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Imitation Learning: A New Approach in Artificial Life Animation

BAN Xiao-Juan! XU Zhuo-Ran® LIU Hao!

Abstract This paper proposes a new artificial life animation approach — imitation learning. Imitation is a highly
effective learning method for acquiring motion skill which can be regarded as a set of numerous motion sequences. Imitating
representative motion sequences to acquire the local motion skill and generalizing them can achieve the entire motion
skill. The cores of imitation learning are motion similarity and simple-compose behavior methodology, and evolutionary
computation is used as an optimization method. Imitation learning decreases the dependence of evolutionary computation
on traditional fitness function and the time spent on designing a suitable fitness function. It also increases the ability
of optimizing complex goal. So it increases the efficiency of producing animation. We verify our method by training an

artificial cat robot to learn landing behavior based on PhysX simulation framework, which achieves a good result.

Key words
ficial life animation

Imitation learning, simple-compose behavior, motion similarity matching, evolutionary computation, arti-

Citation Ban Xiao-Juan, Xu Zhuo-Ran, Liu Hao. Imitation learning: a new approach in artificial life animation. Acta

Automatica Sinica, 2012, 38(4): 518—524

FEN A fiv gl rh, $ g sl i R —
WGBSR H s, BARFH, IR R RIS
), A — =, R e RNIB T B RE S — AR A
MR F R eIk, BT, A Lahiizias)
BREM N IE E B 7 AW BT sh it mis) )
BRI () P AN BEA T S 5.

S ia gl s sy R R N U5 i e Bl g
TR R R G s S P I, JF AR B A5
BN LB, Tu S50 AT B oy 2 2 3038 41

WeRa A 2011-07-18 R A 2011-11-10

Manuscript received July 18, 2011; accepted November 10, 2011

X B AR L4 (60973063), bt HARR AL (4092028), F1 ik
PR IEA R 55 2% & W% 4 (FRF-TP-09-016B), HH#Hitha A
A3 FEiHk (NCET-10-0221) #3)

Supported by National Natural Science Foundation of China
(60973063), Beijing Natural Science Foundation (4092028), Fun-
damental Research Funds for the Central Universities (FRF-TP-
09-016B), and Program for New Century Excellent Talents in
University of Ministry of Education of China (NCET-10-0221)

ALTHERZE MR

Recommended by Associate Editor SUN Chang-Yin

1. G R RS STHL S 3 5 TR BE Jb st 100083

1. School of Computer and Communication Engineering, Uni-
versity of Science and Technology Beijing, Beijing 100083

i, TIURE SCIRAT b e 40 0 38038 25 1K) AR A B s 3
T4 L e 22 AL PRI R AL - A R e
N T A G R, Wu 252 N T8 gy 6 i Bl
R SRR P T A ke, A AT 5% Y e Bl g
K BEE. — LW R i sl gk S T ik a1,
HANIZ Bl kA h R BUE s R AEAT ig sh i 2
$ dn Lin 5508 75 B (8 1 AR 5N TR
Wbk, WAL AR LS« BERRD A S LA (K
SRVENLRISE. JF A8 AT AR Ze Mk 3 U0 A Az 3h Bl
WS HL

BT ia gl sl g SRR R R 7 iR O B )
S T HIERCEMENNE. EAF S iz sh A,
RERAEB N T30, #Ts BT R AT iz sh .

B P BT S0 7 VA B T I P 25 R 4k B
EifEEhHE. Sims!? BF5T T RN BN TEIE
SLEHIRS. Sims HIAT 0 EERFIEN T3 %
A&, W RAGEREET, YR BERARR R, TR
B, TR EEEE SCT YRR S AR .
Sims i AL g FEREAL A [ 1], 7921 2 B AR A
T3N¥). Tanev S50 3 o 32 52 W 245 AH [ 1) BUS A



4 17 YW UBEE: B2 ) — Mot N LA v shm 5% 519

T, AHAR B ) w] DA B8R T 14 2, Jf it mifk
FERAA T 2 B Pt N e skes T B s,
AR A L B R X B O BE . T kL
TR 7 A i &, I E R R s 5)
(Rl RrL =T - e r e WA WA AL A Y E )
Al A A k. AR, Pk CRESET . CREALAE”
5k B 2ot T B . R E, bR
Z% H ARG U 4 B VPAN R ECIE S IR HE. 40 Secretan
S0 BRSY T KRS N A E AR .

N TS REATR405 2 S IS 75 22 W A 1) P AN 1R
5, MR FEAZ K IE B S 1ia ). ASCHE
— OB I N A iy gl ik - R A ) BRI
THER & G VRO ek A0 AR, 980/ VR R BRI
B, $Em = 2% Hhs i ae 1, g & 1 HIE
K, HTF PhysX i 5P 6, AU T Bt
BIEIE T IR A Sk, IEIUS T RO
1 RIAFEIHE

HAR S, B 2V SR Is sl H Re i Bk
B2 3] )7 . Marriott 25080 BF5Y T R4 78 Fp ke
IEH.

—OUsFH R MRS, 2Lz Az
T FIES. Bl T dEsh, bR R
AT AL E, LI HESIE A fE 22 5. AT ] g
(RS s AL T — I B fe.

B IR B 2 S S, B St e s s BiRe F
MRz shRe f wF.

EX 1. iz8hHiRe F k% O = F(I). K
I BT S, O A 5E s sl prifi AN 4345 5.
IcX, 0cY, X, Y HA. ek ES.

EX 2. XT—AH F =AMz ayy M, &
Wiz EfE f Ak O = f(I'). I' € 2, 0" € y,
r C X,y CY NsshFs M i .

MR 1. O =F(I'), A0 = f(I) A&
Bl f e e WhH F S0, (B e i C X,
i ¢ o EA—ES FEN. HCHMEA f1, fa,
[y WRHII - HT N A RIS F:

O = (D), k=T(I) (1)

BT MR HTR N, AN fo, fan- oo, fo ISR fi AE
KT F, A T 3R f.

EX 3. WT—MiEshiife, HF Rm HE
%Hz/l\jéijﬂ?ﬂ M17M27"' 7MnaMn ﬁﬁ F F
A ) 1) A A AB S AR ACLRE (1 PE A o LA
My, My, -+, M, TZ85 f1, fo, -+, fn; 2) WL
fAj e — AT N ke, itk T fa F R Rl
T2 2]

AN T @M f T, Ll

TN IEAL T, PASERrig 3l 81 5 REA R 51 F DL
P BEAE Dy ARV S 3G N X RR O iR I M,
My, -+, M, BEIA F 2SSt

2 RIAFIRGEEN

9N AT 5 IR, AR SCHR AR 2 20 [ &R
G 1 Pros. B SRl R o) e B BOH
IRk BL. fEHER BB, N HTE SRS IR A IZ
B PRI AFAE AR L. 18 )R AE S MU 35 I
RS I S AR AE SR A 20 . EVI R B, HE T ik
AT SRR 5 — R2AT O ik U s il g e,
BEALT S IE N L &5 e s AU VP . T
T 2 93 PR 1 3 AR G- F 23 i) S B 5 .

fﬁ_i[];g 2 i.h%]*.f':};
}7 (HEAEIT )
- (15 0= B AT M T ki)
{1

K1 B Rt

Fig.1 System structure of imitation learning
3 BEEIFFEIRE

{EIZ AN FFAESR I, Pullen 510 42 %675
RUBEIN A BESCR W LUE A S ERAE. Liu 5500 3R
MR A Is gk, JF i 3h & KRB T
RIS E R R M. Lee 551 31T W RZ SRR
Jiik. e RE ] B R BB R IL I8 B 40 R
12 I B H R U 98, AL T WU 3 A1 R e

ALy R RAL, SR N 7 R k4 R it ¢
R LS I 2 58 1cie sl Bl KR AL S B, JF AT
MBI 7R T ARSI T ik
3.1 BS=HFEIRER

N LEYR R vl i 5 0 0 5 g mdi & |
2 A NIRRT S B, hYE i L4 2 IRERHIE,
RIS siiz st s 71 figs)). Ak, 485 —4 root
FT, i 2 AT AL A root T AT 2.3 04
root T AT A 4L 5. 8 AT 2 (T
R, DAR 2R HE.

N TahWiissh s M a] ¥k BB ICR AR
FIERITH M = (Fy, Fo, -+, Fra). AT R
N LIMWRIRARIRN: F = (r?2,--- '), Hrppm
€ R® AL 5 n 5 HE) (¥ )y 1 .



520 H | 1k

F {4

38 %

T8 SR g W ERRIE N
b; = (front(i, j),left(i, j), above(i, j)) (2)

Hrp 4 2 g MASLORAT KL AR R AL front, left, above
NEALM § A G frs Ay By AT AT o GRSk
W TS R AE n] o A

B = (b*---,b") (3)

i = B4 0 #ri%: (Principle component analysis,
PCA)M Jiikbedt B 2 L, W RN

SF = (Ly, Ly, , Lyas) (4)

B2 N 5T A

Fig.2 Model of joints and bones of an artificial cat

3.2 BEERAFIEIREN

N LWz g a] 8 4 AL R, R AT R as
B ERARA — IR B R R ISR DR I 38 B 1k 2R A A1
oy

TF:(P27P37"'7P15) (5)

b, P 0 i JEHURFAE by (AR RS AR

p:(0,0,0/0,0,0) p:(0,0,0[1,1,1)

Pi:

pi(1,1, 1‘1, 1,1)
(6)

Hdr pi(n,m,plk,w, z) kA AR E] H B Sk — i
b, = (n,m,p), Ja—Mmi b, = (k,w,z) FLEEFRLLR
%
4 BEHHEAETE

ez 8 & 5] L ULECAE, SCHR [13—15] $&HAE
R WS AR R 22 Y2 5| G #0215 | B 4 54
Kahveci 206 21 CS-index J7 V05K B A8 [7] (1 sk
[ FE AT RG], Lee 2507 3 OB R HE 751 %143 4
— Lt S B N SR T BT A, AR R R I
HEBRTC P4, B R A SCRFAEFE IS 55, 12 B AHAL
Bt S AL I AR T R AR AL B v 5.

p:(1,1,1]0,0,0)

4.1 B=HUETE

I 2 AR AL E A 5 b 2k W A 32 By e 41 ) 1) R 2,
oy 5 R DR BRI  f  T) Al ) 5 ) 7 A SR, AR
1 F 324 i 18] 45 #h 5792 (Dynamic time warping,
DTW) X 5N a4, 56 AL i v 55

WL bRz d) 5 A IS SN AR R ) SEY. SF.
sE SCEATTAN R ER S 2k

D= %(DTW(SF, SF')+ DTW(SF',SF)) (7)

Hr, DTW(SF,SF') &L SF AZ%1 DTW
PEES, DTW (SF',SF) fX3RLL SF’ &% ([f) DTW
Mg, DTW v 5Eah:
1) & n xn FE DTWn,n], n=TM.
DTWI0,0] =0, DTWI1,--- ,n,1,--- ,n] = oco.
2)fori=1ton
forj=1ton
a) d=|Li— L
b) DTWTi, j| = d + min(DTW|i — 1, 7],
DTWT/i,j —1],DTW[i—1,j — 1))
3) DTWn,n] Bk DTW #hiE.

42 BERBUETE

N 2R AR AR B RE T S R R 2R AR A0 ) S (%) B
R

15
S=Y IR~ P (5)
1=2

Forf, Py P oy N FEAS (R s LA S B2 31 PR A
HEFAL.

5 fERIEMmK

T EDITT 40 P TR B . A f ik
5 elaE BORLE R K TS AR, A R
T E T URE A B, bR A e
BB BRI N TE D).

FCEHBARA TSP 1) ) T4 ANE
FREA, IG5 MR LA AT . AL, F b
WEFFENIRIZZREA. 2) BIa (1) Ty b
ST RIS JRAT R S AT T B
PR ANIRAT S, KR VR AN BT S h
AR LSRN VIR AT
9%, EAL A5 S SCBR Az B DU 42 2 B AY A

ST T IS MU R AL TR R 1)
P8 5 20 T L DR 2, BHRBE; 2) AN 5
SENIE; 3) KRBT A A, A R 1R
W 4) BEB TR 2), S,

Gomez %08 95 T — i Uy ) 8 1 15 )7 3.
Stanley 4019 B 50 T 3k i 25 50 4 55 ) 1) 77 5,



44y YRR B o o) — Mo N 2L dw sl 75 7 521

Diirr %5120 §5¢ 7 — P F AR R 45 (Analog
genetic encoding) [MEE T2,

FeTtn AT, AR ST IR I A A s o 2
LRI G5 R FBUE. A, 7 B SO AT SR LLIdE B A
[Fi) 45 R PRI 28 I 2. A SORE — N 28 I 3% ) S e
BB S5 A — AR B TC. AEREATAS SN, Xy~ 2k
PRI TCHEATAE X A AL PR SR T ) S AR ), Do)
W2 BB HEAT A8 X, BB AE CEARR 2 T8 0 A, [
I, IR, BIES Bk IE Y AR A 3 X e, JF
ADFEBEA L A2 (0 3 PR 570 LA B PR o 0 R0 4 45 7.

AN I 5% (1) B DR R T g B R R s o — AN DY
JEH: Gunie = (1,0, h, W), JLrHp 23505 51 A0 SN
) fe ) BRSSO BORIAUE. A M 45 (1)
v th 1) AR ). B E h SC B N [n) AR B A
PRI BEALIBUE. N [a) B (1) JC 3R I8 B 42 v) dii A
BRI e v 5.

W, A PE O B BV A AE L AR AL
th, FIHEE S AL 5 VF A R EE ) o S 1 ) o
N

6 SCIGHAR

HIGUEASCHTIA Tk, HIE—A N A, IR IR
O Tk I e g bl N T S ORI
J5i, 1T B B T RN A AR T R DY
i FLAE 2 i R 3 -, P 3 ok — HUR I AT A
KSR NVIDIA 2 w4t ) PhysX #9815 #5¢
B SEG

6.1 ATJHEZR

N TR Sk BB DU, 5. R4,
WA e A, WK 4 FE S s, 2%
N gz BAE N DA . DUJBE M R ey b,
K JREBH T 0] ALE -y SFIfTS 2-2 PPN H
B PR, $EEhEE £+ 60°. DU < A LLYE
z-y VI y-z “FIAS B R 8RS, SRR
+90°. Y H WL aE A 4 FE 5 Pk, A

S 3
EHLE

B4 AN LABRE R
Fig.4 Front view of artificial

K3 AR N
Fig.3 Landing behavior

of a cat cat model

fi g

(AR
R

© M 0o

N

=)
%

| 60

PNO) A% (@
% 5 L@ Yos (@

K5 AN TR AL AT AL
Fig.5 Side view and bottom view of artificial cat model

TR AR A B SR SR y Bl Syr, Sye;
JEAT R B SR AE AN B E S R IR R B, 2000k
Se1, Say Su1, Spo; BERBIATEEHBITELES S, PUALC
WAEPA A S A, 73 RC R S, Sig, - -,
Sis.

6.2 AILIEEHIRE

NI 6 Fras. — A A4 oy
G PRI < AT DY B ) = P e P 2 AL R i T
s G A T AN AT, AN B AR TR 2 AR
SRR AR AR S AT O B 2R R 4 A )
IRAG 5, MG D URAE 5 NEERP 28 B 2 B £ rh i 4
AP R, AR LRI OV B PRUE N T
TN IRESE, FIA TR, ke 2 R
fEH, B S5 = Se = 0.

Mtk
M2
S B 2 o
—| e —
|
| s s |
s i
S L i
fHf it

Kle ANTAE s
Fig.6 Artificial cat controller

6.3 =W mED

%‘LB Ssla Ss27 Sth St27 Syl) SyQa Sh7 Slla Sl27 Tty
Sis A I, DI A28 0 23 2R 5 1) Tk B N N LR
#1 PR,



522 H | 1k

F {4

38 %

® 1 SR

Table 1  Gene unit values
ANN CIB7 RPN B )
Spine IT Va1, Vo
Tail IT, Vii, Vi Vii, Viz
Legs IT,Vsthz Vii, Vig, -+, Vig
Compose IT 81, S2, S3

1, Vi, Vi, Via, Ve WIE R R IBRN 251
FAIRE, 73RN S, Sea, i1, Siae Vin, Via, -+, Vis
hy VU Tz 280 8 1) R 23 X Y Sy, Siay -+, Sige
S1, Sa, 53 AME R DU M IRAS 5.t TGy
()2 2 w1 R e DU fie, DR] 0k 2 00 O % ) 3 g N o
L FEIE 4

X, FETRTBAT A I ZRI B, 42 48 1) 58 22 4 A
BFEE B DU =AML T, MR A47 2k
BB, $ i g i LB 15 5 i 2 I 4% 11 25 BT BTG
6.4 1THFEH

WA S5 Jg: s N A U R 3 8 T i 3
KB, W N THiw b B 4 PP 5 10
R INGHIRLEHMN Sy1, Sy J7 1.

T — LA G AT RAT A, DT
FEAS TINS5 SR RN R R 1/100 (s), 17 3005k
200 5. WA, VR BRECE XUl

_ Average(H)
f= Variance(H) + 1 Q

Horh, H = {S,(t)|t > T}. Sp(t) /& Sy 165 t My
FLAIME. T 202 Sy (t) < 500mm 158>
i

AT H B E PPN AL S =300 VR ek L f, 0
EAMBLEE D, BERANMLLE S, € UM Al AT A I EE
BARAT:

fi < fa, fi# fa
M1<M2<:> D1<D2, f1:f2; Dl#DQ
S1 <8,  fi=fs D1 =D,

(10)
TE SU AT R I LU A
N, < N, & bigger(Ny, Ny) < bigger(Ny, Ny)
(11)
o, bigger(Ny, No) 24 Ny i 54T Rl N B2 KT
Ny WO AT R 45
6.5 EHNHER
WS S bR s sh Wi 3 s, nlfs
HRWEX AN s s 2] EEAEH 4518, Jf HIE
WA s B A i gl XA, [ e R R DU R OK

W, W EEEGIN Va = fi(t), Ve = f2(t)
T EATHEAT O BL. %P — T4, T Ly shin
W, AN Tl e RS S AT R A 2 R e
T BRI SVRHE, 1 RIS EREAS.
6.6 STIRLER
6.6.1 EENHBILE U SIEIER

Ay YA IE 3 B0 A AU 7E I R ST O T, AT
— R S E. ESII 1 b, RS R f 1
SE L HAT TS 1. 65256 2 vh, SRV R 5L
SEFICR LAy BT TN 1 B 7 IR
S 3 b S AR AN SR M 232 B AR AL 2. Sk 5 {8
i, B T I fAb B A 7 AIE L, SEi 1
(EIENE fy B SR, T EL 3 S0 sk
st FOHEDR, SEA B BUNE B K 55 5 Y B kAT
PEOY, S BOE N TR B S B S B S Bl
(ORE . T X T80 2, I 2SS Dy ME2EARLE
Sy BHETHE, RISV RS fo THATHE. XS
AL RS 3 7 P 3 N ol T 4 A AL i
2 B4 T AT W S
% et f
I - - .

o 3 e
—x—s; '

80

60

40 f

PR Rz S R

e

400 600 800 1000
HEILIEL
K7 s 1 RISEER 2 PPOME S s S UL

Fig.7 Fitness and motion similarity in Trial 1 and Trial 2

6.6.2 (BH—ERITHMKSIIEER

Sy o E T4 L — 52 AT Sl 76 I 2R S B 1,
HEAT AN LS, 7E5E0 3 o, I 4
SERAR S T AN U B8 1000 AU, BRI
AT G Sy, Sy U L, T8 FRA
3 90°, TE FARA I fi ol —90°. 1h T4
ST St A AR R RS EDRA, BB SUIR 75 25
Jefi Lk, P O B EE LR 85 S, (0102,

HFE S A O nIF L, AT e R 5 K
1T AT B, DI AT 4 K P i o
T, 2830k H 2 3 18 4 L, 8 5 A
B, DHLICAE 176 I AT 45 S 2 L, SR 7 A LA
I L.

1
0 200



43 YRR B o o) — Mo N 2L dw sl 75 7 523

O [

——
0//F_

HhTm AT/

Wla—rn— ==

15 30 45 60 75
sy
B8 Su 3 L HiTH 2 A

Fig.8 Angle between body and ground in Trial 3

(3]

ATRE 2 FE fm

2080 120 160 200
{liviA:
9 SLEG 3 X RE

Fig.9 Height of joint on spine in Trial 3
FESCH 4 Al I ) B — AT ik e A
TRy, K10 (B K 8) Hrl &, £E%
Mo N A LR ) B IR 11 (B X
I 9) r, N i, 1o b 2 i R 45
B, U O A, A E) TR H B

04 \‘
30 \\\\ |

HhTm ATy /0

0 15 30 45 60 .75
{5 i
10 S5 4 Bk SR A
Fig.10 Angle between body and ground in Trial 4

iz fLae

FESCY 5 1, ARAEA SO IRz AL RE TS, I
ZrJa N TR RN AT BT T B 12 (&
SCIRPE 8) WA, N LANREAT 1 25 R B2 DUAE B
Mt AT PR EFIO R R 25 K 13 (R XA 9) T
A, N AR R fil b 1 e A5 — B 18] A R BF T 5
PR A, Ul N A DA DY Ji v b G 7. AL,
AR R4z AL RE

6.6.3

0 40 80 120 160 200
frsis

BT sEoe 4 G R
Fig.11 Height of joint on spine in Trial 4

HiL T e £ /o

0 15 30 45 fy[; 75
i v
K12 S8 5 SRS Hhr e A

Fig.12 Angle between body and ground in Trial 5

L]

WL H FE /m

0 40 80 120 160 200
{ij L4
B 13 s 5 B s e

Fig.13 Height of joint on spine in Trial 5
6.7 EHHE
K 14 MR e N TRMNALE 1 F &I izs)
. & 14 ProsshmE b K 3 AR iz AR A
(s

7 it

SCUR SRR, S5 G Iz SAN L AN DA e A AL
I P g T SET S TR TS S, AT
T VPG eR BB . SRR B - SR AT A T
T B2 R, SO AE B AR IR AT 55 Sl 22
ZRUNRAMCSI T . [FJI, 37 B — 24T A 7 k08
H&—wizhe s, fexizahBaedt s, i Bl
ZxJa 13 2l 5 S pris s AR H A4



524 H | 1k

= £ 38 %

¥ T 7 ]
0 10 20 30
AN A AR S
(a8 ) AN SR [,
s
40 50 60 70
D AN AR aE—
L = s %
80 90 100 200
K14 shmtii

Fig. 14 Snapshots of animation

DLk, A4 27 30 FEARBE AL V1 S0 VRO b K011 48K
W, D VR R B BTN ], B L A R 2R AL H R
RIREST, $R i T HIVERCR.

e b, N TR AEBT 4 Bl A 55 h AN BE— ELORFF
ST, ULHZ AR I AL, X I 2t i U5 5
(K, nfrde iz AL RE 2 T — BRI E kL [,
Unfe 5 B 2 S EEAT RAE, R R VEE B A
W NI R

References

1 Tu X, Terzopoulos D. Artificial fishes: physics, locomotion,
perception, behavior. In: Proceedings of the 21st Annual
Conference on Computer Graphics and Interactive Tech-
niques. Orlando, USA: ACM, 1994. 43—-50

2 Wu J C, Popovic Z. Realistic modeling of bird flight an-
imations. ACM Transactions on Graphics, 2003, 22(3):
888—895

3 Liu C K, Hertzmann A, Popovic Z. Learning physics-based
motion style with nonlinear inverse optimization. ACM
Transactions on Graphics, 2005, 24(3): 1071—-1081

4 Sims K. Evolving virtual creatures. In: Proceedings of the
21st Annual Conference on Computer Graphics and Inter-
active Techniques. Orlando, USA: ACM, 1994. 15—22

5 Sims K. Evolving 3D morphology and behavior by compe-
tition. Artificial Life, 1994, 1(4): 353—372

6 Tanev I, Ray T, Buller A. Automated evolutionary design,
robustness, and adaptation of sidewinding locomotion of a
simulated snake-like robot. IEEE Transactions on Robotics,
2005, 21(4): 632—645

7 Secretan J, Beato N, D’ Ambrosio D B, Rodriguez A, Camp-
bell A, Folsom-Kovarik J T, Stanley K O. Picbreeder: a case
study in collaborative evolutionary exploration of design
space. Evolutionary Computation, 2011, 19(3): 373—403

8 Marriott C, Parker J, Denzinger J. Imitation as a mechanism
of cultural transmission. Artificial Life, 2010, 16(1): 21—37

9 Pullen K, Bregler C. Motion capture assisted animation:
texturing and synthesis. ACM Transactions on Graphics,
2002, 21(3): 501—508

10 Liu F, Zhuang Y, Wu F, Pan Y. 3D motion retrieval with
motion index tree. Computer Vision and Image Understand-
ing, 2003, 92(2—3): 265—284

11 Lee J, Chai J, Reitsma P S A, Hodgins J, Pollard N S.
Interactive control of avatars animated with human motion
data. ACM Transactions on Graphics, 2002, 21(3): 491—500

12 Jolliffe I T. Principle Component Analysis. New York:
Spring, 1986

13 Guttman A. R-trees: a dynamic index structure for spatial
searching. ACM SIGMOD Record, 1984, 14(2): 47—57

14 Mukai N, Watanabe T, Jun F. R-tree based optimization
algorithm for dynamic transport problem. Lecture Notes in
Computer Science. 2006, 4252: 1095—1102

15 Li C, Pradhan G, Zheng S, Prabhakaran B. Indexing of
variable length multi-attribute motion data. In: Proceed-
ings of the 2nd ACM International Workshop on Multimedia
Databases. Washington D. C., USA: ACM, 2004. 75—84

16 Kahveci T, Singh A, Gurel A. Similarity searching for multi-
attribute sequences. In: Proceedings of the 14th Inter-
national Conference on Scientific and Statistical Database
Management. Edinburgh, UK: IEEE, 2002. 175—184

17 Lee S L, Chun S J, Kim D H, Lee J H, Chung C W. Simi-
larity search for multidimensional data sequences. In: Pro-
ceedings of the 16th International Conference on Data En-
gineering. San Diego, USA: IEEE, 2000. 599—608

18 Gomez F, Schmidhuber J, Miikkulainen R. Accelerated
neural evolution through cooperatively coevolved synapses.
Journal of Machine Learning Research, 2009, 9: 937—965

19 Stanley K O, Miikkulainen R. Evolving neural networks
through augmenting topologies. Evolutionary Computation,
2002, 10(2): 99—127

20 Dirr P, Mattiussi C, Floreano D. Neuroevolution with ana-
log genetic encoding. Lecture Notes in Computer Science,
2006, 4193: 671—680

BRI LR A LR S
REHEF. EEOFT 0 N TR, A
T AR A LS

E-mail: banxj@Qustb.edu.cn

(BAN Xijao-Juan
Department of Computer Science and

Professor in the

Technology, University of Science and
Technology Beijing. Her research inter-
est covers artificial intelligence, artificial life, and computer
animation.)

RER  AERRHEOR AR 51
AR, BT AN L
BIREFIMN AN, A SCBAREH .
E-mail: xuzhuoran0106@gmail.com

A (XU Zhuo-Ran Master student in

[ I the Department of Computer Science
interest covers artificial intelligence and neural network.
Corresponding author of this paper.)

and Technology, University of Science
and Technology Beijing. His research

X iE AERRHOR I LR S
AR A. EEHFS AT
B REMPNZE ¥ 2%

E-mail: liuhao520@gmail.com

(LIU Hao  Master student in the
Department of Computer Science and

4

est covers artificial intelligence and neural network.)

A

Technology, University of Science and
Technology Beijing. His research inter-



