F st EFRFAE A
Department of Computer Science

National Chengchi University

R~

Master’s Thesis

3 AN SRR )

Multi-layered Motion Graph

July 2012



9 R B

ki

SRR F AR R UL B R 3

i

BEEEr L ket B enmh B 0 R CE R E 45 Pl B S - 2 PR T ) il 16

E

EHENE - By AR LY 2 R EX R AL P E T

F_k

PR > F R ATIRAEE FIEEPF > XFF RN GRS A w D e B o d ST
Ewﬁiﬁ%%’ﬁﬂﬁ%{E%%%%Jﬁi&%*ﬁj’ﬁ¢?$£’ﬁﬁfiﬂ

d R b o gt b o A B R kY

3
uy
=
N
(Gald
cke
e
3
P
"ﬂ}t
<

i

m
F_
i
_'?'i,\\f
g
=
P

T
‘a\

e

-
o
e

iﬁiﬂﬁpé@’P{?%@%mi,ﬁ’¢32%$$ﬁ4Wﬁ{ﬁ¥£$£

TR AL o FIPAERBHFHRZ DAL BE B ~ER ) cOWNFF

EH NPT ~rai§¢\KC\Pa’zen~B¢frsz~§} S PRT S oiE g s g O E s KR A B
HEHE S ARPR s F 4L~ P R - Y@t s Mok - Helen~ N 2 &3 s BEX 2 B - Cyril ~ 3038

f"ﬂﬂl\xj‘j{ \*}”{%’.iﬁ:’\if’ﬁ\/l‘pj ~ gLL )

—-\ N

LB RS EehT 121 - & 5 IMLAB

- B A ARBRATBEE - A

B 1

RBADLA ~ 5 FEA% X3 BPALFERY AT U 2R

F_‘-
W
3
o
o
o A
T
#ih
%
[
N
s
i<
.
<k
&

btz EAa ke AERP

brdiErkhe Y > A- 3 LRERRES 5 4 i AT

LR PHE- B JOBE YR i R L B S



# &

B E AR S AR E L DIEMDOE d BT AL 2 E o a - A A

WA LTHS NBEBEA R ORITRENAS Tt TR ER X E AL B LT Kb

MEBEDARE 2 F A o F G AR THITR &R 22 8
Gl

i

*ﬁ

F_eds IE‘:F%TBR LR S

ol
17T,

3

=
~F

Bodgd B pdi iAo FREIEHRTRET TRk > E AT

B (EF Tl 0 PR PEiRG RE TP TSI LS ho RER G
B e o 1T R el e i ﬁ%ﬁ%ﬁ e (TiE (78 R BT LA T - B
BT E o T e B R 2 P B T TR F A fRE I 0 F S i
B E- BERARAL AAFATY > APRDT - BREEN R FRSHELE §ES

B TR B AR nF]%]m‘*f#c* s NP R nds (T ER A A EBIN o A w2 E

Lpead TREGE EE A - B NEE A L H R APRD TS (T
B it B3t MG A B TR R @i g fingp o AP A AT IR
B de (TR (Fen2Lp] » R I RAE Z LT ¥ B SR T fFo gLk A

Li&- H# 2 & 5 Motion Seript shif * FR B HFE T > RSB R B AR D
BT RBRNRERYT 0 AP BT TR R Y F g o R L E 4N

R (EF AT s (e £ o g1 i Seige (FIARIL 0 AP 2 LR % B LR

-



Multi-Layered Motion Graph

Abstract

Motion capture is a popular method for generating realistic character animation. In most
applications, a motion usually is prepared by manually blending existing captured motion
clips to generate a desired motion clip. However, finding a good transition points manually for
two motion clips is a time-consuming task and cannot be scaled up easily. Motion Graph is a
technique that has been proposed to automate this process by finding suitable connection
points and the corresponding transition motions between motion data. With this automatic
procedure, motions captured separately can be smoothly connected while keeping the realism
of the captured motions. However, most motion graph techniques only consider the transition
of full-body motions in two motion clips, and therefore, the resulting motion .depends on the
variety of motions available in the motion database. It is an important issue to be able to
compose new motion clips as much as possible with given motion capture database. In this
research, we propose a hierarchical motion graph structure called Multi-Layered Motion
Graph. In this structure, we divide motion data into layers of parts depending on the
articulated structure of human body, and then compute a motion graph for each part of the
motion. We then combine these motion graphs into an interconnected hierarchical structure. In
order to facilitate the composition of motions for different parts from different motion clips,
we propose a new metric called Overall Motion Similarity to find reasonable composition of

motions in run time. We also propose several rules about how to traverse the motion graphs in



different layers to generate feasible motions. Furthermore, we have designed a scripting
language called Motion Script to facilitate the specification and search of desirable animation
to be generated. Our experimental results reveal that our method is able to compose
animations that the original motion graph cannot generate in real time. Compared to the
traditional motion graph method, our method is able to make good use of existing motion

capture library to compose new motions in a systematic way.
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algorithm: Tarjan’s Algorithm
input: graph G = (V, E)
output: set of strongly connected components (sets of vertices)

index :=0
S :=empty
foreach vinV do
it (v.index is undefined)
strongconnect(v)
end if
repeat

function strongconnect(v)
/I Set the depth index for v to the smallest unused index
v.index := index
v.lowlink := index
index :=index + 1
S.push(v)

/I Consider successors of v
for each (v, w) in E do
if (w.index is undefined) then
/I Successor w has not yet been visited; recurse on it
strongconnect(w)
v.lowlink := min(v.lowlink, w.lowlink)
else if (wisin S) then
I/ Successor w is in stack S and hence in the current SCC
v.lowlink := min(v.lowlink, w.index)
end if
end for

/l'If v is a root node, pop the stack and generate an SCC
if (v.lowlink = v.index) then
start a new strongly connected component
repeat
w := S.pop()
add w to current strongly connected component
until (w =v)
output the current strongly connected component
end if

®] 4.5 ~ Tarjan’s Algorithm
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<motion-command> ::=<hybrid-command> | <hybrid-command> "for" <time>
<hybrid-command> ::=<simple-command>
| <simple-command> "and" <hybrid-command >
| <simple-command> "with" <hybrid-command>
<simple-command> ::=<graph-name> <motion-term> | <motion-term>
<motion-term>::=<motion-tag> | <motion-name>
<time> ::=<constant> "sec" | <constant> "min"
<constant> ::=<digit> | <digit> <constant>
<digit> s Q" I nn | non | ngn I "4 | ngn | n"e" | ngn | ngn | ngn
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Motion Script>>> TALK and IDLE

46



i%@ﬁfﬁ%ﬁﬂﬁﬁjﬂJﬁ?FWﬁiﬁTALKi|DLEE6ﬂﬂ%ﬁﬁ@”f£€’H@54
ZREH b 453 Talk 01 Gz P 1% ededk &2 0 - K b (TR 3] - B pF

f_*ﬁ TR BRERH T 4o G b+

Motion Script>>> WALK and TALK

?"f]ﬁag Ripd BRAABIT UEPFEFI FH TR REFH g LFT Y 287
o R B (F e Uk L dg £ eng R B 54 2K A B0 T 45 )Y WALK 2
TALK #rie & d\ ke Bde (79 ch- B ks P 4R (7 o &5 > Motion Script { £ 3 #

iV ;}F] & B f’r;}% £ R FapER o Glde
Motion Script>>> WALK for 10 sec
B4 & B TWALK | ta 4 104516 HFEY &2 {4 5 Motion Script -

A w4 Motion Script 3 7 i H e/ S ¥ R TR KR Y 3 A BT RITE

B dp - BErEford T faldirhi £ 24 - 2ehfpiAza 8 -

- BARES ERRITRAPRZG AL 6 s #E 0 BV AR * Motion
Scripts p¥ » € 2 4 - LI 2 ek % o Rdrk R G fA 24 3 2 Motion Script
BL RN ITRT RISk E e s > 28d Tand, hk|+ (TALK and IDLE)
Fo0fER s et e Tand k3P o BATHE - BApE EAES > T AR
f* SR NE TR AH - EYBAHEER T AT U REFHE R

it A

47



R

L EER T

00_sd1e01_command01
00_idle01_HandUp
02_walk0]_command.
02_walk3_command
02_walk06_command
04_music01_command

06_talk01_command

E

B EIRIRRINE) €

-

==_LF:F
R
35

i.’ Confim )
= :

W61~ itz 4o

=

~

BhFp g e o AP EHRG R TR N kSR ITR 2R T TR
b i

AT I R R cHeF o AP MG BET R KBTI PBERIE -



A p At * g Bk % CPU % Intel Core i52.53Ghz » a4~ /| 5 4GB » &
T f & % nVidia GeForce 420moe 3% * i@ * CH+iah s LB $3F 2 K P B 6 13 7| ek
Hoo i BSH TS P> L0 e WAIT R > APRF T T T FIE
g 8% > & @ % Intel TBB (lIntel Threading Building Blocks ) [24]# 5 T (734 & * ahad
YR B R SVE (TRl enié * 2w OGRE( Open-source Graphics Rendering Engines )
[25]% 5 3D W51 & » 7 Q6] kA2 GUI % » F 155 kB vHI2 & (FA 4 g
AR o m AP RFHKY R BB RAHFREETH (£ 53000 FR) kEx
5k N de (T@ o AT Bl ends (FREB- TR 5 BVH (Biovision Hierarchy ) » 5 5 #7i%
*oinds EREPC TR G R AP ek S Ao B 6.2 77 o ¥ b ARSIOFFE 2L o

A r 7 BFS wE 2 o

B 61:pmaAiperd T kiF* 3 AHTE KA 4 ST ® 258 » HIFg>
Ny 2 AL 3D c F e P R d FEAS L TRE TR SRR A
FAIF L% APRA LAY A G R DY AR FT
F RSz BaEORZHBREOLRL RIT M5 p D ORERRET R T F Ui

—?—
3
d
o
®
S

GPRARERET B A - PR el S N E TR - BE TR (R 6.1
B¢ o R T d A RBIFRTHE A S KB TR R S RReRRY )oa i
TP DR~ R T g~ ST & 2. Motion Script (F R e YA ) e

A hdy RAF R s 0 o

49



Head_Top
'Head

'Neck

R_UpperArm

LI = R_Hand

D i —— ——. | e =

1\ — LE=># R_Finger
R_Clavicle

Spine02 R_Forearm

Spine01
Waist _, Hips

R_Pelvis

R_Toe

Bl 6.2~ F 2 irid * ok 2

6.2 KRR (T4p 1 RSB

c P Ak - NG (FREEE R Y B 2 T oA
T

EX
AL N EHFLROIMPHTL YA T A RA NS FprAPRD

TN R TAR R el (50 4.2) 0 RGBS IV B (TR g g

50



f o SRR (AP 00 R TR B eh B - B Y E AL o Fl B (TR L T Pl eh g 8-

BT $ocnd 4 o

BL AR - B Sk MSREN PR D R A R BE 0 AL R

ARl ?K’?; BAPHINRFAH T L L5 AN PR T ipk o (T s hwtE 1 a

Skl 22 P X Eqpaa BN R EITR o B - RS KN TR A Y auEAe
doo AR gE AT P2 i (2 BPE R RHE (T4 00 R At B o R e
2 2

LA ErE R DT B > Tent L EHirni B oo it E S NE 3
dedorrg T kBN eand (T8 B B en [ R#s (Tands (5 5 g 2 /& ¢0 Point Cloud

Distance ; 4c it i keni@ g » Rl A % KRB e B8 R S EIRA AP0 0 F 20 PR Y o
d ot i Ry T AR (EHL DR g M G FR - e F g R AP
PWHEFT 20 o & - IRPHRAP LB BEREE - BIPHi*RIT - AR H
TR f IR D - e (F Saaf S LA P FERE TEFE3H 1048~ 204

10 4 » Fp 4% 20

e

(% S cofpeds (R AR & 300 ¢+ T FTP 3 30 PR 4

o

P)T OURE RS D TR S b ) kA uEA e RAREALE

Talk_01 Talk_02
Walk_01 187.252 427.763
W 6.3~ %3 TALK {4 & it Walk 01 + & £ & ivcnff g8 é iv4p IV B # &

6.2.1 %ER %

kg sk S peri v agie 5 T Walk_01 with Upper-Body TALK > + & ¥ e iF

PR S ety - W TALK R ftads itk f gl o HY 1 L9 5 g

51



TALK 154t 76 (72 4 Talk 01 ¢ Talk 02 3 % > @ 2 Walk 01 £ i s (vt 2 5

Wi e E (4P R B A W4T B 6.3 Aor C

R AR % oW 6.4 457 0 F16.4 ¢ M@ERO)I - SF2pHLT R
FHEip R e Ry @ kT2 2% B9 B 6.4@) s & * 7 FHE TR D
B% 05 B 6AD)RIEILG & % e o B4 PHIF ST LR B T AR (T

B

MR ML ERNET R0 LT RAERDE T R b (TIERE T 5 ER o ALY

ol

R RS LR AL c RFARBME XA B FPRARIE A E chT o @ fE
6.4(b)ix 7 & * B (TAP VR i g R P WU - B3 - RO F 0 BAFFE
E B g & (o] 6.5 99 ) BB A T M3 1012142 15 ¢ > & 3R S gk £
Bo (v ie % 7 BB (TAR IR - H e m A M TE T - Hends (TR E BT AR

Roer odi g TR I FHE TR RARET - BERSP Y E LA F TopR
dood FRE TR NS (30 42) Tug R FHE TR DERF L F S

T 2R AT i@ R e F] 0 B B IFH A F BN Y B R4S > HL0 H A i

(\

BREDLRE AL T AT - X h R T D0 B 0 B Es (T4 00 R AP
Feni s § 518 e @ 5510121415 2 #702 € E 4% 7 2 & (FchR ¥ > 7 10 d
%ﬁ(3%)%&ﬁﬁﬁiﬁ?ﬂ;Ew%ﬁﬁiﬂﬁﬂ%ﬁﬁﬁﬁiﬁiﬁﬁﬁ*l

B

&

BRI FARBREBOT AR QEF - IR KT E (Local Minima) > i F
fe g Rar o 5d PR R RE T AP R N FWE T RECE > T MGG - B8

o i 4 1R -

52



600000

500000
[-F]
S 400000
[~
gg m 3

300000
B = 10F)
= 200000 - = 20F)

100000 -

0 .
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Motion Pair #
(@

600000

500000
g 400000
= m3F)
2 300000
g = 10§
= 200000 - = 20F%

100000 -

0 .
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Motion Pair #
(b)

W) 6.4~ FERES: (4P 00 B S Y B &

53



Time(seconds)

o o
o o

st o (FIE 3 % . BT S

e AT e A
1 Talk_01 Talk_01 11 Talk_01 | Talk_01
2 Talk_01 Talk_01 12 Talk_ 01 | Talk 02
3 Talk_01 Talk_01 13 Talk 01 | Talk_01
4 Talk_01 Talk_01 14 Talk_01 | Talk 02
5 Talk_01 Talk_01 15 Talk 01 | Talk 02
6 Talk_01 Talk_01 16 Talk_ 01 | Talk_01
7 Talk_01 Talk_01 17 Talk 01 | Talk_01
8 Talk_01 Talk_01 18 Talk_01 | Talk_01
9 Talk_01 Talk_01 19 Talk 01 | Talk_01
10 Talk_01 Talk_02 20 Talk_01 | Talk_01

o
=y
1

==
®» o N
]

o
o N
1 I

B 6.5« KRR S (v4n b0 Sk sk 2 B (FIE B B %

m fl4A
mEEE

Motion Pair #

W16.6 8§ 5 & 58 (v B sef plk it &

54



Time(seconds)

Time(seconds)

4.5

m %A
m g
2 3 4 5 6 7 8
Motion Pair #
W67 = Kend st d v e R
m ilth
m S

2 3 4 5 6 7 8

Motion Pair#

7

W68~ =& skt de (TR e FplR ik



Time(seconds)
w

Number of Layer

6.3 # 1% 3 > 5 iRl

wfrl - B RO ELE UL T R LR S T - R

AR LD e Fd (v r g Rl o & TR R TTSOER (7 L Al (TR R
R R FIB ] - GERLT g - g enhs (FR R A (RN FPS B Ul

T,wﬁﬁm%%wﬁﬂ)zﬁ%’é%#%*%ﬁﬁwﬁﬁﬁﬁﬂéﬁﬁﬁﬁf°ﬂ
PART YR S ENRITEAS BT

Rt g R B (PE kA S BT T 4 4TI R e g s (70 B g
AP hiT Y > Tk EEF i ¢ Dlends (FRE A SR AN B E ()

£ KRB - 4EF )

56



BB RRROR &Y AP LN EEE -k o k2 ket RN E TR
TR NE BRI BRI e (R E R TR L
SAPR > AR cnde (TR FOF N R LT % F e LB TR RS
SRR RS ) 57 @I RE By 0 AP AR - K pEY o P EE8~10 B
i FRERFE DS - BEBFEE YT S B TES > MBS Aded T2 PR
B F s A Ty L 5 RSB ITRIE RS TR - BE T o BHIRP AR D] i

HeEsdeT
- & ¢ (ldle01, Walk01)
= %+ (ldle01, Walk01 with Upper-Body Talk01 )
=k +  (ldle01, Walk01 with Upper-Body Talk01 with Left-Hand Wave01 )

Bk kT Z PR { B T AT A FR L i (AR FaizE b o H0F T
RTE R T R AR ) FOB T T e - s (R e eipE A R g e 47 20 & o
PlFEEI PHR (B4 &d P iREHy & ($d) doed > RS RABRTIOE SR

S g £k Y S B o

F1 66K 672 R 68501~ 5NHEEL- K - K2 =Kol kEEHD
Bofpid % o B0 FRhHIL S TR Y B (TR e £ 2 S b A R P o 5 B
e EHREIIA BEES B Fd P H G Adnd (TR T g ARE (0T 4p £ PR
BT APER > A d S L PR T DAk b (T 40 4 DI S 0 g SpE

FE!F o

57



B1 6.6 2 & Bcd— & ens k N f (TR B E R o H A 5 K N (TEE @ ko
13 EES R AT RETS EIUEVE-SUE ST+ S ST TR R S
WG e AR f AT B 6.7 5 e % HoR K 5B T Bl e % 0

FR 6.6 W67 SAPT g T AR 5 - B FRER TR SRR

R

SR TR S P NERTAREIL  §RPFERAORFIE PP E s g
TR > A KD RN E TR RS E R AN E R - R F AR E g
FEEREATT AT TIOR3 G o H o d P RE TRy TR R
WIS T T RS o n AR kN E TR R EGY METBRE A

BB & R FIE S § @ FIAF Bk ads (FRIPE o g v AR E TF (Ao il o A2
4ot (T L 5 R NE TR EE (TR Y - T@;g‘r%f%)jj‘&;ggﬁ%’.tigf—?r}]aﬁibJfg.f[a:‘g‘r%f%,
MITHE FERRENE T N EFE RPN AP LR e r KA = KPS kS
TRz Rl kR (LR 6.8) Tivde ke F i E oz B Y 1 AP
Y - R R oA ik d P RS IFE Y AT R F Yt T P RR

T Z B 5 0 2 RO AP AT G N E - BB R F] o

Bois #ipZ B eRR BRI 01 B S hm AR R 4o 6.9 477 o IR 6.9 ¥
IR B AR L TR SRR R AR AR T P RS T v Al iF
E PR L X S o HRTA P Bheefadh o p v F R A K FIPE 0 T8
#ﬂ;”m».mfﬁf"”frﬁ@iS e W T A AR o Ly R P2 K BT 0% R

(AL 44§t SnEET o T APERET AR A KN Hd

[
£
E*\ﬂ‘

I A N

58



W 610 %5 ® ¢ (0 F AL RALS § hfs (5> 85 F4 B 5 D a L THRAT R BT b,
BES f2 SF P B B 07 A (T s dRE-RAB S (7 s e BB 2 5 s b 17 S 3
BB 0T g S FALA S F s R s i

59



3
Bl 611~ 8 % 257§ cho % 14
T e iEA L L LB AR Ak 17 (oHf) s 2.5 B RE e A L
fe(cth) ~ 3.4 4B & 438 60 chife (E(Che) ~ 4.3k B o 3 L b enfs (7 (k) ~ 5L 7
5 AR 0 T5(CHb) 6.0 X & i cns iF(ea) (¥ HELY LI W 6.10 e it
o ooHf R A iFd ¢ & fArgP BT (P )

b
TRk A 4 ihds it (B REITA X > b L e

6.4 5 & 7 0l

Yowh G o R B AP RIS - BELEY S ENRTRIKA S B TR AR
FANEIRT —]iq'z? MEERA A e b ok B {ﬁ%l ~ Motion Script 33 ;% k24| # (Feh A

2o HEIAABLFO AL R FAT AT SRR AS AL - LR

“«‘m}%

FLEAZATH B4 cds (70 4ol 6110 B 6.10 ¢ frmch A BRIFL R BIFFRL
Fpoebde it F R R T RA S B TR TR 1 N ke (FIEE A
Bh TR R T AR AT 2 AR 612K T T o d 2
2L g s (TRl ATt RS E (FB T g ehA 4 A9 fhle & 0 Kk s 1F

AR AR T e (TF 2446 0 B 611 ¢ 4T 5 A b B oBler o A

60



PR VO SEEE A e E N T L] kG e TR F s
#5

CFERIT L B (e T OF g g

Full-Body Graph Motions Upper-Body Graph Motions
$ 07 LA F5 T34 LR #5144
Idle_01 (a) IDLE Idle_01 IDLE
Idle_02 (b) IDLE Walk_01 SWING_HAND
Walk_01 (c) WALK Walk_02 SWING_HAND
Walk_02 (d) WALK Walk_03 WAVE_HAND
Walk_03 (g) WALK, Music_01 Music, IDLE

WAVE_HAND

Music_01 (e) Music, IDLE Talk_01 TALK, IDLE
Talk_01 (f) TALK, IDLE Talk_02 TALK
Talk_02 (h) TALK
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Full Body Motion Graph

Upper Body Motion Graph

Full-Body Graph Motions Upper-Body Graph Motions
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