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Polar Express (2004)

THE FOLLOWING PREVIEW HAS BEEN APPROVED FOR

ALL AUDIENCES
BY THE MOTION PICTURE ASSOCIATION OF AMERICA
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Alita- Battle Angel (2018)




—LeiS: RBIEIR vs. 1R EIR

o KB HE B FHEED
o — MBS F B — MRS




IZE))F

o MANEITIRE M EEHBINSECRTIET IR EE?

o BEIFAZIESEsIfN] (XKBITFE1TI5)

13



1IEMEEZE (Forward Kinematics)

o o) MNEYEEREX T LR TIZIS I HYIIEE)
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1 EIEEIE (Inverse Kinematics, 1K)

o HETEEETME, RFEKEHEERIIKXTHE.




o IE[MANEHIF:

s (iR A, AT, 3L,

n R ELUESIRimE nssiU S, NRELL
Rime iR A —MFENMNE, BUEEXD
BEXRAEIX—RSIFEEEAEN.

o H[ANEEIZF:
s fim: B RiRINsSUEREE. NA 2.

= RR: AIEEESE. AREERE. TREER.
AJBER LU,
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ElHE (Degrees of Freedom, DOF)

o TEIEE— MG EIATHRIER/NETREL

yaw

53
4 roll <N
i pitch

6 DOF: X, Y, z, raw, pitch, yaw




HABHEXTD

o S E—1SRNIZE]
{5Ian: 25X 75, #aX T (Prismatic joint)




o BZYKT

m 2 - JE;E:B-
3SEHEXT

o AT (Gimbal)

o BIRKTT(W/B. B<T) (Ball and socket joint)

o NMMBEHENEFNXTHERENMBREATRXTIET n-1 MK
EA0BUEMHEIE.
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Planar joint JE T

zero-length linkages zero-length linkage

Ball-and-socket joint modeled as 3 one-degree joints Planar joint modeled as 2 one-degree

with zero-length links prismatic joints with zero-length links
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ABREIRNEHE

e fRTP /2 (Root): 3 translational DOF + 3 rotational DOF
o AMEEYUEEHIEEE<T (Rotational joints) l

= SVE 2SR =]=t)

i

3DOF __,
s [FXT(Shoulder): 3 DOF B
s PEXT5(Wrist): 2 DOF T

1 DOF_—
s [2XT5(Knee): 1 DOF
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I— RN

o R AT AIAOIRES, EIEIE
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EIXRBIRIE RS

root node

O root ™~

—
root arc

a=

link joint

Articulated figure Abstract hierarchical

representation
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EXIREMIRGE ((FE3EIR)

To: Link FttRLIRRLENSHRIER ok 74

l T, (global position and orientation) Vo: Link, IR =1
Data for Link, (the root) ) E E‘Jﬁﬁélé*ﬂ? y‘j: V0, — TO VO
T, (transformation of Link, relative to Linkg) Vl: Lil‘lkl EI/J_‘/\Tﬁn 1
( Data for Link;, )

T; 4(transformation of Link, 4 relative to Link)

. 8
( Data for Link; 4 )
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EXIRBERMINGE (hefe3Ein)
Lm

[ Data for Link, (the root)
04,1 e T1
- R1(64)
[ Data for Link;
Ty
Ry.1(64.1)
’ . 4

[ Data for Link;




EXIRBERMINGE (hefe3Ein)

VO: Linko E[/‘J—‘/l\]‘)ﬁ\ ){—i
%E‘J—ﬁﬁéé*ﬂ_&y‘j: Vol — T()VO

Vl: Link1 H‘J—‘/l\]‘)ﬁ\ ){—i



02,1

WBEF (Two Appendages) BiXtEEY

JrTo

Link,
Y e [ Data for Link, (the root) ]
Link;, ol S Lo i T2 T1
N D R5(6,) R1(61)
 Data for Link, |  Data for Link; |
To T2 Ty
) R> 1(02.1) R1.1(01.1)

[Data for Link2_1] [Data for Link“]




X528 vs. H-ER=SE

. ETEIE )

s BXTATAIIZE *ﬁr

- FIRIFTE TS TR f*\
o HB-E/RES(E z »

n =HET|E
» IEESHENEEERE




IERHIERIEEF

o IFM=a=F(Forward kinematics) e HMh=EZF(Inverse kinematics)
s WK R/R=S(E) s MEBR/RTEMREIEIR T (6]
0, X
"\ X

(91' 82) — f_l (X)

Forward Kinematics Inverse Kinematics
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IERERIF— &R

o HEERMN
» METREIND RHE T REMNTIERD
» EELITER, BEIMETRTNEER
SER#AaNT
o XA ITELE, BERNERI—RES

*
=
~

*T,.,*T;,

(AT AR FERZSN
o XA MEEENHETIE D
n FESCHIRTER. ..
o HEHLFIZIR

%
o
N

< < = ? ? < X X
=~

*T;,*T;,
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IEFLEEIZFHIF

Base

x =1y cos(60;) + 1, cos(6,) + l3cos(653)
y =1l;sin(81) — l,sin(8,) + I3 sin( 63)
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DEMO

MOCAP Animation




WiEh=L]= (Inverse Kinematics)

ETEMIRESREMNHIRESH
£, if8XvTRENE, F154
N EFTRIES
s LB, 1SR
o ISR Z FE(Over-constrained
system)

o RAERZE A (Under-constrained
system) -

TR
Inverse and Forward kinematics demo application
http://www.fit.vutbr.cz/~dobsik/projects/kinem_INV/kinem_INV.htmi
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o I

HREIEEF

2 20O RE (BIRFY) x = l; cos(6;,) + 1, cos(6,) + I3 cos(83)
s 3RANEN

y = 1l;sin(81) — [, sin(8,) + [5sin( 63)

s BG5S R

o XIMBERFEFEBE

s TR

SAINENE

SRR B TR, BIEENRIOR




IKFRRIHELE ()=

o Joitf




B RIEEF

o« —HEBERXTREERE, HITUERIWIRESHRZEBRIXK
TREEHTEHEE NNERIEeRIEIE,
s TR WMRVIEHIRZZBREGRRERN, NEKERAEEH AL,

s FRIRIIE:
o FREZSMEE
o WENMERINEREZSHEHTIKTE, B2FEHE—ZINXTREE




HiMNEE) S
fEthiZx vs. 8BTS
RS S AT, AR

o —fXA]FAEEIZEI A KR
s FEFEREL % (Inverse Jacobian method)
s HEGE
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B EIEHIF—RHTREFE
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B EIEHIF—RHTREFE

cos(07) =
L 180- 02LZ <« XD (6r) VX2 +Y2
O], 02 S
R L RS 0. = cos~! ( X )
X VX2 +Y?
%
2 2 2 2
LA AL - (XE4YR) g gyl XAV Ly
cos(180 — 6,) = (61— 067)
: 2L4L; 2LVX2 + Y2

Li* + L,* — (X2 +Y?)
L +X?+Y? - L,”

2L1L2 0 — COS—l )-l— 6
' ( 2L VX2 Y2 ’

6, = 180 — cos~I(
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Base

611 92163 — f_l(X)



AT AKRBEFIKZEMERD?

e T1R(Redundancy)

o BB ARNEEIEH
s KTIPRH!

=/ \BIEEN(minimum jerk)
n 1A

o IFFIAIA(Singularities)
s FSHTE(Il-conditioned)

» B ESIngular

| —



SUEKERIK

o WimIETRLLAiE(INnverse-Jacobian method)

o fEAAER FFEiZ(Cyclic Coordinate Descent (CCD))

o BFt{tAY5i%(Optimization-based method)

o« BEFHHIAYGE(Example-based method )



L RETELLR A

X(t) = f(8(D)) X € R (@¥n = 6)
6 € R™(m = HHE)

o JESELUARRFE AnxmAYRERE, B ORI (dO)SXBIMITERER (dX)

dx do _0f,

= - ], =
TRREARAT R 00;

o PTG LA R B EREE ST R HRREERIEE
V =](0)6



L RETELLR A

o WMFETRLLERES: 0 = [ (X)
s f B— R EAEZEREL

o EBITIEFETELUARPES Y, IR BN E R BRI
6 =]y

 BY—RIBELSR, ENERENMNE



o BEVIINZEBTIFIFEINES, EEHXT
SN A= Iy sI e

L RETELLR A

~FRIE)M, ¥

n XY

o X~

ESRIFFIIESHE

~F—Pk, BT DA ANTSEIRTTRIAIE
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=
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HRHETELL G iE—ENE

[terate
do=J"'(dXx)

Figure 16.7 One iteration step towards the goal.



HRHETELL G iE—ENE

/ X
If [7(d6) — dX| <& w&
X=X+J(d6)

Iterate over [ X, Xyu)

X +J(d6)
‘7 4. 7,
[terate over / Xooul

X.X N
X, X & J(d6) — dX,

X, dX, X, 1Yun.||

If|/(d6) — dX|| > ¢
subdivide X;;; = (X + X))/2
Iterate over [ X, X4 ]

dX,+] XI*I ‘\’I

@
e

.](dO,‘ |)

X+ ./(dOH |)

Figure 16.11 Minimizing tracking error.



DEMO

FREFELLR

https://github.com/kzahedi/Robotik/blob/master/Inverse%20Kinematics%20-%20Jacobian.ipynb
https://github.com/myindrata/Pseudo-Inverse-Jacobian-Inverse-Kinematics?tab=readme-ov-file
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https://github.com/kzahedi/Robotik/blob/master/Inverse Kinematics - Jacobian.ipynb
https://github.com/myindrata/Pseudo-Inverse-Jacobian-Inverse-Kinematics?tab=readme-ov-file

L RETELLR A

o HERIEFCXPERERERTZIERRFZREE.

X©)=f0O®) V=J6
o HEIERILAEMHEHE RRFERIEEIRGTIZIXDERNEE.

6 =]y, do =] 1dXx



FITRIAIRE: AT RIESSLCAERE?

o FRNTITE QH B _1dD
s X FEERETET =J

o JLETE
» BETERKT
o PO, FNTMERKOKRimHesHIEe
o XY, METRLCRERFEA3x N B, HPAMIBEHEEREH
o WTFEBITBERE, FEilothedl(EEREZ




REtmT S LB F———MilF

Base



REtmT S LB F———MilF

IXI _ [fl (9)] _ [ll cos B, + [, cos B, + I3 cos 93]
| = =

f-(0) [sinf; — [, sinf, + [ sin O,
. A
X .
[y‘] =119
_93_
0f1(0) 0f1(0) 0f1(0)]
691 602 693 _ _ll Sin 61 _lz Sin 92 _l3 Sin 93
0f,(0) 0f,(0) df,(0)| Llicos8; —lycosf, I3cosb;
- 00, 20, 005 |




R ECIEMRT R U E——ERTHFE

o [RIFATE—RERN_4H=sAFE, 83 1TBEHETHLE

KT




fE LLAERF LT R
o FHSELUIBMEI (@) R T ehYE

—ER—HFE

N EWNEEE NN KRS

de, de,

_ dp, 0@,
J(@) = de, Ode,

0¢q a_fpz




JtE5e LUAERE TR LIAE

¢ &

—ER—HFE

de [aex aey]

g,  |0p, 00,

SUNERIE o, /DE1EIN—)

= A\ H= H
WA/ e KE:

T AZE?




R ECIEMRT R U E——ERTHFE

o FE, MRLBELERNN—R, e REHAZ?

de [aex de,

g, |09, 09,




JtE5e LUAERE TR LIAE

v =J(®)p =

de,

de,’

dgq
Gey

do,| .

Gey

d,q

@,

—RTHFE




R ECIEMRT R U E——ERTHFE

Zi X (E - JI)

w; o a
\‘\ ’ 3 Z' \ ; = Ji 7 3
\\ ‘/ \\\ J,' ’,/
' 1 ’
'l
I
.'

J; |
L RS R

a) Angular velocity, w; b) Linear velocity, Z; X (E — J))
FEE: MPRERISRE

E — end effector
J;— i th joint

Z; — i th joint axis

w; — angular velocity of / th joint

AT HHEERS 5 [ECHYFIEE AN LR,

61
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JtE5e LUAERE TR LIAE

o LIFATEIE 1 e B HE R T H A
o FAVEANIBEWRGTZARTIHMNER:, BUMIEedAZR{L?

—ER—HFE

de [aex 0ey]
d¢4 dop, 09,

=al><(e—l'1)




JtE5e LUAERE TR LIAE

de — :

d;

—ER—HFE

€

de
do;

=a; X (e—r,)

&'y BIPKRTEHFRBIRARFHIRAIhedE4H
'l BIPNR T EHR A IRR L
el RimsliasEHFRALIRRPAE




e LEIEPR TR L AiEZ——3 B HENEEXT

o —BEIA)E 7 RTEHFLIRRAIE N, BlIMSE 7 iErltiE

peetg—F)
. B HE3E AT MR R, LUERT LR
BATURITESEL:

de
d;

=a; X (e—ry)

s =P N HESE N IR




JE5e LEAEPE TR LA

S—ERTHFE




JE5e LEAEPE TR LA

S—ERTHEFE

FPRT5ERIERERNZIEES, MMSEIRm

o [AIRNZNRY: 1T

S DERHIERE,




JE5e LEAEPE TR LA

S—ERTHEFE

de, de, Jde,]

-(G o E)x

: 0 d 0 :
V=|G-B)y| =)@ =] TP Vg
(G—E),] > > >
dp; 0@, 03]

(0,0, X E)x  ((0,0,1) X (E =Py ((0,0,1) X (E = Py),
((0,0,) XE), ((0,0,1) X (E—Py), ((0,0,1) x (E—Py),|¢
(00 xE), ((0,01)x(E—P), ((00,1)x(E—P,),




FREESELLT R R

X = f(6)
6 = f~H(X) HETT L AR R T SR X705
V=J(6)6 (configuration), FEZME!

6 =J"16)Y



FRHETELL S AR

o EREML X =f (OFHRRE (RE)
o TEXMELFEMEFAYIAIR
o JESEIERE
o P!
o TR
o AERISTH AR T
o MFYEH 6 hIEISTIRRE V
o HIAF R
o FERSHER




LRHETELLR A
—— S LLABRERIMAERYITR

V=Jo |
TV =76 'V =6
BTAT RS, (JT)) 7 1E! JTGIMH™ v =0
T 1\N—1T - TiIN—=171T 1/
VDIV =0107708 B B = (7)1, R (T8 =V
J*V =6
AT BUFRLUAM SRR CREER).
/85 J At PREARRE CREEE)

"B =0(RT30
]+ - UT])—le :]TU]T)—1 I B (K1=0)

PHEAR LR 5!



o RTJERNEME

o RS ECTT I ARIIA KA

o HETILLEREITERY LA




The End



