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ABSTRACT

The aim of this study is to develop and evaluate an efficient camera calibration
method for vision-based head tracking. Tracking head movements is important in
the design of an eye-controlled human/computer interface. A vision-based head
tracking system was proposed to allow the user’s head movements in the design
of the eye-controlled human/computer interface. We proposed an efficient camera
calibration method to track the 3D position and orientation of the user’s head
accurately. We also evaluated the performance of the proposed method. The
experimental error analysis results showed that the proposed method can provide
more accurate and stable pose (i.e. position and orientation) of the camera than
the conventional direct linear transformation method which has been used in
camera calibration. The results of this study can be applied to the tracking head
movements related to the eye-controlled human/computer interface and the virtual
reality technology.

Keywords: Head Pose Tracking, Camera Calibration, Eye-controlled Human/
Computer Interface
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o] Qe Ho 2o HFHT Ut A/ FH
AeiHo]2e AHEzle} AFEISe] visiuby
oz old WE A7t A AAHez BEs
Ag=a lck, AY/AFH Qejgolx AF
o BH F9 dhte AR HFE Alelg)
AAAE7 & (communication bandwidth)
€ F7I71e RAeltk (Jacob, 1993). A&
Aot FAFE Alole] BrlAEQ oipdE Hb
& Bt} ddd QlEHo| 28 Agsr] 8
A Fgdct Foz ZEFE A/FFH
AQefdlol 2= w& FRY PRz Py
ohvgt AR Y o olfdHe A
2 ARelth. & FFHE AHEAL oltE
FABREA getsta o] YEE HFEHE 2F
he Ul ol83tEe Aotk o] tiAl UEiH ol
28 FEE RAE FAAIA 753 AH9
o]~7} & 4 it} (LaCourse and Hludik,
1990: Hutchinson, T. E., White, Martin,
Reichert and Frey, 1989). Hutchinson %
(1989)2 Eye-gaze-Response Interface
Computer Aid (ERICA)2} ¥E8¢= ¥o8 %
Foke AW/AFH JElFol2E A e
b o] <dgHe]Ae AMEALY] vl & TPA|

A BHAA FALNE Sk e T

ol gtk & Mg AH2e wEl £
& 2R RodT 249 Ao
£5A $19% vlel L 8o 2x9lo) A
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A RX3AR7] AEo] AR WEE 234
A BT AFEHE 2TE 5 AU
Park¥ Lee(1996)& X714 wgog o
g9 YL FAgA nlgle] 2B E

+3dL BAS F& Eye-controlled
Human/Computer Interface (EHCI)&
Al gratH Tl

3ol A9 YA #HEE FAHse
WL ZIAA, AAVE, A dbge] )
vl A4 e B8 uhge] dNkd
ot} (Meyer, K., Applewhite, H. L.
and Biocca, F. A., 1992). @715 Wy
< Az g2 wE F99 Aoy
Bl 4 ol dId ARV dojd 5 gl
1 A2glo] Bztstn mrlolth, wiH FehA
WS AE FGGHHEe Agd)daigt
FEE & 4 Aok Sol AR A
o @o] gla AlzHle] hdstm Arlolm
Z A3 sbseitt Adde et &
I A7} &AL CCD (Charge Coupled
Device) 7hfizte] 7122 Qs ojzhiizd
7HletE F-&ske Ae] fol8 Ax, HAFH
A 71 BEE AARE $4A) s
A,

BEA oz vjEle] Hx9 wike A
ot WA gohlr] AdME Fela B
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Asd 4¢e FE AR dal HAHe2
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2 =R 7AL g3 2o 2N E
sl RA e ZlzNda 71E Ao el
A ARED, 33 B = A ARk
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a8 1. g4Tieke) ojg) £ Yy

2. izl 2H

AFE  wRAGAN st 2A(Camera
Calibration)el&, AAAl FABEA(WCS
World Coordinate System)ell whsix] 7}t
9] 3211 99x|9} Wik extrinsic parameters:
ojua Wig) g alm Fidele] 71skek, 4E
A EA(intrinsic parameters: W¥2 ¥4
& AFsle dde] P& =T (Hallert,
B., 1960; Lenz, R. K. and Tsai, R. Y.,
1988). ui¥A 93  F4(image
center), 23 A@)(focal length), Bki(pixel)
o] 7] 5§ X3},

o]AL 234 YFoziE A AXFR
g AAY 32 ARS gagle B 2%
2 GAdA 9XE gohl7] st A
ol HAoln], &AL EHsh Al2Fld AE
& Ae A2ge e A %S vAe
Za3 HHgeldr & 4 Yot (Shih, S. W,
Hung, Y. P. and Lin, W. S., 1995).
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s} Zo] A3 Flile} BA vhyol AYEn =
A4=lm itk Abdel-Aziz$ Karara(1971)
o eJ8iA zlets]i Hatze(1988)o) <JsiA <=
7 32 94% Direct Linear Transformation
(DLT) ®hge] RIAskA ARSE £ AoMe
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pel® Vi S 10 0 @ 0 —wx, -wy =43
1o 0 0 0 x y o5 1 o-vE -vy, eV
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Method

Application

Literature

DLT method (proposed)

Analytic Photogrammetry

Abdel-Aziz and Karara (1971)

DLT method (application)

3D Space Reconstruction

Alem et al. (1978)

DLT method (application)

3D Space Reconstruction

Miller et al. (1980)

Two-stage method

3D Machine Vision

Tsai (1987)

Modified DLT method

3D Space Reconstruction

Hatze (1988)

Drawback of two-stage method

Stereo Matching

Weng st al. (1990)

Artificial neural nets method
model

Without specifying the camera|Wen and Schweitzer(1991)

Statistical method
model

Without specifying the camera|Czaplewski(1992)

Drawback of two-stage method

Active Vision

Shih et al. (1995)

An efficient camera calibration Vision-Based Head Tracking In this paper
method
2.1 DLT 4 A FHEA Fel BAAY HTolm y, e

71&9] DLT WS £ A7 H8A)74d
x4 AAA FAEA Fe] 819 BPHEY
2214 94 FAFJARe] ¥EBA 5
e dgaggdes Adn.

Ph=gq (1)

I BAFEY 94 HEA A FHEo|r)
DLT Wi 7hlrt £49Y wujit} o] h
del g T3 Fioete] x| wEe vy
T ¥ WFES FE3e Aolg. o83
oze FHErt E4oldEs WA Hee
Ao glojof g}, & 7129 DLT %
YellMe 4 W3 Wee oRa W
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3. 2&%Q slulet 2 iy

wele] A% Pee B8 Ava 9
ANE shlete] olval WeE g A
sk Tk wabd shzkel A e
WaolE Auge] Bage svele) R
d5g WA PB4 7o T, s
Avh wego] W wiote shslzhe} o2
g Ad U PEe ALY
DLT el 7]ig $5 shiete) ynd
WeE 2700 @ WR J8 T4 wg
AR splete] AN W Folele
ARl e ALY Yol A48 )
% 2, WB9EY = BIAA) BY
gol},
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3.1 7julat =8l

Az AFE FAE shigs $A

T FAMRS YU FE 5 ot
€ @7ME ©] 713-& ©2& pinhole 7+
e 2de HEdth 2E HEAE A
HAA D HEFHe P2 LE2& YIS
m2r},

ad 2% s Rde] 78E Rojzd

2 2ddMe AA Fieet Al 28D o] o
% WA (image plane)°] B3 34 (optical
center) Fol ¥ GAL HupAA =
o AAA AFEAL 44L 999 712
2 Asta, shule} AExA gHe #3} 3
A, 9% FEAQ] Y- 640480 Aol
A & ddolt}.

2% 2. Pinhole 7luj2t 2 &

(P : ZIZH(3D), Q : g4 Heo] 2l =(2D),
WCS © &MA ZEA(3D), CCS : slulat zxA|
(3D), ICS : ¥4 =EAH|(2D))

3.2 HEIMgo

3D AAA AEAZNE 2D 93 FHEA
2o AFL oET £ MPPIE el
THE},

W) [h & # a]>
wal=lh b b )% @
s11h howo)>

4 @ 4 () 2o d¥agRgae
2 WA & U0 @ HE dol X @
e 87le) BHWES Aged 4 (1)e 1)
Aol 74 114, A9 47} 16747} Hmz
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H 425 (least squares method) S o] &
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3.3 2FEX

71€2l DUT 7= €2 AM§A Alcke

B WidAMe Avele] gy Weg A
A HAEL o] & o] &3l RA WEE F
e AAE Wit Aoz g A
SAE Utk R A dAldN 32
(optical axis)® 94 HWo] thie How
olsle 44 F4E EPHez By
. WA O R frame buffere 418 g4
FAoz AT G4 Hen g A
27} AZGA A g g Halo] ofd 4 ¢l
ouZ Ho} JYEE Fo|7] 3 94 34
= S¥Hoz ng 2G5 ¥4 o
AdA 27 Agl, a9 =Z7E 2AIY
o AZ17A 7 EA 4S5y @A
B N2dg 48 o @ dv S5 9
o A HA gA M o] YEA HLE o]
43t DLT #Wez 3¢ wagdavsy
Fidete] $1x19} W (e RA W)L T
23 oY A9 FAE M A
M dAT wiExoz Agsid "o} o
A 19 34 Jeht Sl

I Calibrate the image center ]

!

l Fix the camera —I

Y

Calibrate the remaining intrinsic parameters
using the initial DLT matrix

Calculate the DLT matrix

-

Track the camera

y

Calculate the extrinsic parameters
({camera position and orientation)

38 3. AEFQ sto2t 2F Wy it

4. 2¥He 7

Fhllel BAgelM 9xje] delo] Fx
AR RE 33 2 7IKE & § Utk
Fhdlete] 2y ox} MPAFWH4 9 3
€ de ¥, ¥R A2"e noise, 282
BRHel FAHozRE 719% (Zhang,
D., Nomura, Y., Fujii, S., 1995). &3]
AP FA M E AFE @ ad
AFAE] B #HE 7R YA Yol
2 HAA BAHHEL settingdhe= Aol o
oA, B AFoAe o] BAYHe 74
o] Fivllz} BA A5 vAE FeS BN
M A RAA THE AL, 23
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mele) AR RS A% E8H0! Tzt BE Wl B8 AT 83

Aol FAo| ¥k A BAAHY A+,
vzke)l BRAsel Az, BRHe] ¥¥E, 18
3 B4R} o) (calibrator depth) Foltt.

4.1 HEH9 K=

HAHES 22 94 HABEE FH3}=
g Sgshe eabe Jivlet B exte] U<l
o] ®t}. Shih F(1996)& RAAe] 47}
&2 HRAFLAY slvge]l &Y
AL Y. & Fhoele] x| Wk

288 3387 YME olgHeg B
Aol Me7t B24E Foe AMdeth. 1
Hu BERAAES dAHEse b dee A
He Eojof AT A7t AR B d
FAXE 2FAHL AFE 2 AFect.

o de fIr s2

4.2 3212t BEE| Ha|

Fiolglrl @E 9o RAEEE Ivxn
Agstgienz sivetel BAA Alole] A
7tz Fivliet HEA oA BAHL] A
7} 2A wseEE 94 HEA G 9
A ol 2F WPtk doz MYy, 3
2 #ZEA Aol v|aF 444 4 noise’t
72t FEASZ AP 33 FEE 2
A Gag o3, web el 244
Atole) A7t 7S oA R FEE
7} 33t

4.3 23 BX

B d7ea AgAagdgy, 4 (D9 3

£ 238 e HAAEEE AHgske,
2AE 23y B¥el g8 As9E
(coefficient matrix), P7} 23"k Aok
ey 7hsshE  thEEAlAd (multicollinea-
rity) & A e BAF 7ol Bo ¢
" 38 4& 4+ Atk (Montgomery, D. C.
and Peck, E. A., 1992). ©|& well-condi-
tioned datazt BEI= s, & A7
e TY¥(uniform) BAFY]  FAHe]
well-conditionedAtt2 & ¢ it FF
A& 971 % Axae o A7 3
A B AFAE correlation matrix®]
eigensystem analysis® AM3IATh. F
condition number& T84 ©] Fto] FAH& B
AR FAo| tEFAAe] FAvtn AFde A
ot} wWabd o]&A 0 & condition number7}t
e By pAo] Flvietel Axls Wk o
HHEA & F 82 uigtk & A7
M o] AME 48E Z3l AFsiacth

4.4 23X} 20|

BAA Zolg FEzRE 7MY sk
BAAD 71 A 2 Aol Adlga 4
& 3x}, a8 & BAA 4olE /i B
AR 7R 94 #FEEo] Fvete] 4
o © 9zEA ®ich weEA] ogHez
BRZ 4olg AA % 9 FHE s
o] ¢4xs} e 7 4 Slvh. dAHem
E B3R do|g i} AA 3 blurring
Eao) os] RS Qo] FuHAT] o
B o] ¥ A%E A4¥ & v EAA 2
o] & MAFsfof 3.
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€ 7ol AT Ao BHe 34
ZHAelc}, WA B AFoA A BEAQ
7iet B e g4 A3 96
71&9] DLT 3 4%S wasuc. 2
g B FA WE sivig BFe) A
< "] S Mz de v s B
B L AR 2 BAA FA A g
Ftele} 239 A%g Hrskat

5.1 alE&x

AHRAY setupe 19 49 2t} HF
Blo] ZYed] 87le] RAMER o]RoA
233 74E€ ¥FNHL 2% CCD Fvgt
& velisd nFAZAG. shuddee A9
A 73 HEHE FFA7 2 HH 2H-¢ A
S5 EAAEC A v} AAZ HY
A Qlemg gl e Jd4e RS
gt 9n e olgT) o] 9AE 94AE
BEE o83l UXE dolHZ WA
o BRFES 43 E DA o A
g sidete] X Wk 947 8 Ae
Stk d¥tdoz wA Ala®Et %ol

38 4. HEFx|

9% 3D stage controller (resolution:
0.01 mm)E o|&ste Fivliele] A9} 1}
e ZA3n o8 Fgos It o
He AHYYGE AT & T Bell 7404
A VDT workspace©)t™t (Sanders,
M. S. and McCormick, E. J., 1987).

5.2 HEH 749 M3

2349 F40] FiHE BAd vAEs o
S Brke) A8 W 71AY A2 gde B
Ad TS AFsAY. E 29 o) zZ
F FE2E JRE F /A 896 BE g8

= BAS] A8 P48 s 29 5

E 2. REY F42 AT AYgAY

_ _ Calibrator depth (mm)
Uniformity
100 200
Weak Configuration #1 Configuration #3
Strong Configuration #2 Configuration #4
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Hzle AdE £ 98 288 szt BE Wl B &

85

i & 29 AGAH <& AAE W vt
Al BRA Aol

Configuration #2

Configuration #1

Configuration #3 Configuration #4

Oy 5. AYAol 2ls AAE U 7kx| 2YE 74

5.3 al#EXt

Meyer 5(1992)& SAFA 2] 5=
24 A% (accuracy), SH%(stability), data
rate 35 AR B A BEE &9
< 918l VDT workspace el 7212 306
o AHE Agsigic). o] AHelA B AeilA

ot A9 FiE BA I V€Y
DLT Wyez sivigtel R Bae ALt
39dt}h, 3D stage controller® E3 & 43
94- vlwatgch 2 2R A ) o] 7

& WHEsY. = &3S e 7N
i AT 302dY A F § AAE AH
et o] AN 7 BAAH FA st
o z} 3034 AT WP DLT W=
Filete] $x8} WFe I FEUAE

Akl 942 Aol Fhvleke] $ix| e W
gro] AAbd] dale AlZHE CPU clocks ©]
£33t 3Tt

6. agidx

Fhilel 24 e AT APEE B
7ket7) $iste) exte] AxZ 3D $A| a8}
3D WEeaE 13 63 Zol Ay} Jt
vkl BAY Alelel Agle] QA7) wlH
e A4 glenzg HAANE FdE 2

O% 6. 8 H7olM AFSE 2R

AE AHEEET.

® 3% 29 79 Bk 3D ARLAst
3D et a%sHo] vt k= T4
4, 3, 2, 1 22 F7REIAGY. ° d%=
BAZ ZAolst RS X T %L
2 ogddch & dFelA Add ZEFHAY
Fidigl B whE 71&9) DLT ¥R 2
o o]} F& FYEE AT
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H 3. Zt BMF F4oll oigt mokst WD} DLT Wol M&ts H|n
Error Measure Method 2 %onfiguration; 3
Average of Normalized 3D| Proposed 4,209E-01 | 6.461E-01 | 9.530E-01 | 1.130E+00
Position Error (deg.) DLT 1.142E+00 | 2.041E+00 | 3.529E+00 | 4.170E+00
Stdev. of Normalized 3D| Proposed 1.202E-01 | 2.027E-01 | 2.728E-01 | 4.088E~01
Position Error DLT 3.520E-01 | 5,120E-01 | 8.520E-01 | 1.424E+00
Average of Normalized 3D| Proposed 3.801E-04 | 5.749E-04 | 6.928E-04 | 7.197E-04
Orientation Error (deg./mm) | DLT 1.517E-03 | 1.971E-03 | 2.204E-03 | 2.812E-03
Stdev. of Normalized 3D| Proposed 1.340E-04 | 2.989E-04 | 3.285E-04 | 4.660E-04
Qrientation Error DLT 2.432E-04 | 5.102E-04 | 8.430E-04 | 9.291E-04

6.000E+00 -

5.000E+00 .

m Proposed Method  DLT Method

4.000E+00

3.000E+00

2.000E+00 ..

1.000E+00

Normalized 3D Position Error (deg.)

0.000E+00

o

config. #4

4.000E-03 -
3.500E-03

config. #3

config. #2

config. #1

m Proposed Method 3 DLT Method

3.000E-03

2.500E-03 .

2.000E-03 |

1.500E-03 -

1.000E-03

HH

!

5.000E-04

0.000E+00

Normalized 3D Orientation Error (deg./mm)

.

config. #4

m

=B

config. #3

- As

config. #2

a8 7. Z 23N Mol chEk Floft wen DLT o &S b

(BAR=AVERAGE, ERROR BAR=STDEV,)

config. #1
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E 4. 2} 2HH FMoll di#t condition number
Configuration # 4 3 2 1
Condition Number 16.459 22.560 68.562 106.2583
E 5. 4 2FH 7ol chstsokst wyanl DLT Wyel ehsEx
Configuration #
Error Measure Method
4 3 2 1
Proposed |[3.435E-01 ([8.933E-01 |[1.046E+00 [2.233E+00
Stdev. of 3D Position.
DLT 9.540E-01 |(1.584E+00 [2.594E+00 |4.415E+00
Proposed |2.818E-02 |8.310E-02 {1.620E-01 |(2.322E-01
Stdev. of 3D Orientation
DLT 5.354E-02 |[1.930E-01 |2.275E-01 {4.123E-01
' Proposed Method 3 DLT Method
T 4olle 4Ag g3 JFE W 7R : 450501
B34 73] d% condition number’t & % by L
efslo] gl 74 4, 2, 3, 1 #22 F7} § yoniod
sdck. & 5% 3% 8l z AW TN 2 loma |
e =/t aosel SlEdl, condition  F sume
number?] &7keA 9l AxEgc), of A 8 e
ol 229l &9 St e} HA HYE AHF
BAo] Y&g AZH FE Aot e oL veled
a3 73 8& B Ao Aokt Fide B SoB00
B PEe 7120 PR 958 A% E WEb E e -
Wtk A A¥x o BaFYT} AAZ B ;m 1=
B 74 48 A8VHE A7EE 3D AL 2 amew il -
A7} o 4209107 degree, ATHE 3D BF  j 1w ﬁ ~
A7} oF 3.80110™ degree/mmelth. o1Re oxma -

BUEZRE 650 mm AgldA % 4.3 mm
9] 3D $x Ak, ¥ 0.25 degree?] Waezt
& JeEPdE 9njgitl,

config. #4

config. #2

config, #3

config. #1

08l 8. 7t HEF T4l chst miekst Wt
DLTY®S i
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