.502 373.378 -0.002 -0.003
1 212.000 328.100 212.000 328.100 0.000 0.000

11 0.0003
2 300.500 373.250 300.500 373.250 0.000 0.000
1 216.000 328.000 216.003 327.999 -0.003 0.001

12 0.0026
2 304.000 373.200 304.004 373.199 -0.004 0.001
1 220.000 327.900 220.000 327.900 0.000 0.000

13 0.0002
2 308.000 373.200 308.000 373.200 0.000 0.000
1 224.000 327.800 224.000 327.800 0.000 0.000

14 0.0002
2 312.000 373.100 312.000 373.100 0.000 0.000
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(continued)

1 228.000 327.600 228.000 327.600 0.000 0.000
15 0.0002
2 316.000 373.000 316.000 373.000 0.000 0.000
1 232.000 327.500 232.000 327.500 0.000 0.000
16 0.0002
2 320.000 372.900 320.000 372.900 0.000 0.000
1 236.000 327.500 236.000 327.500 0.000 0.000
17 0.0001
2 324.000 372.900 324.000 372.900 0.000 0.000
1 240.500 327.500 240.501 327.503 -0.001 -0.003
18 0.0026
2 328.000 372.700 328.001 372.704 -0.001 -0.004
1 244.000 327.200 244.004 327.204 -0.004 -0.004
19 0.0046
2 332.000 372.700 332.005 372.705 -0.005 -0.005
1 248.500 327.167 248.513 327.169 -0.013 -0.002
20 0.0101
2 335.500 372.625 335.515 372.627 -0.015 -0.002
Average error 0.0110
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Fig. 6-13 For camera 1, comparison of actual vision data and the estimated
vision system model's values in robot movement stage, based on the

EKF method(unit: pixel)
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Fig. 6-14 For camera 1, the rm.s errors in each point of robot movement

stage, based on the EKF method(unit: pixel)
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Table 6-12 The estimated i1nitial 6 parameters of camera 2 using the

Monte-Carlo method for EKF method in initial stage

Cy ¢ & & C} & &
Camera 2 0.559816 0.174101 0.695954 0.974892 | 788.226868 | 692.636780
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6-16 The estimated ¢, parameter of camera 2 in each point of robot

movement stage, based on the EKF method
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Fig. 6-17 The estimated c; parameter of camera 2 in each point of robot

movement stage, based on the EKF method
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Fig. 6-18 The estimated ¢, parameter of camera 2 in each point of robot

movement stage, based on the EKF method
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Fig. 6-19 The estimated c¢; parameter of camera 2 in each point of robot

movement stage, based on the EKF method
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Fig. 6-20 The estimated ¢; parameter of camera 2 in each point of robot

movement stage, based on the EKF method
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Table 6-13

For camera 2, comparison of actual vision data and the estimated

vision system model’'s values in robot movement stage, based on

the EKF method(unit: pixel)

Robot Actual(pixel) Estimated(pixel) Error(pixel) RMS
moving | Cue # .
point # X Y X Y X Y (pixel)
1 260.500 375.000 260.546 374.908 -0.046 0.092
1 0.0735
2 338.000 405.571 337.937 405.656 0.063 -0.085
1 263.500 374.500 263.501 374.500 -0.001 0.000
2 0.0006
2 341.000 405.286 341.001 405.286 -0.001 0.000
1 266.500 374.000 266.500 374.000 0.000 0.000
3 0.0001
2 344.000 404.857 344.000 404.857 0.000 0.000
1 269.500 373.583 269.500 373.584 0.000 0.000
4 0.0001
2 347.000 404.500 347.000 404.500 0.000 0.000
1 272.000 373.143 272.009 373.141 -0.009 0.002
5 0.0064
2 350.000 404.071 350.009 404.069 -0.009 0.002
1 275.000 372.857 275.000 372.857 0.000 0.000
6 0.0001
2 353.000 403.786 353.000 403.786 0.000 0.000
1 278.000 372.286 278.000 372.286 0.000 0.000
7 0.0002
2 356.000 403.214 356.000 403.214 0.000 0.000
1 281.000 371.857 281.000 371.858 0.000 0.000
8 0.0004
2 359.000 402.929 359.000 402.929 0.000 0.000
1 284.000 371.286 283.999 371.286 0.001 -0.001
9 0.0007
2 362.000 402.571 361.999 402.572 0.001 -0.001
1 287.000 370.929 286.998 370.928 0.002 0.001
10 0.0016
2 365.000 402.000 364.998 402.000 0.002 0.000
1 290.500 370.583 290.505 370.584 -0.005 -0.001
11 0.0040
2 368.000 401.643 368.006 401.644 -0.006 -0.001
1 293.500 370.167 293.500 370.167 0.000 0.000
12 0.0001
2 371.000 401.214 371.000 401.214 0.000 0.000
1 296.500 369.833 296.500 369.834 0.000 0.000
13 0.0003
2 374.000 401.000 374.000 401.000 0.000 0.000
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(Continued)

1 299.500 369.250 299.498 369.251 0.002 -0.001

14 0.0015
2 377.000 400.714 376.998 400.715 0.002 -0.001
1 303.000 368.929 303.003 368.936 -0.003 -0.008

15 0.0061
2 380.000 400.143 380.004 400.151 -0.004 -0.008
1 305.500 368.500 305.508 368.498 -0.008 0.002

16 0.0059
2 383.000 399.714 383.008 399.712 -0.008 0.002
1 309.000 368.000 309.003 367.994 -0.003 0.006

17 0.0052
2 386.000 399.500 386.003 399.493 -0.003 0.007
1 312.000 367.786 312.000 367.785 0.000 0.000

18 0.0003
2 389.000 399.214 389.000 399.214 0.000 0.000
1 315.000 367.143 315.000 367.143 0.000 0.000

19 0.0005
2 392.000 398.786 391.999 398.786 0.001 0.000
1 318.000 366.714 318.000 366.714 0.000 0.000

20 0.0001
2 395.000 398.357 395.000 398.357 0.000 0.000

Average error 0.0054
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Fig. 6-21 For camera 2, comparison of actual vision data and the estimated

vision system model's values in robot movement stage, based on the

EKF method(unit: pixel)
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Fig. 6-22 For camera 2, the rm.s errors in each point of robot movement

stage, based on the EKF method(unit: pixel)
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Table 6-14 The estimated initial 6 parameters of camera 3 using the

Monte—-Carlo method for EKF method in initial stage

Cy C Gy (@ C, Cs Gs
Camera 3 0.451753 0.080631 0.743282 1.039226 953.611816 649.563110
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6-23 The estimated c¢; parameter of camera 3 in each point of robot
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6-25 The estimated ¢y parameter of camera 3 in each point of robot

movement stage, based on the EKF method
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Fig. 6-26 The estimated ¢, parameter of camera 3 in each point of robot

movement stage, based on the EKF method
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Fig. 6-27 The estimated c¢; parameter of camera 3 in each point of robot

movement stage, based on the EKF method
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Fig. 6-28 The estimated c¢; parameter of camera 3 in each point of robot

movement stage, based on the EKF method
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Table 6-15 For camera 3, comparison of actual vision data and the estimated
vision system model’s values in robot movement stage, based on

the EKF method(unit: pixel)

Robot Actual(pixel) Estimated(pixel) Error(pixel) RMS
moving | Cue # '
point # X Y X Y X Y (pixel)

1 157.500 335.833 157.460 335.678 0.040 0.155

1 0.1120
2 242.000 361.600 242.068 361.741 -0.068 -0.141
1 159.500 334917 159.506 334918 -0.006 -0.001

2 0.0043
2 244.500 361.083 244.506 361.084 -0.006 -0.001
1 162.500 334.333 162.499 334.333 0.001 0.000

3 0.0005
2 247.500 360.417 247.499 360.416 0.001 0.000
1 165.500 333.500 165.500 333.501 0.000 -0.001

4 0.0005
2 250.500 359.750 250.500 359.751 0.000 -0.001
1 167.500 332.750 167.500 332.750 0.000 0.000

5 0.0001
2 252.500 359.083 252.500 359.083 0.000 0.000
1 170.500 332.167 170.500 332.167 0.000 0.000

6 0.0001
2 255.500 358.500 255.500 358.500 0.000 0.000
1 173.500 331.417 173.498 331.416 0.002 0.001

7 0.0017
2 258.500 357.583 258.498 357.583 0.002 0.000
1 176.000 330.600 175.998 330.600 0.002 0.000

8 0.0011
2 261.000 357.000 260.998 357.000 0.002 0.000
1 178.500 329.750 178.512 329.757 -0.012 -0.007

9 0.0096
2 264.000 356.400 264.012 356.407 -0.012 -0.007
1 181.500 329.167 181.509 329.177 -0.009 -0.010

10 0.0096
2 266.500 355.583 266.509 355.594 -0.009 -0.010
1 184.500 328.500 184.500 328.500 0.000 0.000

11 0.0002
2 269.500 354917 269.500 354917 0.000 0.000
1 187.000 327.700 187.012 327.706 -0.012 -0.005

12 0.0091
2 272.500 354.333 272.512 354.339 -0.012 -0.005
1 189.500 326917 189.511 326914 -0.011 0.003

13 0.0079
2 275.500 353.583 275.511 353.580 -0.011 0.003
1 192.500 326.333 192.500 326.333 0.000 0.000

14 0.0001
2 278.500 353.000 278.500 353.000 0.000 0.000
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(Continued)

1 195.500 325.583 195.497 325.585 0.003 -0.002
15 0.0026
2 281.500 352.583 281.497 352.585 0.003 -0.002
1 198.500 324.833 198.498 324.833 0.002 0.000
16 0.0016
2 284.500 351.667 284.498 351.666 0.002 0.000
1 201.500 324.000 201.541 323.990 -0.041 0.010
17 0.0301
2 286.500 350.917 286.542 350.906 -0.042 0.011
1 203.500 323.417 203.539 323.407 -0.039 0.010
18 0.0285
2 289.500 350.333 289.539 350.323 -0.039 0.011
1 206.500 322.583 206.500 322.584 0.000 0.000
19 0.0004
2 292.500 349.667 292.500 349.667 0.000 0.000
1 209.500 321.917 209.500 321.917 0.000 0.000
20 0.0005
2 295.500 349.167 295.500 349.167 0.000 0.000
Average error 0.0110
365
O Actual value
X Estimated value
360 [ Target
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350
345
{? 340
. cue‘l/x
335 R 4
330
325
320
315
150 170 190 210 230 250 270 290 310
Fig. 6-29 For camera 3, comparison of actual vision data and the estimated

vision system model's values in robot movement stage, based on the

EKF method(unit: pixel)
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Fig. 6-30 For camera 3, the rm.s errors in each point of robot movement

stage, based on the EKF method(unit: pixel)
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Table 6-16 For camera 1, comparison of the rm.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

R I I e B
1 0.1344 0.1840 11 0.0499 0.0003
2 0.1756 0.0015 12 0.1878 0.0026
3 0.2141 0.0001 13 0.1580 0.0002
4 0.0427 0.0030 14 0.1214 0.0002
5 0.0590 0.0005 15 0.0922 0.0002
6 0.2416 0.0042 16 0.0611 0.0002
7 0.2516 0.0002 17 0.0460 0.0001
8 0.2358 0.0030 18 0.2753 0.0026
9 0.2208 0.0002 19 0.0776 0.0046
10 0.0825 0.0022 20 0.3013 0.0101
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Fig. 6-31 For camera 1, comparison of the rm.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

Table 6-17 For camera 2, comparison of the rm.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

1 0.2048 0.0735 11 0.0445 0.0040
2 0.1723 0.0006 12 0.0569 0.0001
3 0.1618 0.0001 13 0.0791 0.0003
4 0.1451 0.0001 14 0.0966 0.0015
5 0.1194 0.0064 15 0.1780 0.0061
6 0.1659 0.0001 16 0.1143 0.0059
7 0.1542 0.0002 17 0.1288 0.0052
8 0.1722 0.0004 18 0.1213 0.0003
9 0.2011 0.0007 19 0.1003 0.0005
10 0.2127 0.0016 20 0.1027 0.0001
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Fig. 6-32 For camera 2, comparison of the r.m.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

Table 6-18 For camera 3, comparison of the rm.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

Rot:;tmr:lo;ing N-R EKE Rotr))(())tinrtno:;ing N-R EKE
1 0.4860 0.1120 11 0.1526 0.0002
2 0.2174 0.0043 12 0.0960 0.0091
3 0.2109 0.0005 13 0.2598 0.0079
4 0.3172 0.0005 14 0.2488 0.0001
5 0.3258 0.0001 15 0.3346 0.0026
6 0.2215 0.0001 16 0.3970 0.0016
7 0.1843 0.0017 17 0.1474 0.0301
8 0.2127 0.0011 18 0.3055 0.0285
9 0.1817 0.0096 19 0.2924 0.0004
10 0.2413 0.0096 20 0.3186 0.0005
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Fig. 6-33 For camera 3, comparison of the rm.s errors in N-R method and

EKF method for robot movement stage(unit: pixel)

_83_

Collection @ chosun



6.2 gFh=9d) wixdd 43

2 omEelAE greutd ehlel e wEE R, B, F/(j=1.2)7F ov] &
A& w, G713 sl S Fake] Aol AMSE 4% ~vlE 2io] AR ES ARl
st W A¥E 72 nladelg R ggstgon, ekt gl tidh ofu
b AE glo] 224 s B3 Ao wddelH S o] &ste] 2R HHG
2 A7IFE Angke F48ke] nlaskedch o] W, N-RWH, EKFWY 5 2719
WS o] gate] gFuhd] Efblel digk 91X ke Albsta vt
zhzvel o g FARE ek Bl 91X @k AAl el HA#S vk o
A7Ee Eq.(6-3)3 2o] rms®PE Abgste] AHeolaglon, N-R 2 EKF¥ oA
#HAzE FA7IHA gt ALtE 28 BEES Eq.(2-9)9 25 G738 mdo

)
ofo
_O‘L
&
)
r ™
ol
3
o

(6-3)

€avg = — (6-4)

6.21 2% 47749 4 A3

2 77 dAS fste] kgl ElAel did HAEFS F =660, F,) =60,
F!=160, F. =660, F,=60, F.=130% AAg ¥ 45 =7}t 24 gr2odf g
Aol ik #AZ FAHe 22149 9748 RdS o] &3kt oo whE Ay

0

Table 6-199} #Zo] 9,9 AA S 12.700°20 6] 2 2 gk 12.699°=2 2 Apgk2

Collection @ chosun



ola, 9,9 AAZS 19.330°2 8] AT 193292 9,9 AT wpRAAA R
0.001°0]t}. 4,9 AAFL 128000mm<eld Auzgk A 128000mm=z AL
0.000mmol™, 6,9 Atz Azgre - 10.068°2 S AL 0.000°2 AAEA o

71arek sy Adakghs AARS W FAEe & 5 vk

Table 6-19 Comparison of the actual and estimated values robot’s joints for

the target, based on the robot’s inverse kinematic analysis

0,(°) 0,(°) dy(mm) 0,(°)
Actual 12.700 19.330 128.000 -10.068
Estimated 12.699 19.329 128.000 -10.068
Error 0.001 0.001 0.000 0.000
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Table 6-20 The estimated position values for the target, based on the robot’s

inverse kinematic analysis(unit: mm)

Collection @ chosun

Cue No. x-y-z value Actual Estimated Error r.m.s error
F, 623.001 623.001 0.000
1 y 208.999 208.999 0.000
F, 156.000 156.000 0.000
0.0004
F, 581.317 581.316 0.001
2 Fy 232.052 232.052 0.000
F, 156.000 156.000 0.000
530 —B— actual ---*--—-estimated
620 - E‘H.,_‘
R
510 - : By
£
E s00 “\__
= Su
™
590 T
g,
S80 =
570
2 cue # 2
(a) F,
240 —
-—-L&--—-actual ---¢--—- estimated
L
230 - ik
.-""'
T e
E220 e
210 - E.f"/
200 ; ;
1 cue # 2
(b) F,
- 86 -




170
---&--- actual ---2¢--- estimated

160 -

Fz (mm)

150 -

140

cue #

(c) F,
Fig. 6-34 Comparison of the actual and estimated position values for the

target, based on the robot’s inverse kinematic analysis(unit: mm)
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Table 6-21 Comparison of the actual and estimated values robot’s joints for
the target, based on the N-R method
6,(°) 6,(°) dy(mm) 0,(°)
Actual 12.700 19.330 128.000 -10.068
Estimated 12.581 19.630 128.192 -9.892
Error 0.119 -0.300 -0.192 -0.176
0.4
o2
E o
(=]
=02
0.4 T T - :
Bs Bz d= Ba

Fig. 6-35 Errors between the actual and estimated values of robot joint values

for the target, based on the N-R method
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Table 6-22 Comparison of the actual and estimated position values for the

target, based on the N-R method(unit: mm)

Actual Estimated Error Averag
Cue # r.m.s €
X Y z X Y Z X Y Z r.1M.8

1 1623.001|208.999 |156.000 | 622.822 | 208.965 | 155.808 | 0.179 | 0.034 | 0.192 [0.1528

0.2018
2 |581.316|232.052|156.000 | 581.019 | 231.800 | 155.808 | 0.298 | 0.252 | 0.192 [0.2507

seadiiess Ackugl  eeedEess Estimated
635000 -
6200000 - E'"'-
£ 505.000 -
£
= 500.000 -
..E
S575.000 -
560000
cue 1 cue 2

(a) X-value
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Fig. 6-36 Comparison of the actual and estimated position values for the

target, based on the N-R method(unit: mm)
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Table 6-23 Comparison of the actual and estimated values robot’s joints for

the target, based on the EKF method

0,(°) 0,(°) dy(mm) 0,(°)
Actual 12.700 19.330 128.000 -10.068
Estimated 12.625 19.521 128.143 -10.234
Error 0.075 -0.191 -0.143 0.166
0.4
0.2
g P
=
0.2 -
-0.4 ; - ; -
By Bz ds Ba

Fig. 6-37 Errors between the actual and estimated values of robot joint values

for the target, based on the EKF method
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Table 6-24 Comparison of the actual and estimated position values for the

target, based on the EKF method(unit: mm)

Actual Estimated Error Averag

Cue # r.m.s
X Y Z X Y Z X Y Z LIS

1 1623.001|208.999|156.000 | 622.822 | 208.884 | 155.857| 0.179 | 0.115 | 0.143 |0.1480

0.1318

2 |581.316|232.052|156.000 | 581.181 | 232.015| 155.857| 0.135 | 0.037 | 0.143 |0.1155
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Fig. 6-38 Comparison of the actual and estimated position values for the
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target, based on the EKF method(unit: mm)
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Table 6-25 For the rm.s errors and processing time, comparison of the inverse

kinematic method, N-R method and EKF method

r.m.s(mm) Processing time(ms)
Inverse kinematics 0.0004
N-R method 0.2018 62ms
EKF method 0.1318 141ms
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Fig. 6-39 For the r.m.s errors, comparison of the inverse kinematic method,
N-R method and EKF method(unit: mm)
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Fig. 6-40 For the processing time, comparison of the inverse Kkinematic

method, N-R method and EKF method(unit: ms)
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