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FRHETELLR & FIstAYLIE

. ML, MENRSHELFFE o GEHLESE
HAESR, SREERIER:

L

» BREMARITFREHRE

n EF RIS I NI MNAERE

V,is parallel 1o ] TS LLAELERT T Z I 16 !

Fioure 16.12 Sinaularity at full extension.



FRHETELLR & FIstAYLIE

V18NSR IR 6 KIS
L=NEFESNEERE,
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Figure 16.13 Il conditioning.
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FRHETELLR &

o [HE&R/NT5RA
s SIAN—RMBESRIZERIMIINIT (19 RIERISEN)
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FIstAYALIE




IKRRS| N\ B S RT3

o (SRR ER—MER/NSREN LRIKMEL R, BXRETFSHETH—, (&
BRTREENZERIME

o KAMPKEHETLLARRERYIK T/ A R RS EIA B ARRIER

o TENRMLEIETILLARFERT, RINIASIMIESIR, LISRIEBARIER:

JO=V
6 =)V H(J* - D2




IKFRS| NEZRYEFI—IEHIRPIA S ZEE

o BE: EHIIANELIERE FIEINEEZL, RIS ARZIEREO

RNIZATR -~y =J0
5| NHZIEE - V=] =Dz
2 EAOIERERE, (V=0I"] =Dz
V=20
BINBHEE A

(BRALIAXFEEXTRABERE!



IKFRS| \NSEZ R

o NTEFERIXTARE, FIUNXTIRGZENFIER, z EX/T

z; = a;(0; — 0.;)°
HA 0 HET R A,
O s ORI
a: %11 7 (Joint Gain) o

XA M2 51 (hard constraints);




IKFRS| \NSEZ R

o X (Joint gain)
» IBEREIFTEARENER T

m I

i
2

R, NRTRIMI SRR
o I KR K ANEEIIRFEENRTA
o I /00T IRMC/IEFeAIFE S LU



IKFRS| A\ BB Z Al ——Aa R R 5 ?

6 =]V +(JY —Dz
0=JtV+]tz—1Iz
0=J"J)")'(V+]z) -z
0 =J"[J)") 'V +]2)] ~z



e ELIBYZ=SA(Null Space)

o IEHIIMOE/INEF=E(null space): o FFARTARIAEIE_1ERY:
6=t -Dz 0=J*V+(T]—Dz
mgnG(H)

o /HETA N Rine/NNZEZIRE S KBRS EH
B REsE:

6 € nullspace(J) © J0 =0 G(0) = z a;(Onatural () — 0())°

l




XIFfr

FTE
SHASIATE, 1S5 ~ 10RER T

ol
BE%

532K NERY
BRE: TSRS
&,

78 Sl N

(Cyclic Coordinate Descent (CCD))

RN

%%,&Mﬁwﬂ¥
, [EHRIEEEL

5

AE R EEEIIRFHRITIE
B2 BirE isAEZIE R IK

=M

MIERGEHAS

WRIKITR, FMSRIRERE

B RIRIFRIEER,

Wang and Chen. “"A Combined Optimization Method for Solving the Inverse Kinematics Problem of Mechanical
Manipulators.” IEEE Transactions on Robotics and Automation. Vol. 7, No. 4, August 1991, pp. 489-499.
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78 Sl N

(Cyclic Coordinate Descent (CCD))




o WMIRZANKBEHE, 21

TEASELE T Be:

(Cyclic Coordinate Descent (CCD))

SHIX TR LARMER TS [hese, RrLAFdile

T B ERHIbERE INLAZIER, ECUIRg X 3Ehr ERE—MHIEHRE, M

E.Z:ﬁg r':l__l JE%‘K o

o« FRIER: 3

ZDIR, B—

o FEREZIS: WRAIEEHME RE"

SRSl

A REIKIEH Y EE8L
[FFAEEEIXFREZ LR (1TE)

CFE—5HZ L, MKBIRZE

, BiEHaKW, RARNEEN

MERESIANE AT EIEE.
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i E S ERAIPRTHIR,

/
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EF RN EGZE

o FEIKFEAN—IREAEINAL ] R

= 40 minimize x%(y + 1) + sin(x + y)

subjectto x>0,y >0

= HPrEE(Objective function)
s ZJ5 (Constraint)
m IEREZE (Iterative algorithm)

Ref: Jianmin Zhao, Norman |. Badler, “Inverse kinematics positioning using nonlinear
programming for highly articulated figures”, ACM Transactions on Graphics, 1994, 13(4)
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B{RE8%%(Objective Function)

o RimsHes2l Biri &/ RY "IBE"
o XTIARIRREL G(6) .

pg(rx y? Z

=]

Fimes NS
pe(rx: y; g)
Base



B fREREY

NEBTRE S RBERRE (D HE—NIERFAEREN)

Ipg — pell’ Irg —ee||” + [|e8 — x|

= BfREEAME/BRBRAIINH

G(8) = w|[pg — Pel|” + (1 — @)(||rE —xg||” + ||rB - xg]|*)



eI
« LOSRAYAFEAHAR AR

‘minimize G(0)

aT@ = b, limb coordination
subject to

L a'®<b, joint limits

o Kk
s TVERIEUE DA
s MATLABE EBEMAEIGE
o KISHNBEFE EREPHR/N
o KIS THIIB S




BHFHHIaY5 % (Example-based Method)

o ETHIEHFITHREEIRYIK

Grochow, Keith, Steven L. Martin, Aaron Hertzmann, and Zoran Popovi¢. “Style-based inverse
kinematics.” In ACM SIGGRAPH 2004 Papers, pp. 522-531. 2004. (2022.10.19, 5|H976X)

R 7 BT E IRV BERIES




B t¥FIRYAZE(cont.)

o MIEZEZSZE) (training, extrapolated)




Videos

Style-Based Inverse Kinematics

Keith Grochow Steven L. Martin
Aaron Hertzmann Zoran Popovic

20



BRSABRENGE

ZIHRIALE, FAihTie T &3-S

1)

TEBHIRE

(5N

) A B R B ETIIE R (25

o X MIFREFRAIRIgging (Skinning, Enveloping,
Vertex Blending, SSD (Skeleton Subspace
Deformation))




BRSABRENGE

The Science Behind

. z 3 \
== 3 ; \
! = 4“0
Sy «“. 3 .
% iy i

)

T\
| el |
b ENT,
| - Nererne 2 ~
| I8 i

Q¥eepetT




What is a rig?

o MiTENZNEG, HFAEETENN. WeitAeaiiesk? IPEEREI—
FRARIgging, PFNFIRABEEFENRIN,

o FAMRIg? FHNIE—TR=HENE LIFZEREN. RigNHFNEEREFEH,
F#ZH(Digital Rig) PR aIRIEI S, XTMIA, XERE&
Fo/NMB LS. —MFIREESRAIFGEHRESE. NREERRE
&, BRI ECIEMIFTRNES, BR, ASHREENSFREIER
B XFEHT,

o REMIFNHERIEIBERAEIRATENL. iZFPE:S'UKl%ﬂZTE)JEL_E J*%EB
SR, —BS5EHEE, =8NS e LRIEEE R TIEHIFIR

AHFERITI, BRHE/ I FENAeRENERITNERTN, mﬁ&,ﬂtg
FR)—, LIREHIEZRNESTEBIR T IEHR/KEPRENERNRE.

‘r

|ILIJ|I




What does a rigger do?

Rigger, iR AEYHEIT. AEIEIIN\BBREM=4RETTr. tHIRESSHRAR
ESE G 2N

Riggers start with a wireframe model (on the left) and add the virtual
bones (on the right) so Sulley from Monsters, Inc. can be posed.



FREEEekERIEZE

9T (SKIN
o EBRHTER, KRERHNZHIE N AT RIS BERAIRAEY ———
R RO BB E - |
Pose. Rest pose)f /TR i
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o B, WTEER, HIFNEC(IETEIRIB—ER?

o WTHATHIENA, ARRTIE. BE. NERE

o FfIRERIBMEEESNIXERIIZE]!



IR S (Vertex Blending)

» RIR— 1 EFRENFERRBIEEREU, FAIENFERENE,

-H'\\/
JE=PS

MR ERE, NS RTUEARESLS

B2

BIOMIASRIERIFE, ERXHIEEEES.

s FERAGE: Vertex Blending!

\N\/
N

I—MIUMEIL, RTIENZFIER.

:ﬁo

x| -




ZHERY “skin” ik

Wi 4K

ELU%Z/31 }

folding

B
bones
\ >

&} (2/3,1/3)
n /

(1/3,2/3)

simple skin  TFELRS
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IR S (Vertex Blending)

o RBERIE: AIBNEENRMEIREINE, (BXTR—FMER

“skin” EE tfl:s-c
o FMERLBI—ERD IS EE RS, B—EbroHEENE
B, Bp: —/\_ SFZRYTR R ET LA KHE’J%EBEEERT% mA
2 ANERE, XFREAR ARERTRRY “Stitching”
o H—ILHE . R LIHNAN AR EREEHITINNEE G

o *EETJ'IE EPR EEXRTBR, B1TERRAFEENNEF

TAS NN o)




IR S (Vertex Blending)

>

REECUE "ZH" B9, FrENIREe LIRS N e, £
SRS ETRABEZRLER “skin” (9ME)

Vertex blending fil—F
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/Xll N\ 4 X:] \ ( XII 3
Yi Yy |=Mi| Y,
Ay \fo) Ay
® translation, ey

rotation .-

F]

aF
aF
-
a®
aF
a®
L
-

local coord world coord
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P/IZEHRBIAITNA, u(t) /93518
B RTIBZRAY

L SBINKTIBERT

M.
Bi(t)
Wi 5

MRS FRT

n-—1 n-—1
u() = ) B OM'P, ) =1, w20
(=0 =0

IR

B)3E{LAY

AR, nIfZIRPRIXTELE

b TR IR B H R ATRR

++Eiﬁn«E =

3F-PHEIFR

TIBax

HR TR, BEE—RIEEES

Al

G



QMR SRRENEF?

o REINRZRIEERAYIRET
» NRMRVERERIAIPE, Uw=1, Bw,(j#)=0;
s RS EERIFNEER +1808%%, AJWL&E:UZ"‘EUO Wi, TS INE1;
s NRNRZE> =315 m, HENEFw I RERRZ B8R ERIRE.

bone 1 bone 2 bone 3

w1 = 0, w2=1,w3=0
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SRR SRR

o METHELEILARISAA, MISERNRARL;
o KHIISHN XTER & ERaE




Spherical blend skinning

o XTIRENRE:

n—1 n—1 n—1
U(t) = z Wi Bl(t)Ml_lp = z wl(Bl(t)Ml_lP) = z a)l-Pl-
=0 =0 =0

n—1
= (2 Wi Bi(t)Mi1> P
=0

|

T THRINRRZEEES

WER: BESEAERE R URE T A RIS R AR AEM
o MEERVDNE: EEKEZIEHHERN DAL FRIZ!E

E{E(

)

—

TCEGERE)

Kavan, Ladislav, and Jifi Zara. "Spherical blend skinning: a real-time deformation of articulated
models." Proceedings of the 2005 symposium on Interactive 3D graphics and games. ACM, 2005.
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Spherical blend skinning




BARS=HASRENENE

-

Wire
’ﬁ\>> W

o % HR: llya Baran and Jovan Popovié. 2007. Automatic rigging and animation
of 3D characters. In ACM SIGGRAPH 2007 papers (SIGGRAPH '07). ACM, New
York, NY, USA, , Article 72 .

e C++ source and a Windows binary: http://www.mit.edu/~ibaran/autorig/
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e PinocchioXE£RfFHMITE "

n BSCERRIB=4ERBUPER A L
T EEE
%;Jig ETRIEE
EEH
A —
= LEE
BrEE
. AEHEBENEENELS | L
NRSIEAE, FEEE R
ZERE
RHIITEB 8 L L=
AARE
G R
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o FA)E

o OJF|

o BEIT

BRIt

F 2 BB IS IIAARES

JDPREYRAH(medial axis)

/BRI ERITR

dl

=kt




=S E SN

St

o NEENBREREV—MIHHER, ZERESRERmAMD KT
o

VALY

o BEHIERILGEIAEE (Character graph)
o FEEUETIRME/IME, BEI—MRNBIEER, BHTHK
= = /-"‘ |

— /’,'

—

&

given skeleton  reduced skeleton character graph fitted skeleton
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PinocchioE St E

Pinocchio

Automatic Rigging and Animation of 3D Characters

SIGGRAPH 2007

papers_0030
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HeterSkinNet: BFRREMHEMBZMBNFRERRA

HeterSkinNet:
A Heterogeneous Network
For Skin Weights Prediction

Xiaoyu Pan, Jiancong Huang, Jiaming Mai, He Wang, Honglin Li, Tongkui Su, Wenjun Wang, Xiaogang Jin: HeterSkinNet: A
Heterogeneous Network for Skin Weights Prediction. Proc. ACM Comput. Graph. Interact. Tech. (Special Issue of ACM
SIGGRAPH Symposium on Interactive 3D Graphics and Games) 4(1): 10:1-10:19 (2021)



JBERIEES3: 2Rz Ak
Photo Source: Courtesy of 20th Century Fox — Pictured: Andy Serkis in War for the Planet of the Apes
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ISEHBIRE X (WikiEfl)

e Motion capture Is the process of recording the movement of objects or
people.

e In filmmaking and video game development, it refers to recording actions of
nhuman actors, and using that information to animate digital character models in
2D or 3D computer animation

e When it includes face and fingers or captures subtle expressions, it is often
referred to as performance capture.

e In many fields, motion capture is sometimes called motion tracking, but in
filmmaking and games, motion tracking usually refers more to match moving.
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YL ERS

o 1&niEIA(MOoCAP, Motion
Capture)XFER 4R FIC
%%@%%E*Lﬂﬁu

HESEIREEHIEI—1NE

HABI B4 L.

o BRI LASREGR EE
ﬁmA&miﬁ%w =%
BB AEIEERSER. &

BYHEA, *m& Zlkst

B, X%, shE. =8 AE

w2 R




RASEENEIRAYhFE

NBA live
PGA tour (PGAXK[EIZE)
NHL hockey (NHLKEKAZR)

_ord of the Rings

Legends of Wrestling 2 (ZE{&Ei52)
_ords of Everquest (FTREMESERESIR)

Tony Hawk Pro Skater 3EEBE=81R)
Batman: Dark Tomorrow (URiE{E: ErzHR3k)
Grand Theft Auto ((R3ELE

Soul Caliber (J7J8)

) TIGER WOC
PGATOUR i
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IZT)iB3R A S8

ANIMALS THE HUMAN |
I NMOT I FIGURE

e Eadweard Muybridge (1830 - 1904)

e English photographer, pioneered photographic studies of motion and motion-picture
projection.

e In 1872 former governor of California Stanford hired Muybridge to prove all four
feet of a horse were off the ground at the same time while trotting (/> ¥9).
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{Animals in Motion))




=545 =(Rotoscoping)

e Allow animators to trace cartoon character over photographed frames of live
performances

= Invented by Max Fleischer in 1915

= 2D manual motion capture
A horse animated by

ot e 2. S
w0 it A i

TR 7R e e
s Qi Al .
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=15 #5= (Rotoscoping)

VLt Y abree Ve
EHADisney &)l
fFrER (HEALE
) BIsEFAY
“rotoscoping”
N, BElEnEmRiESR
MEE, KAFIX
B Y75 TR ERIRENE
EEARNEEER. Captured Vdeo Tracing )

Post Processing
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IZTIAR G D R

a]&{E“3D Rotoscoping”: measuring 3D positions, orientations, velocities or

accelerations automatically

E Rt & St (Electromagnetic)

o HEBIEFEZE St (Electromechanical)

o FELFRFAZRFE(Fiber optic)

o FEFEHIKZE S (Optical)

o EFISRHIETAR S (Video-based Mocap)

52



IR RS (Electromagnetic)

e Each sensor record 3D position and orientation

e Each sensor placed on joints of moving object

e Full-body motion capture needs at least 15 sensors

e Popular system: http://www.ascension-tech.com/
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IR RS (Electromagnetic)

e Pros
- measure 3D positions and orientations
- no occlusion problems
- can capture multiple subjects simultaneously
e Cons
- magnetic perturbations (metal)
- small capture volume
- cannot capture deformation (facial expression)
- hard to capture small bone movement (finger movement)
- not as accurate as optical mocap systems

54



HEBIER R FE(Electromechanical)

e Each sensor measures 3D orientations

= including 3D accelerometers(}][lii}‘g“{#;@gg), 3D gyros
(BE4R), and 3D magnetometers(f{&/EksE)

e Each sensor placed on joints of moving object

e Full-body motion capture needs at least 15 sensors

e Popular systems: http://www.xsens.com/
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HEBIER R FE(Electromechanical)

e Pros
- measure 3D orientations
- no occlusion problems
- can capture multiple subjects simultaneously
- large capture volume
- portable and outdoors capture (e.g. skiing)

e COnNs

« getting 3D position info is not easy

- the root positions is often measured with ultrasonic position sensors
- cannot capture deformation (facial expression)

- hard to capture small bone movement (finger motion)

- not as accurate as optical mocap system

56



T IR RSt (Fiber optic)

e Measures 3D position and orientation of entire tape
e Binding the tape to the body

e Popular systems: http://www.measurand.com/
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T IR RSt (Fiber optic)

Pros

- measure 3D positions and orientations

- no occlusion problems

- can capture multiple subjects simultaneously
Cons

- magnetic perturbations (metal)
small capture volume
cannot capture deformation (facial expression)
hard to capture small bone movement (finger movement)
not as accurate as optical mocap systems

58



TCFHIRZRFE(Optical)

e Multiple calibrated cameras
(>=8) digitize different views of
performance

o Wears retro-reflective markers(fz

JEHRIE)

The oand Moon Studios

in co production with

e Accurately measures 3D positions §) UVM campus Puebia

Present,s

of markers

e Vicon mocap system:
http://www.vicon.com
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TCFHIRZRFE(Optical)

e Pros

« measure 3D positions and orientations

- the most accurate capture method

- very high frame rate
- can capture very detailed motion (body, finger, facial deformation, etc.) ' e

e Cons
- has occlusion problems
- hard to capture interactions among multiple actors
- limited capture volume

- expensive
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B SnpdimIR =4t (Video-based Mocap)

e Capturing 3D performance from
single-camera video streams

Pros: VideOMOCOp
- capturing human motion Modeling Physically Realistic
anytime, anywhere Human Motion
- very cheap from Monocular Video Sequences
- zillions of films, sports footage,
and internet videos. Xicolin Wei Jinxiang Chai
cons: Texas A&M University

- not a mature technology
- quality Is not as good as other
capturing technologies.
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ENVERERR: BEFREFINESKE

End-to-end Recovery of Human Shape and Pose

Angjoo Kanazawa, Michael J Black, David W. Jacobs, Jitendra Malik

Supplementary Materials




EIBAERRE (K1)

o IRIFZZ RANEE)

o BSZRANERIRNLNALTHA

i

o AXTRIXNKTIRE

o SRIEHAILE, HITREREE
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MOCAPiRIKZ (KX13)

o MXI(Planning)

o f1iE(Calibration)

o fE¥K(Capture)

o —#{\/EEZ(3D Position Reconstruction)
o LERIE2ZR(Fitting to the Skeleton)

=08 (Post Processing)

) -



Motion CapturefgF|)ss

o LR
» RERERIEIR, FICRAMNEEIRIFI AT, BalESE

o TR
. FEDHT
- 448
35)

A Ammators could use more
- tb(l:p = than 750 controls to creale
. Shrek's performance. Some
New animation controls make the characters' lips contrelled one joint or
stick together a bit before opening. Farquaad's muscle, others controlled
forehead wrinkles automatically. groups of several.

Online Motion Capture Database: http:/mocap.cs.cmu.edu/
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SAFTTIMOCAPHNER

Eric Darnell, co-director of Antz ,I

= = . £
—— P
N\ ”
/

e The main problem with motion capture associated with characters has to do

with mass distribution, weight, and exaggeration. He says that it is
Impossible for a performer to produce the kind of motion exaggeration that a
cartoon character needs, and the mass and weight of the performer almost

never looks good when applied to a character of different proportions.
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SAFTTIMOCAPHNER

Richard Chuang, VP at PDI ,I

e The mapping of human motion to a character with non-human proportions
doesn’t work, because the most important things you get out motion capture
are the weight shifts and the subtleties and that balancing act of the

human body. If the proportions change, you throw all that out the door, so

you might as well animate it.
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SAFTTIMOCAPHNER

Godzilla: Karen Goulekas ,I

GODZILLA

KING:MONSTERS

e The reason that we pulled the plug (#1L) on using the motion capture was,
very simply, because the motion we captured from the human actor
could not give us the lizard-like motion we were seeking. The mocap
could also not reflect the huge mass of Godzilla either. During our keyframe
tests, we found that the Godzilla motion we wanted was one that maintained
the sense of huge mass and weight while still moving in a graceful and agile

manner. No human actor could give us this result.
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The End



