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The Estimation of Image Jacobian Matrix
for Image-based Uncalibrated Visual Servoing

Student :  Yu-Lun Hsu Advisor ©  Prof. Jwu-Sheng Hu

Institute of Electrical and Control Engineering

Abstract

This thesis proposes an image-based yisual servo system, which can estimate and
update Image Jacobian Matrix.;to control .a robot arm without camera calibration.
There are two parts in the visual servo system. The first one is image feature extraction.
We apply the Mean-Shift algorithm in order to improve the performance of feature
tracking. Mean-Shift algorithm,”which takes the.color distribution as a model, is based
on the similarity measure function to‘decide a tracking candidate. This algorithm
works well in a real-time and complicated environment. The second part is the control
of a manipulator to track visual objects. An easy-to-implement algorithm is proposed
to find the relationship between the camera and the manipulator. It can be carried out

easily as compared with other methods.

We use the camera and the manipulator emulator to simulate the system
effectively. In the implementation, we use only one computer to develop all the
software, including the communication to the manipulator and the processing of two
cameras' images to solve the local and the global Image Jacobian matrices. Ball-hitting
experiments such as the juggling task are presented to analyze the real-time

performance of the proposed algorithms.
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o st RS BTF RHAESRE 0 3 F R AERIRE ) IR .

PRl SARHCE L o Jean-Yves 7 2008 # 2 i 7 MATLAB «4p %

e

K1 E 4 i * 3 MATLABS.0~6.0~7.0° % Windows ~ Unix ~ Linux ¥ i® ¥

b
(aad

4

BETRY o HRMEY L4 4 R OFT) 0 L4 R Y. Tsai &2 Zhang et

T
S

/

WEE S BE NSRS NTAPAEL T E R r Sk o R

LaAp s rdp HenE LR AE = 2 TR

- AP B R R R S TIF > FIA BB 23R 5 2055 1 25 5 -
205~ R 5 W o B

Brgesu i v 20 fhk il o Fli » fR e K S
3 PFHLE (S L B E B ek

Yo B AT 0 A iR B BLE 2 13;;# m:f?-»ﬂ;:!,_h A F X S pixel oo

L mE
1 |

EEEERE- IR § ,ém%&mﬁé’@~7M&Lr§go

Click on the four estreme cormars of the meetangular pattem [first comer = cagin] . Imasge 1 Click on the fur estreme comars of the recsangular pattam (firs? comer = onging. Imags 1

L] am ] 400 500 00

Clck o the four extrerne comrs of the rectangular patien {fest corner = erign). mage 1 Chckoan 1k four extreme comars of the ractangulse pattem first cormer = origin). . Image 1
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4950 WA gBE R R 15 p BB NG Sl
BEE ALY 0 B A A D RRE 0 v AL BRI A B e S i BhE
Prico BB MR T DR (e S EREEL R -
AR R I % 20 A kR PSS B (S e S
TERAS S E R P SR RE w R kB kot R B S L u o T R

L] RGET N AT R R BT T o F AT o

19, H iy R
¥ EHAEA 6

Bt 1 AR RO 2% 2

Parameter Calibrati()“flﬁr‘er:su'lté aftéf.ﬁ;ptimization Uncertainties
Focal Length [661.67001 662.82858] [£1.17913 1.26567]
Principal Point [306.09590 240.78987] [+£2.38443 2.17481]

Skew Factor [0.00000] [£0.00000]

Distortion Coefficient [-0.26425] [£0.00934]

Note: The numerical errors are approximately three times the standard deviations.

TORAR SRR 18 ] R SRR g r e e il S A ehir ]
EH O L GRS RD AR N hlehip i R F P HEE

REFLEERPLR S AL L PIA GRS RE A k2
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ETIAS
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TR B B R A ST R B R % 2
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FHIERNFINFN R FEEBFTHRALE LY FREE I @HED
FIFTRL o BEIXARYS K SLAF IR 0 IR S TR S S £y D Ay Dl SRl i
A2 RF (FE PP HFRL FPTH LA BB HFTRE REPELF F

Limo R doee L THRAIZGOFREZ  BEPREL g FH - TR L 2R p
BT RFEEOPEE o SEHAIERS N o s

B e E > B2 (preprocessing) o it »FR R 0 SUIRAR

‘¢ #t(the curse of dimensionality) » Fe ¥ it jf > T ASZ chlic® o ®F A TR R AL o
$1902 05 n )k BAIL R B (] R AR 4 T RE LR
U LR D G R RARPE TR T R MRk sad R o
PP AR E 5 AR 2 2 SR SR AP fi(threshold) > < 3t
PP T A A R T B R NPT R B T e § AR PR

= ;% §&_Principal

St

AP fL2 L decision boundary "B hedit A e H T <7 3o

P’
|

Components Analysis(PCA) % % - & & = Fend_

Yo BB R e £ER

PR EF IR LY RAEZOBEXRENEEEEE A NT LSRR

LT GARK he o B N Uk RGP R B 01k eniE in B HEM 1
B o 0 i B & e R i & o 20 ] S i e T R B AR B T B
R[] - REARAT 0 - B R s 2 F s R RRPT

IRE AR SR s § A 17])4% Tl 0 contrived pattern o @ Jang et al. ®_& B 3

o

gl g r R ERL FRDP G o MR ST E N R DT EK[T] 0 Bl
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»
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VAR Rk B f=[f, . f] B¢ LR e AT RS

F=[fi ~ f] eFCR* 9 Fipidreeniey B[] &3 5 el »
Lo o L £ 7 o dok S ELHFARDBH L 0 LKL T

4’mﬁﬁﬂmmﬁ@%%’ﬁvugﬁTeF’ﬁi#TgWO

3.2 > A7

BB T B e i o F L R 1S kR R R Rl £8 i

—

it e BRE Y GHE e F a1 (TR INVER AR Y F TR0
B o Bde Allen[23]41* # 6t ip] ok 24 8 A F ALINE o N B A @k 4

kAo kER LR L S 03T 0T m)@ﬁe%&[ﬂ PR IRIE - 1 -
PR & B B Y o A x 2LESR R g ok o SRR BB ek
AP A HFARN B TIRBNFEEFIOR B G R FE T e A

window-based ;2 [1]> B REFEL HHE i F MR -2 Z L H g @y m

ETN

e
W BER L AT E A bR B B O R A AN R AP 3T
AN E L A8 BB d 0 S P EY M AF &Y R o
window-based 4 7 & ff o B2V ITHRFAL 7 2L P ety 7]
b kaE 2 o ALk Bt e o HET e B AR e R Y s g
feature-based /% > B3R AT [1] o Aok I FE P coF W G AS I

s

2% k2 P fL5 area-based 2 0 BT T RARE Rt [1] 0

F_k
e
Y
®
F

Sl MR BEEA AR M AR E TR T O BT A AP
o AHW AT 1 we o, 7; A RRECE e e }I% E%—ﬁmkx;‘?fd G S TN ?&#’l
;t,‘_f‘:f_ o?l}ﬁ-é%/fﬁl"%@";&};‘%—k ’ Zibr@;?} t_;ﬁd]!bﬁ)\mﬁl‘j\_‘gé o
1.feature-based ;%
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i
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4= ] <77 Roberts operator ~ Prewitt operator ~ Sobel operator » & % it +* #p| 7] i1
PO RATLE £ RS AT SRR DI N 4
Tl L e LR RE S < A LR FEERD R o A A R
t[1]4% 41 7 window-based j* > s iEMAr 2 B > L P LBEEFE B e KK A

FESR[I] AP ki 2T RABIARERFM > S JEP G 2eF k-

Roberts operator Prewitt operator  Sobel operator

L=l -1 0] 2ol

| 1 i) I !
olololl-1lol1 oololl2/0f2
0 |-l 110 Tl -1]of 1201 ]-1|0]1

B 10, ¥ ihr B ipk BB fE

2. area-based /Z
LS R R AR, ] L R AR LRSI R N B B F

R BBE B 0 Nl T WA P ae s ALK R} R B 40F > E T4 T
SRR B2 5 0k 0 @ T R Rl R BoAp 0 et BE L AR o B b o
iR HEFNFHBEARS CREFET A TR S AS RGP BRI B
BRPEEPERT > REF U Ph FLFIERF . 0 f hips F P T

PR B R R R HA AR 1t o feature-based e % BL A 5 B
PP RFFH T EAPOM o P2 2 BB AR E AR
5 G o area-based 17 F A I HE P I DA F o BFL LFPHITEAR
S o gt 2 B R A BAERPRETFE AN b
6 NPBFIES T Tgm:tz-'a‘ 2Lz & Jacobian g B v 2w R R T H o0
Rd2 o FAR RS ARSLE T H id 0 2B RE R E A BT R R d Bk
SPEEB % S T BT O Al SRR GEM R 1 AL o AR AR P g

PR E TIRKRAE T G R AL AP E SRRl Blendoe o i
B GR RERE Y B R T S LRy .

17



3.3 FHTiE B
Pijent W gedhire S8 B £ kBRE SNV sy F g A
FaEens3r s Bl auE 2 F o d SR HAE IR Y P R oands s Flpt A e
Sl A G @ S T Bl £ A Pk B T o A 2003 E
Comaniciu et al.[41]4] * kernel S #c3+ 5 &€ » #-T50 4% S # R 1
EH o T ¥4 % (mean shift)¥? } i ¢ area-based % 4p 12 0 H ¢ E’v’ﬂa‘iﬁﬁﬁ{i‘g‘
RN N s E AR A AVAR - [ A R B ol e s A l)#%]z\-r’r’bﬂ‘ﬁ?*ﬁlu/m&
A ESE I i.%? BRI E g o AP R BT S i R e
B 147 (target model) » 3% ' % v p & 0% iF (target candidate) » U ® s F )
* % % > # S fc(probability density function)k % 7 o L g2 p o F & - A
s p AR Y S BL00 @ P IRRESY S BEL P NP o F Flg TAL

0 B 15 m—bin i B o mARAD - Bl R R AR R T R o

m

7=} g, =1
/3 (12)
PO =P} s Zpﬁl

BT K E bin thiE o Bk {X Yoo BB ERCAIRIE (iR (S pixel hiE 0 @
B 50 Bonorme {X ), AP 1R E R chpixel =% 054 ] % kernel
& #ck(x):[0,0) >R k&7 E > @ 3 ch(X):R* > {l.m} Rl & 7 A=) 5 Xch

pixel #7453 bin % %5 & €_Kronecker delta function e 5§ d izdt T & » 2P 7 I ¢

i=1

1 (13)
y-x|
Z[ZI k(H h l

He CEC A5 TR s lenthdic h i * kernel & #cerg - kernel

pué Ch:

)

S #cH_convex H AR Sfic o ARBHY B L ARK > 3T FEBEELL
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AR FRORERF ] L o AP NS B Y ¥ kernel Sk

A F 2. L3 HE ¥ dgrkernel Sk

Name Definition Sketch with d =2
. 1 1 o
Gaussian ~ — exp(-— “X“z ), if H)?H <1 4 x‘a.
ky(X)=1(2r) 2
Function 0, otherwise.
. 1
Epanechnikov ~ —(d+2)(1- H)‘cuz), if H)‘CH <1 A
k(%) =12C, '
Function 0, otherwise.
d : dimension of space (in our 2D image case, d =2)
: the volume of the unit d-Dimension.sphere (in our 2D image case, C, =7 )

¢,

# i % T [ oh Bhattacharyya fidic p R R AR 00 S ficd(P) 4 RS BARR m

H b R (g,00,) 8 (D). AP, D) A i Ak ek i
B An 4e > 4ok ARAR 000 B p AR o 1R, p Hy chdlies LR X T A
p(M = plp(3).q91=D \/p, ()4, (14)
u=l
d(y)=1-plp(¥).4]

03s 03
0.3 025
= o2s - D2
Z 02 z
g wrs % 015
o 01 L iR
oos oo
o o
1 2 3 . m 1 2 3 . m
color colar
F=(g,....9) Bly)=(mly) . puly))
target " candidate
P =2, r.()a,
tm]

B 11, % 4 F s B B
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REAPFPERS My RE A J L - B frame P e gk o

ALY q1= "Zj\/pl, ©n
=Y n. (0,

m

Y=y ; V P, (y)qu
1 & — 1 & _
zgz p.(%)4, +Ezpu(y)
u=1 u=1

qu-[Pu(?)—pu(?o)]Jr--- (15)

4.
pu(j}o)

SRS TR Bk s B2 T AN P W E TN

B 1 m — 1 m
plp(3).ql== D \r.(¥)q, +=
2 u=l1 2 =

D, (yo)

1 m
=;ZM+—zwk(||y X (16)
where w, = SIb(x,)—u]
z pu(y)
E¥ “\lfhﬁﬁp ﬁﬁx—tlp s H é‘fpﬁj%{k\ﬁﬁﬁ?ﬁ,gff«;\ﬁr'r .
_ C "y T T 2 Sz
pLp(¥).4] =7”Zwik'(||y hx, ) hzx’)
. R (17)
77| B .
£ og(x)=—k'(x) » AP T AT 5 7N
\Y
plr().al=—52 Z(
C ny,
2h2 {Z Wi }20 (18)
2
D Ew lg(H )

=>y=

11’
P RHLL TR pTEAA RS NESE o AP RS 2R Sk

FEE o BRSO AP ke flice 0 REw A o T RAIIARR -
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Initialization :
Compute the feature model

{éu }u=1,...,m

from the model region.

4
1. Initialize the location of the
target in current frame with

Yo

2. compute

{ﬁu (yO)}u=1,...,m B)

n, _Xi
4 zizlxiwig( L )

Compute weights O h

{Wi}i—l n, Znh yO s Xi
=1... " Yoo X,
according to (A) i=1 zg( )

A
Find the next location

Yy,
of feature candidate

according to (B)

yes

Finish one iteration

Bl 12. L3208 & 2 T A2 R
P auE b o ARG BT s R o gt 2 2 A1 4 224 # Fl(color
histogram) @ TP 4% > @ 45 3122 0L p ARG A i o W A2 R de i g B o
PR BB R B B R R R R LAY S o AAMY P W
BATRRF e SR TEar o bty kil ks § 0 &2F7 0

BAFPR NPT LS Liea gk > TR awhie L BETE oooa b
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G EABMEL T RCEEE SRR D DER BT P EPIRER
S. Birchfield #2 S. Rangarajan[42]4 ! 7 7 ¥ & % BB e 4 (spatial histogram, or

53-8 4% P e mean vector #2 covariance matrix 0§ (T &

spatiogram) > = r &
PAke g2 b > C.Yangetal.[43]zc® 7 2 425% > R & T ATENAP i1 G e g o
S8 k338 BEG B H5 2k (scaling) R AT © @ 3 B 5 4§ v (orientation) PR A -

T T R PCA BTk B IR[44] 0 BT B A5 E i g ¢ St — LR o

{
®e ° -
L2 o Largest Principal
o
e® O

.‘ Component
o
o

® s0.0 Smallest Principal

O Component

® Prifcipal Component
Vector

B 13,1 & 24447 H

K e
3.4 F H B
uJﬂWﬂﬁﬂ%@iwﬁﬁ@’%ﬁﬁﬁa%@ﬁﬁ»,iﬁﬁﬁiﬁﬁ

P 147 (target model) » £ T_& P %1% i% (target candidate) » B p AR Ap e

-\

PR o W BT AR G BRGNP R s TE g Tk fumﬁg?l Ao 12 ek AL

r\

YO A B gt BRI R M ASR A S AR
EHER G CEH I P E AT RDT RS T - G R enpm AT 0y
PR GRS AR > BT FREGE U - LA B
At A e f%"ﬁ;_—k 0 é:tf\“ffuﬂ‘g—%i)ﬁ‘l‘_é‘_%‘rl)ﬁa , r‘%“ﬁ%m‘slz\;’['ﬁ!gﬁ’ 5 v e
JBFRT S SR R R R 4 T A ek B R BN -
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TR AP MU HEORT T A E S T sl E o B TR [42-44]
PR SRT LR o 1 FRB S L (T E A AR R o T I8 AR el
AP OREEFRS > FTREF S8 ARV REFOFEE AR AT
oo H R B RA R T (I R ﬁ_ﬁ% » 7%k %L * CCD(charge-coupled
device) g’ Tm *a R TR IR > T B AP RS RS ko
1.MATLAB %t

M A AR A TR > 0 CPU A4 5 AMD Athlon(tm) 64 Processor 3000+
1.81 GHz'RAM 3 1.87GB>OS ¥_Microsoft Windows XP Professional Version 2002
SP3 > # 48 ¥_ MATLAB version 7.0.4.365(R14) SP2 - 4 i# L * DV Fg k- £ f2 30
S AVIchE 2 » L% MATLAB i Bo15 » S r jf 8 i3 o B s BB B 15 ch % 5 &
JPG #B7) » RBEZFEWOER - T BA T F L EHRP Rk 0 A PHER

frame %5 5 150~ 100 + 150 ~200 ~ 250 ~ 300 ~ 350 ~ 400 517} = i Bzt &

*F I fEELA T > P B IR TE J@yﬁi#",ﬁ:‘iﬁ?’ﬁb F o ACip ¥ [44] -

Bl 14, T35F 8 2 i Bl % 7 X W
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a- 1 iy
o - - éa—
: A- 4 7
: =z
zx oA -
o @
z L Ak -
i +
- R “ -
" - -

|
i II 18, II
. P , f'l“;.n.a* |
T e B I Py ::'.l. .J_l TR dl

n hice TR NTHE el

DINEEEERE e S AUER SRS 3

P 2 RIAEA LB IREL B K A frame SRR 0 S ELE BiehY o &
FEY CHREL R o APF IR AR T1 8 310 e 2 AR > R FIAL
FlatrF e @ E AT REABRS TR G L @ 2 (5 hif B %
X B w3 ER e R o b L REE R SCHR] 0 AL frame im0 Sidh AL
VRt et i T OB IR A B e T ake SR Bed § oo N Afet P ok wiiae
iﬂﬁﬁ§14:i’%&ﬂﬁéxﬁWﬁg’thg+T»Jmu LEHERL -

2.8 LB Bk

i

TP T B enif gk oo AV i 4 Y 1R B (T, Texas Instrument) #1737
DM6446 £ = & L 5 > f]* H ¢ hRISC CPUARM926 % F 3 o p T S iF ¥ & &
#_MONTAVISTA Linux V4.0 » & § # @ enst iy o 7 18R fondiy » 4755
A PRNFER  BEFAPR Y arm v5t le-gee 1T 5 R R o B4V 55
APCHF e aEiEis P EFF >30T L APCHLinux b » N ipg
MONTAVISTA Linux V4.0 System Tools » | Z Ap R G S 2 2 > & 427 %F R
22T % g Linux kernel 2 file system ehd 1 B o 8 &z > A B F B iER
{ﬁPC%ﬁ,Eaﬁﬁ%ﬁ»i;Jo%¥$»§snm@% SR Sy
FRTREEFE R g% 5 2 ¥ AW NP T BB
el o bR BEHAIEE T T RS S PRk g
e d oF o PR 5 - f[45] PR RTIEFE 2 ATEEGI de i L o
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Bl 17. T8 g pFig g e % B

BB BREEY APIE T Tk kD BAGEB dri > iE
, .,..Jfgpb ’5\1F°iub—% #@t‘r:‘ '\*ml"'ﬁ » @ ® é—.ﬁf‘?ﬁﬁ?&ﬁjf%fhﬁ’l

ART oL G R AR B FpmR Gy AT T R > 2B 2 F R
BApts o d 2 S PUNERAGEER TR E 6 o B A ERRTF TR

AWM jre FLAMBEFET S TR AT B3 59 SRR %

o
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=~ AR W PR

B R A AR B A2 1 B R T R T A (raw data) 4 S A1 F in

AOBH W AR o PR LR B G E S d DR bRk
Moo B B AR R B R 2R T R L RO - B

PE R @ Pl Ak iRl
S Maipit e o R B E T HEY PR S ARBER F A K AP
WOAR B o TR UL FEW AR R Ao 237 2RSS AR F g R
% 1980 # - Sanderson £ Weiss[6] /1 &5 7k SLE g a4 » B ¢ & 5% 2

A% R E RFIE D] chip £ AR e B dmehni s LI i A B R o il
AF TR NEAGEL 0 WL SERF2R RRE SRS ok B2 R
LE Y PAGEL AT D R ET apeied B 8 s AL S RIRE

B e Aok R P A BAGF LSS Cn BLEp 3 E L BME
EAPH G BRFESF A o LRSS #BPR (visual servo)— 4k ® G T

*E w A P AE w42 (visual feedback) B A8 B £ RF > A R PURITHIE

i

ETIAS

direct visual servo structure » % i& #> 2 ’}ﬁ % dynamic look-and-move structure °
L ERPIREAIER SR LT RS F L oy~ ) H oA 2o
GETER SRR p o RT i SRR 2 G R T o - e

4

EomBE R T E R AT RA  ERBRBRES LRSORTFT =

A

— NP R R PR 3-)?**& R fEH B dp £ 0 =~ # A kinematic
4 v

singularities % % ¥ 51> F] 5 4t & % : féiﬁ e BE L ¥ € 7 ® i i* i e inverse

kinematics » #-A B B A w M & & R > frEE g B Ed R E AT

It o e B kR %meiﬁimﬁ%} mi%%éﬁjﬁa?lﬂjﬁfi%%#ioééﬁ?i’
rARBEE O FVREZ LY A RBBE LD 2L R SR

LFE RV RE S RO R S SRR RA AR ER T
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AREw T s 2L e LHRMFE 2R o I ELRF

i h o A A R it E kM L

(d}
E
™
=
=
ETI
>
]
P
*
|3<
lT_I
\2
&
e

AP RN B PR ARF T FanEE s A S PRI S RRER A
ﬁ»ﬁiﬁﬁmmﬁﬁéé’mfﬁ ﬁm{é%$£&’éﬁﬁﬁ&{tﬁo
Ilmpmmé’-)’i j\ ’ d ’J\T;E X fﬂﬁg;] ",'/ ’ F—ﬁ %ﬂ(ﬁ?“'ﬁ_fil P\»:' ’ rﬂﬂ'b 5'\“ TFB

BAE AP T U UG R AR G N F 0 A A - mafe o

P10

Am om0 )ﬁ%‘}"}éﬁﬁ?ﬁ ® >3 3|7 5P| Jacobian £ % »Hosoda ¥ Asada[18]
H_* exponentially weighted recursive least-squares (RLS) % { #7 #%3 »Jagersand
[19]€_* nonlinear least-squares optimization method £ Broyden estimation’ @ ;F'k
F %4 1L P 4% > Piepmeier et al.[25][26]R] B &6 fe 0P £ > = & 7 i 4p s

A T JE T A T 0w 2 SugsiERE avip i R T Al 8 B S AR -

bR EEAPS Ot S o @ B4R 2 o 0 Asadal ¥7 Hosoda[31]%£ # 7 & e
B xR S BE R LR E RGP R0 @ Piepmeier[32] & F IR A ek iR T

S

~ - & A
JEREEE =]

o

% BLenf 35 2 2007 & 2 Farahmand et al.[36]3% @] f /4 > 3 M 00° 48 >
GAE Y 2RI FEDER T AL MG hE RS AR o T AP E[36]

ik o L bt fE ﬁ fic & eye-in-hand £ eye-to-hand > 17 fodt ¥ e— 4 o

4.2 2L

BEACALE w2 ki AP Y [1]ahes o LRGSR L el 2 H A
eye-in-hand £ eye-to-hand > # B £ FFenff d:d = 7 BB & LB %
BN P RE ORGSR B EGEL e NP DAGEFLes B oo
AT LR R B DB Y o RS F] B AR R R o d A6 e
PrAgpAlp e R i REFRIDEE AR A o FRET SR

WG BL B TTIRNP| P o AP R P LS BR PP R
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Pl S, BRBRIIEhiiApR o FIFAGELe £ 2 B IR BFEL -
SRR AP ERE G HRTE B NS B
WP BPLE o 42 & Jacobian 4E'L o {3 § ¥ R4 34 F doiw i % Jacobian 0 & §
FERLHE e hipdA P - % Jagersand[35]s0% #ic & A 0 & Farahmand et
T 0 AP A M & & & (joint angles) i+ # (displacements) & % #ic
XeR" » @ F it fix(feature points) 5 y e R™ o § F#c X sc g enpriz » 8 F £ £F
SO H R o Y B How s PR NE T o 2 Sl T T A
y=f(x) (19)
¥l 5 Sl f 87 £ R eiE 0 & H07) (kinematic model)£? 4p #% #-7] (camera model)
"

oMo T B 2EA S0 fic > Jagersand ££2- % visual-motor function[35]  4e % A= 4y

PSS S CHES S S LR (F SN WS EE )

AR, > @ W f Ryt AR =R FAY T LW 22 LS SF S

—_
- -

o

!
£y
0

B 18. ARF w7 X B

Bt fEd R APT L EA Eal $- LSFERT g ¥ L
#E%}qu_h’g{;‘\r""'u:}rxf—i g B henf sl VL AL
F= ()= h(g(®) (20)

d gl S A Sofic 0 AP 4 A (piecewise linear) e E Rk A 47 o

o B R B R PFERK T ficA o FIREAPET U - [ pes i) By = f(X) B A

SX) = f(x)+I(x)(X—X,) (21)
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A X, AT AL ke @ J 4B & Jacobian 4B > Jagersand ALyt 4B 5

visual-motor Jacobian[35] » # 4~ fi = feature sensitivity matrix[14] > 4= 3% 2 & :

o n o,
ox, Ox, ox,
o ) |2 (62}
J=LVoenn) |y o, ox, (22)
o(x,...,x,) . .
W W W
| Ox, O, ox, |

BH kI fER" > R" hd o b S Bicenif s £ mxn 7 Jacobian 4B
DELBIFBEHRE ORI G d R o g 2 50 B S H A58
Vg =JAX+ Y, = Ay =JAx (23)
A arif Jacobian 4B J 2 18 0 S R R PEE @RI 0 A IR R LM
fE R RIS RS R R o il A 1 AR w e Rgrdl L AR -
AV == A =J"'Ap (24)

0@y AP R ITTE AR 5= 8§ J 5 rank deficient ¥
Flad' A% ao % A R g A f2(SVD, singular value decomposition) % 4 j2J

U:mxm
J=UZV"{ Z:mxn (25)
V:nxn

Y ¥ mxn ¥t & 45 (diagonal matrix) » B I I dFHE 5 4 >..>2 1 >0

7

mE A, ==A4=0>327¢ 8 J Jrank & > P|EZEL DT E LT 5 f250 0
X = diag(\JA ,s\[4, ) = diag(a,, ..., 5,) € R™" (26)

%A, =.=4,=0 FPAPT UG @R AT Ko7 5N

X =diag(o,,...,0,) € R"™™" (27)
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v

fmV={y,.,v} LA E nxn it 2 &L (orthogonal matrix) » v, FE & 5 °
J'Iv, =9, (28)

Bt U={i,..,u,} £ mxm i 24" (orthogonal matrix) » #, (W E & 5 !

IV, = A, (29)

d3r A =.=4 =0 FprAPET g Usedaa s FHHE T
U:mxn

J=UXV'! Z:nxn (30)
Vinxn

% J % rank deficient fF » % ¥ 12 % J &5 pseudo-inverse » J© k3 E J7 :
J =vzu' €2))
dopt TE B I H R R o { § w7 2 54 [1]22 Farahmand et al.c7[36] °
A =T Ay (32)
¥ - AEF IS fullrank > FTAS I m=n> m>n >~ m<nZ=f@KRFH
. m=n
Feddema[39]# #* ch=> % > Fm=n2? J 2P m > BJ' 542 Ax=J"Ay o
2.m>n
Jang[10]# * 9= ;% » t % over-determined k% » § J & /& f%(full rank) -
+ ,T*‘u{mnk(Jfl):n 3L ¥ % J ehipseudo-inverse » JT k3B o H B (4o
J' ="' =>Ax=T"Ay (33)
3.m<n
#* % under-determined 3k ;% » 2 ¥ * J e pseudo-inverse © JT ki E
J =333’ (34)
PORRESE A 0 RFEf L R SR shddic m<n hi & L 7 oo
ARV REIFIFAEREL S T8 2N K- ¥ 2 under-determined
AR FTE IR TR 0 SEA RS o - AR A P gL SRR IRE S o
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AP T & SR Jacobian 0 2 o d oG endp A P B
LRERIA  EHBIEROPGR A 0 a I fE T AT g
ERPPGR A > §FIERAEFRN AT - b H LB R A

RELEAUBWELR L[1]HRET > P 3 % 308 2 AU gR e

i =KI"(f, - /) (35)

g
~
fﬂ

B EEE o A[36]4 F AR AURT o L 5P 3T L EH[14][15]

4.3 v &

r2 g o kR Jacobian AEFL e 47238 3 fg il Y 7 “l%p“]ﬂi%] N
R" l’f’ﬁa?J M A R™ERT o AP E R e S8 T T g F A BRI % H
(direct visual servo structure)£? &% il #+ 7 4£ (dynamic look-and-move structure) *
EA BEARL S S G - oS- EERAAE M E LR - RS
2B E AT R B REG e ey U st i s ¥ L2 R 3
ﬁ’%%W2ﬁo¥:~ﬁ%ﬁﬁ{%%%%$’iﬁ@ﬂ BREE » B¥d
ZREBEHEIR G Flt AP B o & 0 Bie4 e Jacobian B A G & &
Jacobian (composite Jacobian)+E*L » §_d & # Jacobian (kinematic Jacobian)£? 82 i
Jacobian (image Jacobian) e = » @ {8 —‘F‘f PR RFEFHEINE G AP
% ¥ 1§ Jacobian (image Jacobian) » #x } — & #ri& 3 * Jacobian “B'L > ¥ HIR
24178 2 & & Jacobian shit o $HERLZE B0 3 4 LB i Jacobian sdn ¥ o

o g m{;;% Y )ﬁ{ﬁ’?‘@ 24 kRl R i Jacobian 4B o 3 &

FABRE b bR REFATELE  RERRER A PR ER R
EpA R A BE P Nt AREEN R R N D F o B B FH N
MadRis d wRE I EERFS A BEBEDE F > e oy A& A
PR S F T RIRE D TR OE o R T BE BN R AR
o FlEp werSBLAF Y R G aghz v NE SRR &
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ﬁéb"—i— «Qmﬁ*ﬂ%’hT']—alFFLLﬁiﬁgo fam?%k‘?"éﬁk ?ll’;?lﬁ,"’\

4 e e 0 5 IR T Jacobian 4EML 5 A R FlW E_% Rde d FIATIE o
A A 2 7 9t Jacobian AEML g0 jE 0 g A PR chE T pk

fopliz o gt 2 i GE T RA [1]506]F > @ $ ¥ Feddema[39]5m=n2J 5 full
rank K 0 A FR-E S e {1 {S[30] 0 A TR BB B it IR IR o
Bizif AP Y g H P4 #8 (monocular camera) i ® ek e Fl G AR D 4R T
Fav HAE R RS AR TS T B A F I BR AN FERE Sl
ERELRED GRIPGOERFR BT AP XR LD L R A
ip 4 eH L& ¥ (command domain)ph - P TE DR FIELEFEB = R FHE A
FEOLSE  E XERT U L T RN SN B R R - B

BB S s AP g S AEL P BRI HHT G S50 0 TR

36
S(0) u(t) o
o
* R PR S Ho A PR R A E ) 7 5] 8t Jacobian 4B R (450
o
- = axb 6yb
S(t)=J(t)p(t) where J(t)= 2 o (37)
o, o,

;ugfajg_,lt% (t)%l)\ ;Y.ﬁ%,}]\f?ﬁ.ﬁ}lﬁ*ﬂl<m[xb v, Z]T,géz;;
ERE e d R ERBERER T LA P A PR w6 5 (inverse
kinematics);# & /% » #-= R Z A AEE#HE A A BB E L > Rd AT

L AERS Z RN C T PAEEN BEE E0 At

Xp
=R Yy +T (38)
z Z
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Fla B FApB R rURET S E > B9 REaEEL - TA

THAEL > ARAREDFRT > EATajpih N g e Lo £ L

h ha K3 T,
R=\r, r, n|andT=|T, (39)
By Iy Iy T,

CEABEEIS AR 2 o RAEEL [y, y 2] o d R

PHM G AT e ek dp g EES £ Btk E s [u v] B %G

u=f-—=
Z,
! (40)
v=f£
z

SR A (S BT AR AN L s Gl R s T @]

B AR o i L |
= u ZC ZC ZC Zc = (41)
§= = L v, F
v 0 i oy Y ? i v n I | P
z, z fe z, z, I

$PPR H BE % 0 3% g8 IR P i Jacobian AEPE W E_F Nap qp gk enE % o 4o T

Sy _u
- || h2
J= Z. Z. . 1 Sy —ury R, —ury, (42)
- 21 2 | T T
0 Sy .y z [ fry vy Sy — vy,
510 1
ZL ZC

Bt AP s A R SRl f Jacobian AEME R d u s v s z AT R AP
bR E R ET - p MLl f 7 ERFR e > LMD R AP
VR iRl o T PR 0P| 9% ff Jacobian ABMEL X P 4ot f AT o ptvfaw B ofesv Lo

J(k) = J(k =1)+ AT (k) (43)

H ¢ hprR kchJacobian #_d PFRF k—1 0 Jacobian &2 { 3738 AJ(k) k- :

AJ(k) = 1 {f”u_”(k)’"m f’iz_u(k)rn}
z,(k) | fiy, —v(k)ry,  fry, —v(k)r, (44)
1 Jry—u(k=Dry, fr, —u(k=Dr,
z (k=1 fry,=v(k=Dry,  fr,, —v(k=Dr,
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AP B ARPEZ 2B OT A FIL EERE LG 2, (k) & 2. (k)

ABEH o AT L AJh)GEE TP F LT K,%-i P F els sV RS b
1 |u(k—=1)—u(k)

AJ(k) [ 7] = AsGOw(R) (45)
z (k)| v(k—=1)—v(k)

AP Bt M £ RS ATL) cH @ e B R k) S A EE

r,

ek —utk-n] - [w] |z
AS(k)‘L(k)—v(k—l)}and W(k){wz(m} o o
2. (k)

H o AS(k) T LR s 8 ae s A ow(k) 4 B PEE BB R G

k—1p%> 20 i e i@ e 4y Jacobian 5 J(k—1) » 2 f P BY k B> 28 i 2 18 3] (k) °

J()=J(k=1)+ AJ(k) = J(k 1)+ As (k)w(k)" (47)

J(t) & > A4 p(r) $H 3] 5 (k)i dih) eh 3 s » T4 Ap(k) 3t s 31 As (k)

(48)

_ | r l:xb(k)_xb(k_l):|
As (k) = J(k)Ap(k) where Ap(k) =

Yy (k) =y, (k=1)
#7 Ap(k) K&F}:‘l LS AS(h) HAPH B R g & =BT RLIIE 1 J AP

A5 (k) = (J(k=1)+ AJ (k) Ap(k)

X ; (49)
= (J(k =1+ As(k)w(k)")Ap(k)

§ 8 J(k-1)2 doo B oF hpER KPET Ao T HBE T @ wh) 5o

AP(K)AS (k)" (A5 (k) - J(k —1)Ap(k))

s (50)
[as (o] [ap (i)

w(k) =

B s o AP SR Araf A2 40k fk 0B T Jacobian 4B 0 o T ik enfo 2 18

A& i e Jacobian e AP eniTH E AR FEHBD 0 AT AP ELRS BE RS

ap B ap, > @A GBI E G 5 as B s, dest = KT 2 EFI0) 5

j(O)Z[Asl As, |[Ap, Apz]'1 (51)
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B G v B2 1 Jacobian 4B W EE i Rl 0 B P hE_F TV AR LR
EH A AP Z B B B EL R L A ERR o W
FREF gARNEBEFER - F -~ FlaAARBREDL 2B DN F o Tt B E S

eye-to-hand 9% 4 - $ =~ k) B hAPE o ST R adp s Alic > do% 3T

\

-
9

i E L R S s TR AL A BB AT T R

=

Start
v

Give two exploration commands

Api Ap,
and find their projections in the
image As; As,

v

Figure out the initial value \ (A) )
3(0)=[As, As,][Ap, Ap,]’ k)  AP(OAS (K (A5 (k) - J(k ~1)Ap(K))
sl Japol

Initialization

Estimation

A

Give a new Ap and find its As

v

Estimate (k) by
the least-square algorithm
according to (A)

@ JU) =J(k =)+ AJ(k) = J(k =1) + A5 (k) w(k)

yes
v

Update j(k) according to (B)

(o simaion)«

B 19. 2E B2 i} Jacobian 4B*L T pF 5 )& i A2 ]

ENEAFT SRS AR S EE RREEE Y FUNEE R LY I
Rl e g ARAR M H 0 ¢ 2 B Jacobian 4B enip R~ AT B RD

BELESEL RN T 0 4B R R AT g B 1
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TP RS RN APy J) AR P Ik-DE LA A J(k-D)=

o p 2t J(k—2) 2§ P end 3790 > 4ot ihie TA AP FRIG) LA JO0) 2 E - B
PR AT s m X SRIEN R R anEL S 0 § BB P AT
SO LE B A g Rt By @ 0P (outlier detection)e™ jE o B— FH
P v EFHEPA LIS K R T R B K BT A

ARG ZEF 5B F R - R L R R T R AT AR5

x" —xo‘ > k& = x" is outlier (52)

PP AFRE LT A TR e SAR Y THEEE
pE

AkATH S ek f%ﬁ il flfche P E B W E R -
s

Ne

DEES S ICER T RNt
1. T 358
B2 AR R A T chan fied O RS 0 E ARR chiE 4 AR 0 ]
=X, =3¢ -0 (53)
2. ¢ ¥
PR A Pl P B iR £ MAD(median absolute deviation)id- Z_:

x'=x"k=3,E=MAD (54)

Gt ko B0 J(O) WAL o AP L AR B 5 R A

/\"
N
LS

gt A2 R ERENIO) o LURETF BN B F LR R
BT T AT R AR I(0) - B LATRES Lo AP EF RS - BT D

AT 4 r J(k=1) & 2k & i 3 e (k) - 2 AL B REE G 3 RS -

2 AL RIEEESY AP e 5 KSR R ERT kenw(h) LF G B Y

oo BB RARA R AR > RS RIS 0 R IR AR Rl T BT

36



Start
Initialization

v

Give two commands Apy; Apa;
and find the projections Asy; Asy;
to figure out the initial value

ji(O)Z[ASn Aszi][Apn Ap,; ]_1

(A)

v _ T\T/ A _

Remove the outliers and V:V(k) = Ap(k) AS(lf) (A2s (k} - JEO)Ap(k))
determine J(0) ||As(k)|| ||Ap(k)||
l' Training
Give any Ap and find the As (B) )
to estimate yi(k) by (A) ik = AP AS () (AS (k) - 3k =DAP(K))
Testing ||A§(k)||2 ||A13(k)"2

Give a new Ap and find its As
to estimate w(k) by
the least-square algorithm
according to (B)

no
h 4

Update J(k) according to (C)  pes

(¥inish one testing y¢——+

B 20. *s% By Az Jiw TpE LR AR

J(k)=J (k=) + AJ(k) = J(k =1) + A5 (k)i (k)

Tt AR A T B2 Jacobian AEFL e R e gt 3 jE FdR* vEie A58 T pEan
LR A P 2 RAFI BN B FEE S FLALRAEF o Ra b0 AR

FE S wRRR 2 AR BB TR B AL B ik g

-

A A it er s CPU 4% % Genuine Intel T2300 1.66 GHz > @
RAM #_2GB ° OS B Z_Microsoft Windows XP Home Edition Version 2002 SP3 >
#c48 _ MATLAB version 7.0.1.24704(R14) SP1 - p* fift 3 & & 52 TP 5 g2 0
¥ A4k d 3 MATLAB i2 5 p & 22 WEL }éf‘ﬁ B enso fic o F)pt A A MATLAB
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Central 33k > 5 ¥] 7 Juan L. J. Bascones 7 2001 & = fif 6038 5 {355 & G| 475% o ot
FERNEEAR N 5 A Bl - BAMY R AR Az BT R AEE ik LD
AP EE V- BN B EE RO T F N g R A kR
CE R KBRS R A B R AL RN LR A
58 APA (IR EREME LRI BT 5 0P R

FA O APRPSBEL R B AR PR APPSR T N E L%
BECEEY AP at R AR kP[5 5 10 00 AT HELT A e R G
"X ek 180 & 0 BEE BRK G 03 c A PR ALK EHE R 4 5 ap &
ap, # RS RABLEBE BB CBo A Y ASIB g4 L5 ap,>

BFChap,» 31 2 {APRLAB-C28sE 1 1 01] 57 <« &A

A5 101 P BE[ s 0] @R[3 10 A PEET A4 LA L

D#[-3 3 01 ' FFH drfd > RAWTTPERPIZAERAETLF LA
| : ELrrrs 1 4....I
TRHe L LANE S O o NaBS b A TE B § D
il
o
it}
L
=T -.- T

Bl 21. if:e TpF G IRE R T R B

tm i@ﬁﬁ?’%#ﬁé‘ BAp N ap, Rl LB A T AR Y o 1 Bl
R as & as, 0 d BE M GAPT EDJ0) BT RET - Ly s 3
v B 3 3enAp(k) 2 AS (k) 0 £ o w(k) k @ AJ(k) 0 B @ I(k) o T B

BRSO S AR AP G L LR AP HA D D B AR PR
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Indax Indeax

Wl 22,3 D R T L W

Tim b o AP NG N RS eyR AR S @ Y AdE Y o A PERK
FRBMF o Ao R B G e T {ATH AR e A
ST RO R AR S M RE o A TR A - AR

WA - B o R AP Ea s LA EF BhsRll o mAL

-

e BleniE A% % > 221} Jacobian 4" e { F7IE ,T‘:Lﬂ ol T2 o M E AT
PR S N A )RR IR ST - BRERIELEY A EF LT o

VIRAEALF R B AP S R - BEPERY At 2 BN o
Aot i B TF - B4R & s 1F 0 A SR P 0 B LA & i) B eh AT
Bofs BRRBES B > S BN ShTORA  EE B BRI (AT £ L

¥ e f hf AT T RS Bleads ki B RS (T B (0 L
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A A S faviae B if Jacobian 4B W EE T OR1Z 0 % - fEA S ARk R
SRR AR B E P J0) 15 0 RRLRE AF RER Y AJ(K) k LTI

R R AT R AR L Rl § AT 2 G 2

i

BPAENRE ZAPERDE A2 0 A S AR B IS RIS o
Jedoe 0 T a5 i R s R ] 5(0) + 2 RS B 5] (K 60T 58
SRR R Bt RIERESY T R AE B R dok 3 E

45 DAk 2 15 L ETI(k) o H_F B n) AR T]’“%;E‘m;}ik"frtaﬁl ST

FEREE > RFEFEPFFAIR-)RF B3 § P H (k) -

ERAF  5-F 2L ERS R KX PRGRA - FoF TR

a

PR RS 0 A AR RARRS e RSP RN 0 LG T A R
BAapEL o A ARG L A AT AP B F g KPR A R
BETA T ORI SR o A SENT AP O AR € T3D0 KRR
A s g EFIRL L HRBELABSEE > 3T A L iR ERA o
T BifJacobian LB A fEd 5 2 RPN EROIFFAT 0 €
WD EHE DB R AY 0 7 £ B Jacobian B cip B 5 A0 @ A J T hf]
BT AP A EROP G A §EIERAIFRIA o A2
chifie § ik Jacobian 4B T pE Rl > E# * R¥™ e o — kW B R aEE

SOREEES S SR S R R S P NS SR

RSN

LR B L TA PG PR B A BRI VIR v Rtk o gt Y

A (R ay 2] ¥7 8t Jacobian B i B B E G Ao st S E R A I LR 4

bt
&
2
]
S
o

pid B e o T LML J BHR ARSI S T

i
B

CRA SRR L RS LT IS SRS kA F BB EE k2 S
BE A o™ hA PR R B IR F L o R AP adais i
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Feature
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Feature
Extration

Control Law

B 25, A4 v 4T AR A e 2 1

FAWEIRZG OS> g7 P L A G258 > REL &L > FIR R A
UERLTER OS-RE N TR EEY R it SRR Y SRy
T e 3 EDE o 8 F S AL SR R 0 (8 7] B RS-232
bl @ﬁia?l Centronics ~ .%Péﬁ%@ﬁ%l TCP/IP & & o 5 7 if * 3075 LRk in s £ 2
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TRAFE ST UL A o B - I L yrd DR nk o B e # 3k s 3R

Baps Lok B EE 0 o B sk 0 BhoTh 4 3k~ L3 s

Lok IR RIEE c BHEVI- B 2 iE HEE LR T 4 S
B | ET > Berf g s B R AE R R ¥ C A RS e Bespid

FOUSHAMEIEZER M SENP AR EFSL ALV AM > TS
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Settin

v

Set the arm with racket & camera
and
Display the arm & ball position

Initialization

A

Give two exploration commands
Ap1 Apy

and find their projections in the
image As; As;

v

Figure out the initial value
A -1
J(0)=[As, As,|[Ap, Ap, ]

Estimation

A

Display and find the ball As;,

v

Use (B) to give the arm Ap
and find the arm As to

estimate w(k) by (A)

<G>

yes
A 4

TN
@ )

Ap(k)" A5 (k) (A5 (k) - J(k —1)Ap(k))
[ascol |ape)]f

w(k) =

o my )
S,

Ap(k)= As, (k) J(k-1)"

J(k)=Jk =1+ AJ(k) = J(k = 1) + A5 (k) iv(k)

Update J (k) according to (C)

Finish one estimation)€¢———————
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Bl 32. % itk AL BL R B 8 1F 2 L)

FE A AT ;—,;{a&;yﬁgf.ﬁa&%ﬁ SREIUSEIIE A T S
@A enEd o AAPT ) fﬁéwiﬁ*%«%fﬁﬂ i f, A

SR e AR E R APLBE RIS L B o AP T

RBef e L o TREBE L R RPEE I P n A Gt o A

.a

B rEET o BB RE AT RER L BHAY 0 RA 4 FAoT

Tkt BA T RE LA TG ER A B AT G B B e
F ARV RE cd AR AhET B2 T AP H ARG SR A
F45 - R LA P PR R 2 0 LY USB @genjp s kit T 3
FLF B A R e LA R e E e AT E k SeiE# F > Microsoft Windows XP
LB DGRBS 2 LEFIRY BN S A @ TR

& XuH_Microsoft Windows XP Home Edition Version 2002 SP3 » # %2 ¥_ TOSHIBA

d 2s A %% M100 » CPU ;i Genuine Intel T2300 1.66 GHz » » RAM i 2GB -
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24848 & b

APER G R GRR S - RT IR Y Sipgs i s & 7 USB
PREP-USB e LA HiTE k0l * g P& & OSp % LR
AN TV IR R e fin B A P Beend_30 § o e CMOS Logitech Quick-cam

Connect > ¥ i * ** Windows XP ¥ Windows Vista > * #j# % 30 %% & & -

# & 3. Logitech Quick-cam %

Logitech Quick-cam connect

Quality VGA resolution

Provides clear, vibrant images at 640 x 480 pixel resolution
System Windows® XP (SP2)
Requirements

Pentium III 700MHz or AMD Athlon 2.2 GHz processor
256 MB, RAM 250 MB (on hard disk), CD-ROM drive

Port Available USB 1:1 or2:0 USB

Frame rate Up to 30 frames persecond

Focus Manual focus

LCD Universal monitor clipfor LCD, €RT, or notebooks
Limit 2-year limited warranty

Bl 33.F iFi@ % cfpis kst

3.4 B L EF
WRAEAA L 2F BE > APy hl P % T %G 0 Mitsubishi RV-M2 »

PSR LR AP E KR E T M E R o A AT 4
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# ¥ 4.Mitsubishi RV-M2 + &F R4

MOVEMASTER RV-M2

Construction

Vertical, articulated

Degrees of freedom

5 (not including hand)

Electrical drive system

DC servo motors

Reach

250 + 200mm (120mm offset)

Operation

Waist rotation

300°(max. 140°/s)

range

Shoulder rotation

130°(max. 79°/s)

Elbow rotation

120°(max. 140°/s)

Wrist pitch

+110°(max. 163°/s)

Wrist roll

+180°(max. 223°/s)

Maximum path velocity

1,500mm/s (PTP at wrist tool plate)

Lifting capacity 2.0kg incl. hand

Position repeatability +0.Imm at wrist tool plate
Installation position Horizontal

Ambient temperature 5°C -40°C

Weight 28kg

# 1% 5. Mitsubishi RV-=M2 45+ % 24

Drive Unit
Teaching method Teaching and MDI (manual data input)
Control system PTP and CP
Speed levels 21

Position memory

999 positions (max.)

Position memory

3,584 lines (max.)

Interface

Serial (R5-232C), parallel (Centronics)

External I/Os

16 inputs/outputs, EMERGENCY STOP

(3 inputs configurable for interrupts)

Ambient temperature

5°C -40°C

Power supply 120V AC, single phase, 50/60Hz, S00VA
Dimensions 380mm x 331mm x 246mm (W, H, D)
Weight 25kg

AP Ep L LT L3 5 @ﬁi&l RS-232C > ¥ ™M A7 "ok ZIF 8 2 {8 >
% RS-232C #-4p £ B A B £ A7 0 7 1 RS-232C @ w 45 531 & ka2 -
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4. kY

d A APE Windows XP 5 (7% ks FIR P NP I 7 A EIHE K
585 o k< {8 % Microsoft Visual C++ 5 B # kB > S8 chit &4 Rl E_i# * 7 MFC
£ OpenCV » MFC 2 % _Microsoft Foundation Classes > E_fic#c o & $& ik e %)
B (class libraries) » 14 C++ class ¢3755% » #1557 Windows 9 APl ¥ ¥ ¢ 2 -
BHF AN RS R BARFE AR (FECH Y class ¢ 2 < £ Windows
o) B 35K class 0 & 1% Windows ehiph & 354138 o F i* chdf 5 class o

MFC #_7 1992 # %§ ¥ #cdic C/C++ 7.0 % F B 5 # » * 2 16 =~ Windows
B o MFC chi & iRgh FHRERY AR F Nl R NPT ur 5
¥ eh> iz ke e? Windows API o 4% g4 82 2% MFC h4esf $f i@ * 4 8% 2
B 2cchs e £ MFC eh— i 41 B A28 0 A4F A2 0 FIRATR % RIpil g ¥ 95 MFC
S ARNFEE R i P FEY T RO E oY MFC 4 2 Ay (755

%78 A7 (thread) s > > fx i AR 2 B 5 Bedn 2 pF > T & 4R 0h enfg st o

# 1 6. Visual: C++£2 MFC " * $1pe %

Product version MFC version Year
Microsoft C/C++ 7.0 | MFC 1.0 1992
Visual C++ 1.0 MEFC 2.0
Visual C++ 2.0 MEFC 3.0
Visual C++ 4.0 MFC 4.0 (mfc40.dll included with Windows 95) 1995
Visual C++ 5.0 MFC 4.21 (mfc42.dll), major upgrade MFC 4.2.

Visual C++ 6.0 MFC 6.0 (mfc60.d11) 1998

OpenCV 12> % %_Open Source Computer Vision Library » £ T 5 g3t 8 %
AF R - OpenCV H_d & #Ff o @ (Intel) 3 4= & 45 B 4 » 12 BSD 3% ¥ # (license)
PEF 7 o OpenCV ¥ 11 i £feT L ARE P L 5 & % o i * 0B T pFeng]
B s 2 E AR L R BN AR AR5 o OpenCV 22006 ## #F 1 % - %% > 3 4
AR LATY o OpenCV BBEE A § BT 5 Slick > s 3 ~ BHlis o 244
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% % 0 @ 4 BEE OpenCV B ARHB G AIL e i@ 8 LR 3 ¥ H ¢ v
AR AP AR M ST LR o AP AE RN BEFIR 0 4ok B % MFC
o FHEE L ALY S 0 AT R AILA BAP L L Sl o @ Aok
R % OpenCV &id » UL+ A {1 - 4r i i AgL @i 4 6 -

A% £ B~ MFC £ OpenCV & f& & fic B i Bh > B 43 B 6 0 20 fpoet e
OpenCV s dic » 4% 55 4 B (b Sfic » L id PEIL A BAPES o Al 20 %

S5 oo et ed MFC e fic » 12 = ?E@éﬁﬁﬁgiﬁﬁ@ﬁ% ) }giﬁﬂz_;t AR

Initialization

Include MFC & OpenCV library
and
Declare global variable & pointer

.

Initialize RS-232 & mouse event
and Capture images to process

v

Send two exploration commands
and
Extract features to find the image
Jacobain J(0)

iYesquit?N 0

Close RS-232 and Release @
End

Yes
v No v
Extract features to find As Send the command using RS-232

¢ [
Use J(0)™" to find Ap
v

Send the command using RS-232
[

Bl 37.MFC 22 OpenCV - % 423\ /i A2 )
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2. ¥k 7 %

AFHRAP B LIRS SAP A 0 F L AP Ay MFC W i e § 5
AR o LB IR A 3 A OpenCV R EJE » @ MFC %5 7 28 £ Rl 20 ek i3 o
B SRR SR AR I A BepA e B i A G R BRE > R FI L p B Rl S
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AP IR E £ 5 0.08m > BE 9
EANE 0.04me d A PR AT EIERPB BLEFG L 2mo A R IR G5
2m/s > FIp R 0 S PR R IR G B ) o 2 A PE S e eh
AR Rl AL HMER L L ER S SR R B 2 8
oo AR W RAIE B - Spi i FART R V- SRR F g iR o iF B

#|(motion detection) & 7. FoA R ¥ o H_H UL W R eni P o gL HIRF A A

~

FEd o LEF I ABB e QREH S R LRRBAREE -

3

FHEA AR L BRBEOR SR T e LT R T L

o

B F R R WP AP (TR A E G ATHCA] 0 £ A M ik B

A ege i o LRk BE Y o EHIT R P M JRA B o SARR AT

Initialization :
Compute the background model

Im— Z Im,

u=i—m
before processing

yes
h 4

1. Remove the small salt and pepper
noise using a standard median filter

value(x, y) = med(value(x,y) e W)

where W is the processing window

v

2. Update the background model no

Im—— Z Im,

m y—i—m+1

v

3. do bubble sort to find the biggest
moving region

Finish one frame

B 40.F# i 5?'1%5} /nhﬁir‘]
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AP IEE4eT o ok B BIFLY R AR kPR E S - SAEEE LY
A(0m,1.8m,0.2m)¥ = > & % - S4p48 4 9 A(0m,1.2m,-0.6m) o« ¥ - 5 BRI L
no fof HETIR AN R o % o S RIAERRI S el 10 S UTE R g R 2R
-RBieBEana il APRIFLFHE AL ZEHF R O BIVYARRAEZE L
&Jﬁ?’%&—%?H%MM$—Sw%&ﬁﬁﬁai%@wﬁ’&%ﬁ#{

$/ ffJacobian <B4 o T & LA PR L P 10~ 15 18~ 20 ) F] 0 T 0

B Al skippskeny # F S5 2

BT ORGSO B o0 AR B R SRS gk o AT r R T o
FEF UL BRI PEFEAPT NEFRALES S TR EEFRBL
TEBE ARG E Y c RROEFARIVRF L gAFRE L
FEOLLE - SABOF R om 5 S FRERSER  FREIL I
208 EE B RLTE 2 € WRIT SRR T e | L B Rk aE R o

B - B R 0% 30535536374 0 kBB FEFH LS
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I RE- A R % AR ER R AR FROABTER SR

ARG - BRRGHSEBEL 0 TRAF S SR AR B Pk

W

o e
o

DOBlY R A gt S B TR R (IR L 0 Y B
FHEAFREA P TH o RT3 T RRTFESF O APRLL %

AR T BaROF 9 %4

Index Hit Result Reasons Index Hit Result Reasons
1 O 21 O
2 X A&B 22 O
3 X A 23 O
4 O 24 X Aand B
5 O 25 X B
6 X B 26 < B
7 O 27 X Aand B
8 O 28 X A
9 O 29 X A
10 X A 30 O
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11 O 31 O

12 X A 32 X B

13 O 33 X B

14 X A 34 X B

15 X A 35 O

16 O 36 X A

17 X B 37 O

18 O 38 O

19 X A 39 X B

20 O 40 X A
Reason A: Position Fault  Reason B: Motion Fault AVG 47.5%
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