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3-D Facial Motion Estimation Using Iterative Extended Kalman Filter
Kang-Ryoung Park'- Jai-Hie Kim™

ABSTRACT

Accurare 3-D facial motion estimation using computer vision is required for 3-D view control in desktop VR system or simulator and gaze
detection on a monitor, et¢ and it has recently been researched vigorously, Most previous researches use a EKF (Extended Kalman Filter) for
3-D facial motion estimation, hut it has restriction of choosing accurate initial filter parameters. In addition, the EKF cannot estimate 3-D facial
motion when a user changes his face direction abruptly. To overcome such problems, we use TEKF (Iterative Extended Kalman Filter) transformed
from EKF. [EKF is that when the estimated error covariance value calculated form TEKF exceeds in a predetermined threshold, it adjusts the
initia! parameters(rotational and translational velocities or accelerations) adaptively so that the 3-D facial motion can be estimated exactly, As
experimental results, IEKF can even estimate 3-D facial motion accurately in case of abrupt facial directicnal change.

.M B A 9% 1o @ model-based image coding Sl gtH1)
71EA ALY 94329 3xY $3Y 324 g¢ngdEeRs

d29 32y Ladug AHadstAH FHGE FTEL A F{Newral Network), #F ¥4 {optical flow meth-
AFH HAF FH FHE Aol TIM B2 348 ods) ¥ #4 #7 Ze(Extended Kalman Filteris e} %)
HAE s AT Tds A Agsn gl o dgR Ed, o] 7hed AFEA FFEAEE HAlztel 2
Hel dg g Ay Adze 4F FAYd Agn 39 FA o Ade w3 dE g3 4w
Pet 44 shleE AE02 EAYGocusing)BHE A9, WHE Bol ol#akn AT 11,13] Tey ol @
gy A AsE AN BIxe] %ES Y F A e g8 Wy 9 gdE e 2v)gd we 4F &3
22 AMEERAl Rabe el Al eAte] da FAYd g AR FAsA Eain diEe A$v 23 44
osf Z2s Aog g Alad, 7R 44 S e 3, B¢ d=29 A W A3 olel diHEA £
Az gl % 3449 28" 39 =3, g0l = 357 FF IAT B sRoME oHd EAdS
Mol FEA dF 2RYel A9 g9 23, EYEEY A AAs Aol &% D9 35194 WY 2 ukEA 8

YA 5 QL0 A% 728 Addrd ek WHE olgste] 43 34 AP FH
o & dqusty 47 - HFHFEgd 2y el=9

EEFS 20000 78 18%, AlALER 20019 19 269



292 E¥H &3

Qg 3E $AVFE A Adel, B =EAA
£ 29 A G 958 AT SRS E 2,
Wel N WHEE o|gT U BN 9T 5
m s o mRAME WA 9T 9
B 9z gouel A BN delA
2 wsh 2 W 99 B BRE AEAL,

21 92 Yo &

o] EFeldE (¥ D 2ol AR d5d F 39
Aol A4 Gre ZE FEE ol8d 4F 99%
HEHT dFe 44 G HoFMe 958 dE9

a8 7he) AHe] Wi RGBAES YIQ model® WS
24 dge 44 Fyd WA AE FIHI0~1500E
g oz 43 g9 FEFoHil

R =i Frame 1 X e

(3 1) AHan 44 ZEEE 0ISE EE 89 UE

220 &AL 2 3 oo o B £& ¥ 23Y FH
AF 99L U F, FEP 4F 944 229 ¥
Z o s|~E7% H¥ 3 histo-

gram equalization) & o ]E‘r(bmanzatlon) #H & Fa&f o7
gaoz dgatgdnt 9F 9g0] g ol Fio] 74
A F (2¥ aNg 2F U Fo HAd gk AAEAH
< olgste] o] G4y AFE WY WA F4, 73
B AEIYe #=2 ﬂil(peak position) & FetdtezH &
9 faiz AFEA 22T 4 U & wol H2H F
(28 2-0)AY Aol fA A@ =4 A Ese 44
g F o] o] thEt o3 Y A Wi FHAEIHOER
P 52 HAE 9H FEsE

2z QA9 58 2R 99 ¥ BHE F5F
7] 98 JAd PF £ A2EIWE Tty AT
gssEads gdeldes gaags Asty= A
Ag go o gyoz Ao £7d 94 £
Fe oz SEsgen ¥ Zyye TR @
Az % YL e 996 oy +9 S2EIHS
=3 % 19 H2 9AE FEHeEH F Z7He TF

do
ﬁf‘
i
a
12
_v?l_l‘
2
o
Mr
a2/

] 2 78
ol adol ol#] whalEe] EAl E3harl ol i’%% 5
otk o|E g TAlHE AAsy] fsle] & o
A p-tile method® ARES] Etie AT
Ao ERL 48 TAE SRR (07 3L
2 =7 Wyl ARse AEE AEAY 28 99 ¥

VR 99 2 gxE Jerd Aot 2v] FdelA
o 92 544 #2 WDt 2 oF 9% dAdH=
o] vttt 43 998 F23A g3 o|Hd FEE 5
AR Bas ddsts WS o &ty 5 A
st c) o ofd B Ao dAdA £AHe] FA4¢
A2 vigez A4 A HXNE A5 s
& AgEtg 428 SAH 334 Al 2709 g4
g dAste o B Qo] ALEDY EHE
s EAAEL Syt olw A G4 271 320X
240 pixeloli, olF o 499 HF AV|E 144xAB
pixel, ¥ 999 =WF AV)E 8x4 pixel, FTHY AR

=A7\E 4x4 pixel, ZTE 3 Yo BHY W IAVE 3X3
pixelo)t}h, 44714 8 z3& FAF WA gedz 7

Hagch 4y 24, 2 RH9 A AR Zel &
oz Bn AF & FHHEY HA8 B =89 4y
of o)s) &9 AW 9A Aeje) & Ag A (RMS
error)e <E 1>% Zh

il

J[ﬂ

(O3 FER P2 29 % &

K
e
1m
[12al
o
40
M

(E 1) gz S FE Y=

[ EEEE % = of £ [ el 24 |
[ &2 =+ o (pixe 2 5 ] 3 i




30 FZHoIEH=IFA HE-BE AH1=(2001.2)

3. siofiat & W= BEA

229 9F 54949 $4 HEEFE ol &3 £ &
dAdE 929 334 LS FAHIFN, old, B Ev:
i Fide FEA R dF £ALE ol Fltrans-
lation)# 3 A (rotation) 2.2 BElde 429 o5& Fid
2} FHA -‘x’;ﬂl’ﬂ yg 9 A5 47 o522, ¥
9 FHL 2% 7|Foz & Aoz AQostgrt. o
Rﬁa “%4 ‘E'Z‘-ICQ Hojalz] ¢1& 33A4Y dF 57

2 7vle 4 AR 92 F4 #RA F FELR
L’rT"l etdch o|2A 929 EAME T REeR U
sldozd d29 AL AdetE 7oz ¥ 3ol of
Ul 42 28 71208 sto dB4 Q= HFE 29
& F Ay Ao gtk (¥ He B =84 AHgste
3Ag 4Z HEASD sl FEAE Jepd RAelrt oln

B =RdME (28 O 2ol Z7ld Fiva FAFASA A
3 92 HRAY yE9 f4HL ME AAF ez A
gonl EAo] xF 9A 7o AR FYF e 7}
Azttt ol Hstel &7l¢] AMgAZE FEoT ezt
FuAe sl dF #ABAL x, vEE LFo] FEE §
ik 971M 4 FFAS YT 4R olfre €39
ol 59t EAE: A$ ol vl FHACNA }Eﬁ'@ T
YA 429 A A dF AFAAN 4734E €
Z(x, y, z%)& 71F22 o|FAARE 7zt 3]'3741"“*"1
= BEE7) o} d&Eeld

ZiAzt HEM

(O 4 72t ZEA A 92 EHEA

31 7ioi2l £ 2H
(Zg 4)oA A2 33 AN 2F

=44 }DHE}
o 244 olmA HAd A (1)F Ze] 92 og
(perspective projection transform)ell 2|8} W3} :aﬂr
¥y
X=7% v=f5 (

X y, z& Azt AEAES 71FeR 3 3AY el
dze] EAFe] FHolx, X9 Ye o §FHe] Az
2744l o)uA] Ao FR9 FHEelch ojuf 7] 2z 33
9 249 33 A4 polhemus sensorg &8t F4
B #2 AH¢sslh polhemus sensore WA/ A4 ¥
o o3 444 ol 5 Ftranslation) X 3) A F(rotation) =
AEsA 2AYE £ e Fulolth(HE 008 cm?] °lFF

o) 2¥AeH, 2

=8 o8 901579 A% 24 dehl7l. e Azt
2 =M Fhdzke] spec o) vk
dE #HE %ZE}ﬁouﬂ(f &mm), | %Y AALE 24
7] $iste] A= A Yol ¥ER s A&
g vt 23 AE FeYUoH 7=78mm) (18] ° ©
<E 1>7 o] 234 vzt HEACNM BEE dE F
Aol 4A & A ezt 25 enR, 4
9 A i 3ol AT F ot

X=F-Lsnm ¥Y=f-Ztn, )

S n, S 01”131 oA $& HFE B =i
= Hite] (9] A 7}9.2~ EX{(independent zero mean
Gaussian distnbutxon}i T g},

32 dze| 3XH g5 =¥

Azgh viep Fol B =F0ME g §4dE %
3 Fyer P A8 33 %01}*1 dF 5449
AXE 7o 4 FEAS 42 T4 FFAR o
uvebdch ofdf gZeo olFL siviel HEAE JNFLE
dto] 92 AFA 2Py olFoE, 429 AL Y2 #
FACA 47 & 7I1Foz & 4 5AYY ez
Aac) p,F 9T AFTANAN dotd 5P A3 9

H(xyz, 92 F:1i=1, 2% ¥£:i=2 9% =7
W i=3 8% 7Y =4 9% dEH 1 i=5 28

ey i=6 i s& setet FEA P 42

A7 Q89 97 96 S4B o3 2o wANE o
g % sio

Pi=s+ Rp; (3)

@ i=12 68 32 4% ¥, 2 .

Le pow A% 4Ed, 285 o 2y

Py Fhilzl s E AN

R2 3x3 ¥ #Fo|rt.

#EE 4F A4 AfolH,

33 0o/ SHY ZE(model of transtational motion)

olwf 4 (A LF olF(s)E A AT AT A
(2¢)EQ¢ B7HEE TELR 7IRE &+ 9122& g 4
(W9} gol SHEE 25 FHEE i,

§= Sg¥ At+%* a% Al (4)

st THleh AEANA 27 42 REA WY AE
Welolz, ak RS olFel 4@ AH5E HAE ol

34 3™ 232 23 (model of rotational motion)
dzte) HAHL 339 HolM L FEAE 7IFoE &



o 43 5AHY Aoz AHosigit o =EZdMHe 2
A ZE(euler angle)E o]45le] Azte] o E Az 3
HE Jehigloh A @9 mlartAz 929 3Ad 94
e Uy Aty BUtERE w0 E rMAEe AL
Rdzysig

4, ¥F Yok HEe

B =EAAE dodA 7led AdE £9 mds 92
o 33d 3 2dE vigoez J8A &3 Lk g
2 ojdsly d29 3Y AYFE FAHNAED uH
23 v dHe el He #F A9 dHE A
AHE7E 3o}

g T el ofd A S Y o
(prediction), &4 (measuremment) D HA(update}e] 3w
E dHEEHA dF9 a4 $AURS F480{11-13]
Z oR{ FtuE 944N &8 492 5349 954
FEE &% E9d 7vtatel dE9 HAY o F{trans-
lation) ¥ | A(rotation)#F& T Aelt) 3 4w
ol 23 AAY #ANFES FHIT A E =8
A 4 (s Fe] 18x1 79 el HE(state vector)
g Aoy

24y

Ao

o

(D=8, p(D, (D), w(D, a9, a(NHT (5

o]7]4 p(pE Fhulet FEA W d2 FEA 42
X, Y, Z% ¥ AR o) Flranslation) g Wb E 3
x1 HEolx p(de 42 FAFAUAA d4F =249 X,
Y, 2% 349 49 M Z(retation angle)® WERY =
3xy Aelty, B o), wld) T AT FAE % 2 3
A FEE YellE 3x1 HEES0Z, a(h), (T 2 3
A4 oi% ¥ 3FH AEEE Jehles 3x1 dEEolt). of
25 e HeE 33 2 347dM A& nig Lo o
o g FrEE 2% g vy e Hel AT
(state transition matrix), @49l 913 4] B o] I
gAY A FAAFeR dFEG

D) = (4D T(D+ uld )

£3 339 A 98 SAHY FRE 220 oy
Az FYAMFle FHoE ol WE (affine transforma-
tion)zt ¥ £ ¥ {perspective projection transforma-
tiome) 7 =S gloemz AEHY FH FE
WEM A 28tz A{@)3 Fol ¥ H¥EHA F(k(-)
9] g2 Jeldtl A7]M w(fe AE Hi(zero mean)
o B UYe A E b F&(gaussian noise)©)
o}, o) F HPel A FA F&e] HolA Hid B =2

AE 9E BFE F94 Y29 09 A4s B2z A
s
zy=Hhx )+ vy (7)

HE) MERE, 438 42 FANF( 2+ 1D7)
2 A @6 s 2A=, A 4Ad FA4YFE T
a7 Btk

()= 2(+1)"
+ K4+ 1) GUrD—B( 2+ (8

A71A4 K1+ 1DE 2T AeHKalman gain)els, ol %

¢ AQE O A @, 10, ADF dol FHeF Fru
P2z vekd ¢ 9

K{(t+1)= P HJ(H, Py HI+ Ry} (9
Pi=(I—K(t+1)H) Py (10)
Pi= 04D P, 0(4D7+ Q, {11)

P FALA FES P P(estimation error covariance
matrix) o] I, Ry, Q4= Z47 54 (measurement) 5% 33
{process) &t Hes K -)¥TE FH HEd Bslo
Hol £ Azu|ek YA e]oj[7-9, 151

Hi=[-2217_4, (12)

HE ARH 2808 AR £
&x] Rtz wibdle 490 3%
QA FAlel A AR HE 7 AR mddd 2]
& d&stng g AT dek Wie] A AL F
Hapd d2L gAEE FErt 5 24 o9 $
TAZ 837 d3le & =geqMs gtE3el &3 4
T HE g AMEEE Y

urE g g zhok WE(iterated extended Kalman filter)
= oBg 23 4 9er A ge EAFL Bk
71 $s (109 Aol s TR 2 o3} FRY ¥¥
o] AalA dAR R} A= AL o)A FelM HA P
2 FAse HAdA MEder AT Aol uiie] s}
7Y 4EE #;E FAdste dredelu19 2] wE
H &3 gy "ol 33 2y "y 2@ A0
2ol yigsiod A g FHA.

[

(D= O+ D T KD (vt D —m( x(3+ D7)
—H( 5, ~ Z(++1)7N (13)



2 FE2MoiEE=EX HE-BA Hi=20012)

A 2 2700l 270 A = 0¥ Az
sy ¢} ghol s FAEREA 2o S & (D79
A7k e gEch B WA BRee] DAL A
o JhW orge g& Btk €M QL F(+D 7h ola
FAA A WA B 2ol olaY HAde B 2
wgHe FEad BALL olg3ed oA G 34
G clgdtel @AnE AL W 2yl 1l A4
a4 ¢ FART 3 4 6, (), @ g8 Awd 2
% ADE 2z ool Ao 34N FAURE #A
st Aol ohis, 4 B9 84 4 ol§ &%, 1em 3
AR ol ALEE WPl 33 LA FEAM 4 ¢
o) Asld YAH o[l ol HEE VFaEH ol A
A8 BT ALY AT 2HIRE FHAT,

6 MY % d
AE8A o 2= Pentium-Pro 200MHzE A&&le) w1
B 9o dA" CCDAHZHCON-41IA)S ¥t 2. capiure
IEKF
--------- Polhemus
X% transtation U -1 ¢ -
4
3
2
]
e .

Z%= twranslation

board (DT3152)& &3 AH§4Y 42 $3YE& ¢gs
ol LAY FAozREY dFY 3AY LIAYFE F
. B =RelAe [EKFY o0 233X, Y,
translation %, X, Y, Z rotation 3 F4 A% g 7|&
KF® obdzh Aa) 7P @4 Az FHo| ALEHE
-421 Fx Aol Polhemus Fastrak™ vl A¥agct
Polhemus Fastrake $A@3 #4409 Alelg] AAF A

Ry

il

_‘\._.[\]OE

F owhel g8 FEHG, #d 60Hz®) sampling raef g
33 &3dFE vehls
2+ 3 B Az (vaw, pitch, roll))&
A&l AL dlojE]al dele},

6714 AHE H5X, Y, Z
vedc, oL

translation %

(1 5=

(T8 5) E=2 373 SHYY FHE H8 ¥E dolHY of

(1g 60 [EKFel ¢t wis EKF, Z2la Polhemus

Y= (ranslation

.........................................

1
a1
az
130
173
216 3
259
302
345
380
o
;(
560
404
846

X= = 4 rotation

2
P, N Pty
Mt

517
560
603

~
¥
L 446

(2% 6) IEKFE

ZE S A rotation

o
1~ = BN 238928z ga
,-.-anmcoqqmn-os,‘.‘
-2
=x &
FH Meg



Fastrak@ 2] A7 dla dAze)n),

(29 6)9 translation Ze]ZolM2] HEHE cm ¢
°|1 rotation 1L HEEHL E(degree) THoITh
Y EAH A2EL AN framed ebdd} 28 43
IEKF2 7% Polhemus Fastraksl g sholg 4329 4
A Fdka A fAE A 3-D SAYHE FAHTE ¢
4 gtk 22559 AL 4 olelel 258emd] °lF
# 37 d#). 53 (2% 6)olH & 5 dRe] EKFY 7
= A9 FET $3A9 L ds 4V A HE F3
&= £k ik wEle 2945 Lebdl ARl [EKFE Al
Wz FH3e AFE depdT

7. 922 XY S FHE 0|23 3D viewe| =H
B =R olglg 429 33 L2 FAL old
&l desktop VREZelA 33 2 views Z4stke
ANzdg At (2@ 7L Aa AJxdy 4 47

olth. 3D #hde] Aol gl %’“E—% 7] 98 dIFe &
Holx Af, 429 33 FALFE AL FH3 F&
¥ -gzoe wgoR 3D wew%: ZHdv. 4Y 27
2 a7 2ag &S AHEE 3D viewd FAIAE A
%, 7129 mouse FH & AHEEAE AF9-Er @A
e M A4 #3E AT g ¢ 7T AU d580E

dgs= gae 94 AR (WiniE 9 Pentiumn Pro
00MHz)ol M Helse, Ade d29 3234 &4 45
E Unix/Window Socket®& ]88t SGI Workstation®
2 #$5o] 3349 viewE 2 Fu)

3D Graphic Engine
{Opent Inventor Graphic)
SGI Indigo- 1l

Image Processing Engine
Pentium Pro- 200

E2 XA 22

(32 7) Desktop 744} B4l SHA0Me| &t &M =H

(23 ¢ Pz $AYol BE ID viewe] o|F B
£ e Aol

8 8 &

(a) HEY A

et e

(c) % 0|5 ()= e

(32 8) g2 2Rl Et RE view TH

Fe) wian £ A7 deidels FoM e &5
AR E 7}7\1" 2 s 457 AA=HL g E
¥ oz g;]. 2 3¢ a;—.;g] cﬂ-ﬂa&oi: Al
A% (Neural Network), 5% 4% (optical flow methods)
2 84 Zel WE(Extended Kalman Filterys el =),
o] ANAYH FFEAYE g reld HEE WA
bol WolAlx ¢bd wiEo) 4 4w duiE wWej ojdst
ark zeE g e gy v 94 deg 2708
Pl Jd 23Ye AdE FHdA Eiz t‘”‘]’o}"
447t 2% sy de] g 9 wuka] ofed o
&7 Fale ASLE 25 S48 B =RdAMe o E‘]f&
EAEE dFsrl g5k g A gEje 9F e
2 g gql 9 o &Eke) 429 A #AYE
AgslA FAstAh $E AFA 2= 5HH F
AYgr s zolod 2 AeA dE9 339 2339
g FAT 5 gE ALE JFHED

&

-3

whe ao



¥ FEMHI=SI=ER ME-BRE M1z=0012)

g1 Ed

(1] Jaihie Kim, Kang Ryoung Park, Jeoung jun Lee, S.R.leClair,
“Intelligent Process Control via Gaze Detection Technology,”
Engineering Applicatinons of Artificial Intelligence Vol.13,
No.5 August 2000, pp.577-587.

[2] Ming XU, Takao AKATSUKA, “Detecting Head Pose from
Stereo Image Sequence for Active Face Recognition,” Proc.
o International Corf Autormatic Face and Gesture Re-
cognition, pp.82-87, 1998,

[3] T. Horprasert, Y. Yacoob, and L.S. Davis., “Computing 3-D
Head Orientation from a Monoctdar Image Sequence,” Proc
of International Conf. Automatic Face and Gesture Re-
cognition, pp.242-247. 1996.

{4] T. Fukuhara, T. Murakarmi, “3D~motion estimation of human
head for model-based image coding,” IEE Proc., Vol.140,
No.l, pp.26-35, 1993.

[5] Andrew Gee and Roberto Cipolla, “Fast visual tracking
by temporal consensus,” Image and Vision Computing,
Vol.14, pp.105-114, 1995

[6] Ted J. Broida and Rama Chellappa, “Estimation of object
motion parameters from noisy image,” IEEE Trans. Pattern
Analysis and Machine Intelligence, 8(1) : %0-99, Jan 1586

[7] Ted J. Broida and Rama Chellappa, “Estimating the kin-
ematics and structures of a rigid object from a sequence of
monocular images,” [EEE Trans. Pattern Analysis and Ma-
chine Intelligence, 8(1) : 90-99, Jan 1986,

(8] Robert Grover Brown and Patric Y. C. Hwang, Introduction
to Random Signal Analysis and Kalman Filtering, John Wiley
& Sons, New York, 1997,

[0} SimonHaykin, Adaptive filter theory, Prentice hall inter-
national editions 1996.

[10) Mohinder S. Grewa) Angus P. Andrews, Kalman Filtering
Theory and practice, Prentice Hall Press 1993.

{11} A. Azarbayevani. T. Starner. B. Horowitz. A. Pentland, “Vi-
sually Controlled Graphics,” IEEE Trans. Pattern Analysis
and Machine Intelligence, Vol.13, No.6, pp.602-605, June 1993.

[12] Ali Azarbayejani and Alex P. Pentland, “Recursive Esti-
mation of Motion, Structure, and Focal Length,” IEEE Trans.
Pattern Analysis and Machine Intelligence, Vol.17, No.6, June
1995.

[13] A. Azarbayejani, B. Horowitz, and Alex P. Pentland, “Re~
cursive Estimation of Structure and Motion using Relative
Orientation Constramts,” 1963 IEEE Conf. on CVFPR IEEE
Computer Society Press, pp.294-299, June 1993,

[14) Ted J. Broida and Rama Chellappa, “Recursive estimation
of 3D motisn from a monceular image sequence,” JEEE
Trans. Aerospace and Electronics Sytems, Vol.26, Nod,
pp.639-656, July 1990.

[15] Maybeck, P. S., “Stochastic Models, Estimation, and Conirol,
Vol.2, New York : Academic Press, 1922.

[16] Gem—sun J. Young and Rama Chellappa, “3-D Motion
Estimation Using a Sequence of Noisy Stereo Images :
Models, Estimation, and Uniqueness Results.s

(17] http : //www.polhemus.com

(18] 9t7he, “dae) o)zt 2 Hatd £ AYE o 83 AlH 914
20| B A7 AA s o) sl AAF ) vhal e =
&, 20008 249,

(181 Maybeck, P. S., “Stachastic Models, Estimation, and Control,
Vol.2, New York : Academic Press, 1982

[20] Yaakov Bar-Shalom and Xiao-Rong Li, Estimation and
Tracking Principles, Techniques, and Software, Artech
House Inc., 1993.

o 4 g

e-mail : parkgr@lgcit.com

194 AAEal AxFSA(FEA
1996 AMHea AAFAHF A
2000 AAEE AAF I F A
0003 ~8A LG dA7ied ddd7 e
#Ad2 ok Biometricd 4 A2, 7 FEvi-

sion, AFE 2P~

= MM 3
e-mail : jhkim@bubhle yonsel.ac kr
1979y AAM g stu MAFEkal &9
1982 ~ 1983431 Case Western Reserve Univ,
Az|ger) ek HA), g8 ghab
19808 ~ A AU ER A A -GS
ERS
P &ot : Biometric 4 M, IFE vision, HEAA



