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o NTEFERIXT AR, HIUNXTIRGZENFIEIR, z EXI

zi = a;(8; — 0c;)°
HA 0 HET R A,
Oi: FIT 5 2K 71 A1
a: 519 18 75 (Joint Gain)
X AN 21 2 71 (hard constraints);
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o X m(Joint gain)
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e ELIBYZ=SA(Null Space)

o PHIOTE/HTSE(null space): o EXAAARIAZIE - EH:
6=t -Dz 0=J*V+(JT]-Dz
meinG(H)

o /HETA N Rine/NNZEZIRE S KBRS EH
B REsE:
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(Cyclic Coordinate Descent (CCD))
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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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(Cyclic Coordinate Descent (CCD))
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AR AR P&

(Cyclic Coordinate Descent (CCD))
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IERFIRAELXIKZE(FABRIK)

(Forward And Backward Reaching Inverse Kinematics)

B8 B—MRAENERIKCKEDE, BB ZRNATNE, LIEBIEHE
EECRANEFXTNE, MNEERnHsniE BirE
AR (E R AESRIEE, MmEEdEME ENRXEEE N RTAE,

FABRIK B&#E&%Unreal Engine, Unity3DFPanda(BiETEFF&RY 3D FHEEES |128)Eisk5 12,
18X FEW: http://www.andreasaristidou.com/FABRIK.html

FRESCEL: https://github.com/henriksod/Fabrik2DArduino

https://zhuanlan.zhihu.com/p/361520144

Aristidou A, Lasenby J. FABRIK: A fast, iterative solver for the Inverse Kinematics problem. Graphical Models, 2011, 73(5):243-60.
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IK Solver for Unity

https://github.com/joaen/EasyIK




An example of a full iteration of FABRIK for the case of
a single target and 4 manipulator joints

P,

P,
(a (b)

(a) The initial position of the manipulator and the target, (b) move the end effector p, to the target,



An example of a full iteration of FABRIK for the case of
a single target and 4 manipulator joints

(c) (d)

(c) find the joint p’; which lies on the line [, that passes through the points p’, and p., and has
distance d, from the joint p’,, (d) continue the algorithm for the rest of the joints,



An example of a full iteration of FABRIK for the case of
a single target and 4 manipulator joints

" "
P, P,

I', r ¥ :'
o P '

7
'
d/
’
1!
i
I
r

(f)

(e) the second stage of the algorithm: move the root joint p’; to its initial position, (f) repeat the
same procedure but this time start from the base and move outwards to the end effector.

The algorithm is repeated until the position of the end effector
reaches the target or gets sufficiently close.



FABRIK: &k

o BAN: XTME pi(i=1---,n), BirlEt,

MK ZEREES d =|p;, —p;|(i=1-,n-1)

o if |p—t[>(d+d,+..+d,,) then //BIFFTEIEE
ITRERE (t-p,) , HEGZEERIEN KRR IE(
ER—NoEBin AR EEN KIS

o else //BirEnILUXEIRY

s K b=piRENAVIE (R) & (FR: EAp BN ESHE)
s ITERime/esp BEEMIEAVIES: diff = |p, -t

s While (diff > tolerance)
o MIFMBIFIME(E®E (Forward and Backward pass )




FABRIK: Forward and Backward pass

B Rims/Masiz 2 &L, Blp, =t
S FEIERNE—XTap, i=n-1to1: (Forward Pass)

TR (., - p). FHEFRT | HXHRAFAEY HRSENERRE |,

P

ZIBRIALL, FAIRIMRT REEMEEEBAED, 1REp,=b

FENKTRAp;, i =1ton-1: (Backward Pass)

TR, — P ) FEIFHT i+1 BRI ROGHIED,,, FHE

&Erdiff = |p, - ]

(1:

Py

P,

P’

R Ol B
(1: 4

FAEXT IR, A3



FABRIK{A{XHS

Algorithm 1. A full iteration of the FABRIK algorithm

1.1
1.2
13
1.4
1.5
1.6
1.7

1.8
1.9

Input: The joint positions p; fori=1,...,n, the
target
position t and the distances between each
joint
d,'= |p,~+1 — p,] fori=1,...n-1.
Output: The new joint positions p; for
L (P
% The distance between root and target
dist = |p; — t|
% Check whether the target is within reach
if dist>d, +d, +.. +d,,_; then
% The target is unreachable
fori=1,....n—-1do
% Find the distance r; between the target t and
the joint
position p;
ri= [t — pil
4i=di[r;

.10
1
12
13
.14

o

1.19
1.20
1:21
1:22
1.23

1.24
1.25
1.26
127
1.28
1.29
1.30
1.31

1.32
1.33

1.34
1.35
1.36
1.37
1.38
1.39
1.40
1.41

% Find the new joint positions p;.
Pi1 =(1-4) pi+ it
end
else
% The target is reachable; thus, set as b the
initial position of the
joint pq
b=p,
% Check whether the distance between the end
effector p,
and the target t is greater than a tolerance.
difa= |pn —t|
while dif, > tol do
% STAGE 1: FORWARD REACHING
% Set the end effector p, as target t
Pn=t
fori=n—-1,...,1do
% Find the distance r; between the new joint
position
Pi+1 and the joint p;
I = |Pis1 — Pil
Ai=dir;
% Find the new joint positions p;.
Pi=(1— 4) Pix1 + 4iPi
end
% STAGE 2: BACKWARD REACHING
% Set the root p, its initial position.
pi=b

fori=1,...n—1do
% Find the distance r; between the new joint
position p;
and the joint piq
i = |Pis1 — Pl
Ai=dir;
% Find the new joint positions p;.
Pi+1=(1 — 4)P; + AiPi+1
end
difA = |pn - tl
end
end
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FABRIK

Forward And Backward Reaching Inverse Kinematics




Z/1KinEZ WS (multiple end effectors)
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FABRIKZGZRIRTR =

o ﬂﬁ,‘ﬁ“l
23 A AHEDRBCIERERNE DRNECRIARI B R
» B BEEXNMHIPRENFIRNEERSEE, EMESMHAURENY (MXTHRE
PR) |, SZRAYTET(EE
= 2F: FABRIKIATEIEGHENERE, RIEETFHNERMRSE

o ﬂ,‘ﬁ“ z

o (RKETFHIREE: FABRIKFUKARERAIREMKE T YII0ES, ARERWIIRESHBESEAE
RURRS S, XEREER s~ 2EERY,

» TRIER: BEBRE—XBEE L, MKBERMIEEFEEEXEEENH N ETZIE Z

S, EEZ2KW. BERGE: R RTRERFRFSEERSH— M EENIEE
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EF RN EGZE

o FEIKEEAN—IREAEIAL 7] A

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

subjectto x>0,y =0

= HPREEE(Objective function)
s ZJ3K (Constraint)
m BB (Iterative algorithm)

Ref: Jianmin Zhao, Norman I. 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 RISBINBEIBARAIE/ R "SR
o XTIFRIEREL G(O) .,

pg(rx y? Z

=]

Fimes NS
pe(rx: y; g)
Base



B fREREY

NEBTRE S RBERRE (D HE—NIERFAEREN)

Ipg — pel|” Irg —xg]|” + |[rE — x|’

= BfREEAME/ B RBRAIINH

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



e IEUIE
o LOSREGAFEAHRALIEIRT:

‘minimize G(0)
aT@ = b, limb coordination

<
subject to
) aT™®@ <b, joint limits

\

o K%
» TVEREUEG A
s MATLABEEHEMMHEEE
o X1GRIBE ZEEB R/
o KR T HISA R




BHFHHIaY5 % (Example-based Method)

o ETTIERFITHREIRYIK

Grochow, Keith, Steven L. Martin, Aaron Hertzmann, and Zoran Popovi¢. “Style-based inverse
kinematics.” In ACM SIGGRAPH 2004 Papers, pp. 522-531. 2004. (2023.10.30, 5| H10247%)

R 7T BT R ELIRINRL A BEHIES




B t¥FIRYAZE(cont.)

o MIEZSZSF (training, extrapolated)

v
\
\
|
|

o F
'w'ﬂ : 3




Videos

Style-Based Inverse Kinematics

Keith Grochow Steven L. Martin
Aaron Hertzmann Zoran Popovic
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BRSABRENGE

ZIHRIALE, BINNE T BERAYEE]

1)

TEBHIRE

(5N

)T BB R TR (2

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




BRSABRENGE

The Science Behind
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What is a rig?

o MITENZNES, HMFAEESENN., WitAeaicsk? IPEEREI—H
FRARIgging, PFNFIRABEEFENRIN,

o FAMRIg? FHNIE—TR=HENE LIFERNEN. RigNHFNEEREFEH, #
7% H(Digital Rig) 2P = aIREI S, XTMIA, XERE&
Fo/NMB LS. —MFIREESRAIFGEHRESE. NREERRE
wl, MEPHAECIEMIFTRRNES, BR, ASHREENSFREIER
HXFEHT,

o REARNIEZNEREFRNAEN. iZFPE:S'UKl%ﬂZTE)JEL_E J*%EB
R, —E'ﬁ BRGRRE, (HoI=EXIREBRI LAIRIER S T s
AHFERERTI, BRSE/ L FENARIREMNERITRES TN, ﬂ_j,xE?I‘&,HjJE
F—, f)nuuw%ﬂ]aﬁ-\mﬁbmméﬂya&:fb|_|11|L7J(25?.'::', BN EHGRE.

T

|ILIJ||




What does a rigger do?

Rigger, iR AELEID. ABIPEIIMNBRAIEIL=4

SRR, fBIIRIERSE

oL EIL 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.
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o ERRGIES, RRANZEIENX AT %'JE"””EI’JA*Q e
o REBEISERFRA—MFRAPIEESE SIS m’
Pose, Rest pose)fyJ AR 4
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o B, WTEER, HIFNEC(IETEIRIB—ER?

o WTHATHIENA, ARBRTIE. BE. NERE

o Ff)RERIBMEEE S NIXERIIZE]!
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IR S (Vertex Blending)

» RIR— 1 EFRENFERRBIEEREU, FIENFERENE,

IR E: Vertex Blending!

Y4
N

I—PMINREIL, RTOERR TR,

RN RERIE, NEXKTANMRESSFE. FHARIIRA
BHMIRIEITFE, ERRXTLEESED.




FHERY “skin” FE

Wi 4K

ELU%Z/31 }

folding

B
bones
\ >

&, (2/3,1/3)
_I_ ¢ /

(1/3,2/3)

simple skin TIRURS
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iR S (Vertex Blending)

o RIBEHZE: BIBMRENRMIRENE, BEXTUA—F4ER

“skin” ;E i_fl:s-c
o TEEBOH—EBD RUEHIRERERERR, FH—afoHEERYAE
paEfeAEHR, BI: —/\_ SHZHITRRRT LA KHEG%EBEEERT% mA
E—/MER, XREARARGREFRA “Stitching”
o H—ZHS | — M KRH LB A EBIEMFHI TN S

o *EET:LE TR EEXRTBR, B1TERRAEFEENNEF

TAS NN o)




ilﬂ}

IRk S (Vertex Blending)

" B, AMENIRR LIRS EERN, 2
ﬁjjﬁ“””J:EI’J “skin” (FMs2)

Vertex blending fil-—F
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local coord

42
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translation, .-

rotation .-

a®
aF
J"r
a®
aF
a®
L

world coord



P/IZEHRBIAITINAR, u(t) /93518
BT RTIBZRAY

L SBINKTIRERT

M.:
B;(t)
Wi 5

MRS FRT

n-—1 n-—1
u) = Y o B(OMP, I Y 0 =1, w20
(=0 =0

IR

B)3E{LRY

IR, N IRPRIXTELE

Aab TR IR B H R ALTRR

++Eiﬁn«E =

3F-PHEIFR

TIBax

HFRZIR, BEE—HRYAEEFAIES

Al
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QMR SRRENEF?

o RETNRZEEERAVAREY
» NRMRVERERIAIPE, Uw=1, Bw,(j#)=0;
s RS EERIFNEER +1808%%, AJWL&E:UZ"‘EUO Wi, TS INE1;
s NRNRZE> =31ME8RM, ENEFwRERRZE B8R ERIRE.

bone 1 bone 2 bone 3

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

o METHEREEI LU RN, FRSEANRRIAIR.,
o REISFRN (XIS B 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 FHRIN=NZEEES

WIER: BERSAERE R RGBT A RIS A A RIS AEE
o MEERVDNE: EEKEZIEHHERN DAL FRIZ!E

Gl

)

—

TCEUEHE)

Kavan, Ladislav, and Ji¥i 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

4 { R
E @

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 PinocchioEXEGFAMIE i
. ESSIERAIN S SRR "

ELER
E%gg EREE
EFE
HRE —
HLEEe
HEE R
» AEITEERITREMB LS | . N
MNIRBIEESIE, FIERE i
T
EEEKQEM#%Eggﬁg;tm i -
AR B
EERE
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BRIt

o HAVEFTBEEIINSIIREIENFEHEER?

o DIRIRYDARIPAH(medial axis) T -

o AIENE/BMAMUSHKITE




=S E SN

St

. NAEHBEEREY— NGB, KBRS
=]

VALY

o IEEMLAIEZRIIEZEIAEE](Character graph)H

JR

CES N

o [FEREEUETIREE/IME, BEI—TERANRIEER, BTt

given skeleton

reduced skeleton character graph

51

fitted skeleton



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)



JBERIE RS 3: LR 5
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
human 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(ZR;EHEHE).

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

FHEIMETREEHE—E

M%A%ﬂ%t

o BRI LSKEGR EE
ﬁmA&mLﬂ%w =5
EEARIEERECA. &

BRHGEEA, *mﬁ e
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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 3EBEREIR)
Batman: Dark Tomorrow (URiE{E: ErzHR3k)

Grand Theft Auto ((E&BIEZE
Soul Caliber (JJz8)
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o IEMIZEIZE. HMRIEHNE
o FIEIEEESHEMNERHIFRERERES
n HREAENTAHE AT
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IZT)iB3R A S8

ANIMALS THE HUMAN |
g FIGURE
INMOTION - BRSO TION

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 (Z/ME).
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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

e .. 0. S
0 it A i

o W oo
s Ui Al .
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=15 #5= (Rotoscoping)

YOI E Y abree S Y
EHADisney &)l
FRER (BEAL=E
) BIERRY
“rotoscoping”
N, BlENE|hiRIES
MEmm, XKAFIX
BRATVRERSREN
EEARIIEDIER. Captured Vdeo Tracing .

Post Processing
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IZTIAR G D R

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

accelerations automatically

Btk & St (Electromagnetic)

o HEBIHFAZ S (Electromechanical)

o FELFHIRE S (Fiber optic)

o FEFEHIKZE S (Optical)

o EHTFHAAYEIAZRS(Video-based Mocap)

63



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

65



HEBIER R FE(Electromechanical)

e Each sensor measures 3D orientations

= including 3D accelerometers(}][li%}'ﬁ"{?@%%), 3D gyros
(BEtR), and 3D magnetometers(ﬁ%ﬂ?@%%)

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 CONs

« 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

67



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

69



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: VideoMocap
- capturing human motion Modeling Physically Realistic
anytime, anywhere Human Motion
- very cheap from Monocular Video Sequences
- zillions of films, sports footage,
and internet videos. Xiaolin 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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OpenPose

Ea:i*r- = E’J&u WE

e OpenPose has represented the first real-time multi-person system to jointly
detect human body, hand, facial, and foot keypoints (in total 135 keypoints) on
single images.

e https://github.com/CMU-Perceptual-Computing-Lab/openpose

e Cao Z, Simon T, Wei SE, Sheikh Y. Realtime multi-person 2d pose estimation using part affinity
fields. InProceedings of the IEEE conference on computer vision and pattern recognition 2017 (pp.
7291-7299). (Google Citation: 13696)

Whole-body (Body, Foot, Face, and Hands) 2D Pose Estimation

ealtime Detections



https://github.com/CMU-Perceptual-Computing-Lab/openpose
https://github.com/CMU-Perceptual-Computing-Lab/openpose
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OpenPose

Ea: r*jM§lu\W§

Q\Pe\dple: 2

Whole-body 3D Pose Reconstruction and Estimation

Unity Plugin
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EIBAERRE (K1)

o IRIRZZ RHNEE]

o BESZRAIERRNAXTA

i

o AXTRIXNKTIRE

o EEIEHIEIT, HITREREE
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MOCAPiRIKZ (KX13)

o MXI(Planning)
o f1iE(Calibration)

o f¥K(Capture)

o =H#EIEEEE(3D Position Reconstruction)

o HLEEIEZE(Fitting to the Skeleton)

548 (Post Processing)
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Neural Solver for Optical Motion Capture

Xiaoyu Pan, Bowen Zheng, Xinwei Jiang, Guanglong Xu, Xianli Gu, Jingxiang Li, Qilong Kou, He Wang,
Tianjia Shao, Kun Zhou, Xiaogang Jin, “A Locality-Based Neural Solver for Optical Motion Capture”,
Proceedings of Siggraph Asia‘'2023, 2023.
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https://non-void.github.io/
https://cr7st.github.io/
http://drhewang.com/
http://www.cad.zju.edu.cn/home/jin

Neural Solver for Optical Motion Capture




Motion CapturefgF|)ss
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A Ammators could use more
- tI:XED = 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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http://mocap.cs.cmu.edu/

SAFTTIMOCAPHNER

Eric Darnell. co-director of Antz ,I

- o ‘\.
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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

RODZILLA

KING:MONSTERS

e The reason that we pulled the plug (% 1t) 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



