Korean Journal of Sport Biomechanics
Vol. 23, No. 1, 2013, 053-062

jo
)
o

ISSN 1226-2226(Print), ISSN 2093-9752(Online)
http://dx.doi.org/10.5103/KJSB.2013.23.1.053
http://www.kssb.or.kr

i

Mol vl

75

o1
=

I3t L3} A58

The Comparison of Sphere Fitting Methods for Estimating the Center
of Rotation on a Human Joint

Jin-Uk Kim'

! Department of Physical Education & Sports, College of Natural Science, Kunsan National University, Gunsan, Korea
Received 28 April 2012; Received in revised form 04 March 2013; Accepted 06 March 2013

ABSTRACT

The methods of fitting a circle to measured data, geometric fit and algebraic fit, have been studied profoundly in various areas
of science. However, they have not been applied exactly to a biomechanics discipline for locating the center of rotation of a human

joint. The purpose of this study was to generalize the methods to fitting spheres to the points in 3-dimension, and to estimate the

center of rotation of a hip joint by three of geometric fit methods(Levenberg-Marquardt, Landau, and Spéth) and four of algebraic

fit methods(Delogne-Kasa, Pratt, Taubin, and Hyper). 1000 times of simulation experiments for flexion/extension and ad/abduction
at an artificial hip joint with four levels of range of motion(10, 15, 30, and 60°) and three levels of angular velocity(30, 60, and
90°/s) were executed to analyze the responses of the estimated center of rotation. The results showed that the Spith estimate was

very sensitive to the marker near the center of rotation. The bias of Delogne-Kasa estimate existed in an even larger range of

motion. The Levenberg-Marquardt algorithm of geometric fit and the Pratt of algebraic fit showed the best results. The com-
bination of two methods, using the Pratt's estimate as initial values of the Levenberg-Marquardt algorithm, could be a candidate

of more valid estimator.
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o oA ¥o] F4l(center)Zt REAE(radius)yS 7 3ct.
$598Kbiomechanics)oIM = T2 AWEd} 73449 7o
T2 (spherical joint)e] SHS Golhl7] flsiA AT
(sphere fit)yo] o] A& =o] $Om(Chang & Pollard,
2007; Gamage & Lasenby, 2002; Halvorsen, Lesser &
Lundberg, 1999; Piazza, Okita & Cavanagh, 2001) 2x}d
o] ol 3xjde] F= g Aolet & = Ut
THEFA 3454 (center of rotationyS T EZHo]
A=) AR FA 5] 0% FHEAHOZ A9
= don AE 2 ofde] #Aof EAlgT). QIAl-E
o] EAoA SIHFTA] oA v Pk AA, =
RulEd oJsx 2¥€E Fal7] fEAe EUNEY
(moment arm)S Holekst 3xF4le] Y127t HQsltt.
7, AHE-e] WFE(joint reaction force)2] 2H&-7do] 3
AFAolth. 283} gEo] vl RuER AL 4 )
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ok AR, SAFAL AR AE Fosk=dl(Wu et al,
2002; Wu et al., 2005) Z o3ty I3 S4LE tiE
HAZAE Bosh=tl ARETAL FLHAFAE F st
=t AREETH PR HO R QAo FFHE o83t
Ay elge] 7o oA 717 HR7F FHDe Momi et
al., 2009).

S AB AFA7I=E o8 Lz (algorithm)y 9
oF ZHe TRzt woplld MR Sy o= sdEle] g
A F 7HE ERE 5 Utk 718k $H(geometric fit)2h
<=2 3 (algebraic fit)°]THAhn et al., 2001; Al-Sharadgah
& Chemov, 2009; Gander, Golub & Strebel, 1994). 713}
Agoldt 2km e}t 9 7|t A e Alg-s HAvt HESs
sh= Zlolm, ol2le] WS ti2lgtelet skt il It
ZH]E] (parameter)S- ©|-8-51o] ® I 422 Al Ha
7} A St} Piazza et al(2001)2] o] 7]181A
Chang 3} Pollard(2007), Gamage <} Lasenby(2002), —12]
31 Halvorsen et al.(1999)9] Wrio] ti4-A 3t 31}

718H e H 9= (maximum likelihood)2} & s+
Ho g FAgho] He(bias)=A] ko 7Pt A3t v
(best fit) o2 UWFH o= AR YUt} zejv} WA
ARRS ol &sfiofshe Bl A olm 271%ke] Adlel] wh
A% 44 (local minima)e 2 THET 7Fs4d, 18]3L 0]
Z(noise)’t & A =2A FEsk=s ©Ho] ). wEkA
Delogne(1972)= AHll (approximation)s T3l= W<
NIEd o] A P20z REEALE glo] vt
2 32 7 & d7](closed-form)dj ol o} 7hetsie},
e ] AT Algk Ao ® A oA Ark(Ahn
et al., 2001; Chan, Elhalwagy & Thomas, 2002; Chan
et al., 2005; Chernov & Lesort, 2004; Coope, 1993;
Gander et al. 1994).

A W At glo] wew Hetspl 4
ko Salale Zlo] Brloln] o2 skSel olalA T
& x4 Whdo] Aokl 1K (Chan et al, 2005; Coope,
1993; Gander et al., 1994; Li et al, 2011; Umbach &
Jones, 2003) =3 A= B9l Z-& Lavenberg-Marquardt
o] 9vE)E, Landau(1987), 2] 3L Spith(1998)°] AT1-E &
% ATHCheernov & Lesort, 2005; Zelniker & Clarkson,
2006). A% 7HASH Aldke] S ARl HelE =
o]7] 9Jair 2t A E =2 T (gradient algebraic fit)2] W}
S Pratt(1987), Taubin(1991), 28] 3 Al-Sharadgah <}
Chernov(2009y} Z}2}+ A|QYete] gt A¥E VR o]
e spith(1998)°] 7ol 39 Aol Umixe
B 23919 ARG A7 AFSolt),

334 QA LEAste] 28F 718425 (Camomilla
Cereatti, Vannozzi, & Cappozzo, 2006; Marin, Mannel,
Claes, & Diirselen, 2003; Piazza et al.,, 2001; Siston &

RS et

Delp, 2006) #}71¢] =HZQ1 o
AEe] BFts ©ol&s WPoltt. Chang¥
o] Aol AREHE 71 EY sl e == ke
of Wae i darelES Abgske] 3L, Ehrig,
Taylor, Duda®} Heller(2006) ~Z2]3. Lempereur et al.(2010)
o AgellA AREHE 7IsHA e daglEe & g}l
b Bfgelal A2 FE7E BAY 7 jlon &
vl2 A-LE Stk Wel7] o]t} Lempereur et al.(2010)
o] A= AHE FAS Zohlls WHE AAld A A
BAIA Hlasiitk=t oe)7t ot =] QoA 7]
314 3S gold standard® £ M|l ch=d EAE &
A g Aok BIF 7] S ket iHellA wilx|nk=
24 AFgHo] Lo (Ahn et al, 2001) &} 7o)
7158 o] BE dgelr A= 7] wiEolth tid
3He Gamage®} Lasenby(2002)0] 2laiA] 3xkle] o1&
Aol A7iESler HerHE o]§3 Zlo] ofzt W
HE ol&ste AH & T A=A FAUWYPLS
Delogne(1972)¢] *H 3} ¢bd FUsict. wpebr] Adsdol w
g} "ozl wAg 7sAdo] A} ool Halvorsen(2003)
HolE RBEAste WS AStstdlew, Chang
Pollard(2007)= ZIEE o231 Pratt(1987)°] S
o] mpr e 3xe] o FoFE AHEGAA A bt
At} 18} Halvorsen(2003)9] WS wHE-Z Q] AAto]
AREESL Qo] A Re] S AR Xk WhHel
& 4 A
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4, 250l oA gt o= IRk
Al A5 e S sl st IR
Aol A& LASIS(left anterior superior iliac spine)<}
RASIS(right anterior superior iliac spine)2] Z7Fx]- o2}
7Fgsislth mHAES S o 7] thE o A
AL o FAL AH Z}zte] 5 AFPAA FEY TEE
A A7) WA S-S F438] He Aotk g alel vt
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Figure 1. Center of rotation(CoR) at hip joint and four markers
on thigh with respect to pelvic coordinate system

A A5 EEAR 7H sl ARE #3AlE
HEAR 15 A, HEFS A, 22T 5
wFo|th(Figure 1).
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1. SH=H

#2 ri=ry g 5% S 2D XA o
i=1, ., o AR ZHAG=1, .., n)2] FAHE, c=
(x, » 2= IAFANY, 283 me T4 AT
A wAZER e wEet & w) o3t 2 FAE 29
< IHE F Aot

ry = ¢+ RiRRym;+ & (H

714 Ry, Ry, Ri= x(/214), yH/RIZ3]R), 2&E=A1

AyEol sldse odeizt g do|t), o & 59 R
1 0 0
R, = |0 cosg, —sing, )

0 sing; cos¢;

I[‘

ol gi= AHWF(explanatory variable)Z 6, yi= ZH7t
Ry, ROl st Al v ma= SH5S ot 79
AL olFH p, = |m & ©] WX A== o uk

Agelth. g= SAHE=CIR)E g~ MO, )M (= 3 %3
S E), Cowg, &)= 0(i#k) Itk ©]= Chan(1965)
o] 22k el tigk FAH RIS 3adoR e A
o7 FHFRA JHAE 29k 2] A 3 &

B2 7t -r°1 Bg W FHsaA she o] S
pelH 5l e S
A4 E& 7} ]E‘r(Flgure 1.

¢
Q
=
)
4

D 718k %

21 ()] 022 FHA43} de 241S o3t o] FEy)
g pollA 3dFA b 7184 A (geometric
distance)ell Al RS2 W3S FH 48} St

=3 S (ry—cf-p)’ 3)

i=1j=1

FG(Ca Pl)

oA FAE 7= 72 (orthogonal)A ] o=} #4A
glojt}. Hldgale]7] wjZo o} pE T3] fI8) WHE
ZQ1 Aste] &g sict.

(1) LM(Levenberg-Marquardt)
}\] (3)_0_ d1J = ||rl]—c|| pl g} r,rH 1;2]_ Hld 35

(Taylor series)ol] 9JallA] Thea} 7bo] he] MHFFE AL
‘| Z] T OILE]]

e+ 1) = 3 3 [dyco) + Iy b1’ 4

i=1j=1

A7IM J= BHFA 2713 ool tigE di(c)®] Y
E(gradient) Vd,(c)) =

leJ(CO) ( iji— 0)/"rij_c()|| (5)

oIt} 4 (4) aF 2 F7}se 42

Cl i s QE}(Gavin, 2011; Shakarji, 1998).

FelolE &

_OE

(JoJo + AD"DYh = Jhd(cy) (6)

oA U= el JE Moz she WY, D 715
(weight matrix)® D'D = [I+diag(JiJ,)] (I 3x3
Y, diage WZedd), 28|22 1>0= Levenberg-
Marquardt Z2F|E{2} ko) 2] (6)ollA] hE sl A=
& W cew=cothE AR F FHE=A FyEo}
(FolCrew) < Fo{o)) T3] s ARRS HETHE ©f
gel 4 (8) AH8). hel Wl ulet sehulele] el
ojFojzith. B o] setulels F71 10, Wi 042
ol g-3kict.
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(2) Landau
o]A2 Landau(1987)°] ¢J&) /Nt Aoz ~7w} 7t
o] HIX|E-2 o]&35HK| ¥ HIX|Eo]| WY E Faf v

suEE 2R 2ol ¥ 4 ok

- Y 3 (el -

i=1j=1
AZIM w1, —c W B OB (uy= (- c¢) /

FL(C pl jpz (7)

OF ) )
[y =cl. 5 = 03t Beisha,
_l<
= -2l ®)
j=1
olv] o] WAl FHTL /1Nt UFHE mE WY
of 4% Fdsict. &gt % = 0 5lo] Aetd o =4
g o 2t
1 <f & !
D) ( DRSS pluuj ©
i=1%j=1 j=1

(3) Spiith
2l 3)9] +& IFEREE ol gsle RS ZoE the
3} 7thK(Spith, 1998).

FS(x’ ya z, pz: ij> ¢U)
= z Z [(x;—x pisineijsin(/ﬁij)2
i=1j=1 (10)
2
+ (yij_y — P;cos ‘9“)
+(z;;—z— p;sing;cos ¢u) ]

- F. JF¢ OF
O]»‘S X, y, z, ploﬂ T;HE—’H ﬁ é) S 5 S ﬁ S
& oy oz

OF

=—==03to] Aot x, y, z, p, FEFE A 7 F
oagi\ﬂ- 0 4= ooloput s}, =rpxozm LS oFg é’FS
PTG 4= 20 74
6 JTRYE U P A A A2l
7} EgH= o] °‘J NEEZQL ALl fJslA SiE sl
of gttt 2713k o2 Z7NE 6, ¢oE AN T Al

o]_g

2) W53

(1) DK(Delogne-Kisa)

2] 3y Alito]l o]y 7] wjiell Delogne(1972)7F 8%
oAy WS Aston Kasa(1976)7F o1& A= 3}
of F7FoR QAL F3E 0 E Delogne-Kasazh
EJT) o] Wi 718k Aol Al Fste] etnlE
£ o] g3l Aoz HFel Zloz MEA AL glo] vz

e 78 % 9

)= 3 3 (-] (11)

l—lJ:l

_Z Z((xl]_x) +(ylj y) +(Zl] Z) _pl)

i=1j=1

i " 2 2 2
= > > (xytyy+z,—2xx

i=1j=1

FA(C7 Pi

t]_zyy[j_zzzij
2 2 2 2.2
+x0 4y 42 )
g =p-x -y -2 soH

Fpk (e, g)

m

DI CAS AL A

i=1j=1

ij Zyyij - 2ZZ[j _gi)2
(12)

OF py _OF py _OF g _OF py
ox ay oz og;

1

x, y, 220 i8] Ag2jojm g

0 Aelstd 94 €t o] Y Gamageg} Lasenby
(2002)9} b 2’5‘}‘:} e o5 FEPEE ol &
g S 01%3}7‘] %L HEIES O]%fﬂ] Hi= &

Fgom Axrlo] of7F r Egsic),
(2) Pratt
glel A (ane o B FHnEE o|4dly g, =
xU""y,Zj-i-ZU,D -2x, E=-2y, F=-2z, G= X2+yz+zz P

olg} & u o3} o] ®do| 7Fs3ltH(Gander et al.,
1994; Pratt, 1987).

E‘l(A: Da En F; Gl)
= > Y (day+Dx+Ey+Fz+ Gi)2
i=1j=1 (13)

= = lo‘ﬂ
o] DK =47k E?:_]o]—l—/]- Pratt(1987)— ol 7ﬂ4~ 71
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st gtte] Blas Fall 718k ee] & (curvature)o] 2
obd w Mel7} Alah UEhbE AL BEEle] o2 1

AaflFaat sk o= A (13)0] ?‘5‘—?574 (constraint)

< FE o= wie vE aHe 2L ot
2k,

n

Y (D' +E+F -44G) = 1 (14)

G,), A w2

Si=: 1ot (15

a xm yln in

A7V ay=xy +yy + 2y, BE mle] wAC did 9
S S(mnx (4+m)

S, 10..0
5= 000 (16)
S.00..1

m

o7 1L wie] RE AHo] 19 U]
Q1 eItk 2| A (13)2 That 2]
ATt

£ ARl 0
A 5

FHd

F, = (Su) (Su) = u'S"Su = u'Mu (17)

A7 M=sTsolth. Bt 4 (14)9) 720 v

7ol AT 4= Ut
u'Cou=1 (18)

o}7]A F&H CP((m+4) x (m+4)=

0 000 -2,..-2,
0 m
0 m 0
Cr=10 m 2 1(19)
-2, 0
: 0 .
-2, 0

ol &S 7He H&sEAle vt 2t (Chang
& Pollard, 2007; Chernov & Lesort, 2005).

u'Mu (20)
u'Cpu=1

minimize

suject to

o] 2.2 Uuks}l V-fgk(generalized eigenvalue)oll 3=
= TAIEA

Mu=ACpu Q1)

ol ue] HA] dll= 7P 2R F(positive)e] ARkl
AFE = ZFHE (Chernov & Lesort, 2005)°] A5t 9]
=7t 23 AS AE M positive definite®] 22 H)
ol 7P 2R kel sidEs AL (Rangarajan
& Kanatani, 20093082 ZE3} |2 & 5= Q).

(3) Taubin
o] ¥PHE Taubin(1991)el ¢ A|Qke RO E Pratt
o] HAsEAe}t ALl T3t mle] vAE s

A o
EzAL

J

44°,+ 4ADI+ AAEL+ 4AFL+ mnD* + mnE*+ mnF*
(22)

SN

i=1j=1 i=1j=1

ot 91¢] 2] (22)°l sE== Taubin®] +

o WL = Y Y ay I,

m o i=1j=1
ZZ
=1j=1

==

4
r)L

?'%Eé Cre

41,21, 21, 2.0, ... 0
21 mn

21y mn 0

Cr =21 mn : (23)

m

ol |59 HHL Pratt?t FL3IT}.

(4) Hyper

o] WH-2 Al-Sharadgah®} Chernov(2009)7} =<t 7
OS2 Hypere= H T2 APAAE dax e
hyperaccurate®] E¢go|tt. FEX21S A9l X W
AA| Pratt®] HAsREAIS}E FHalth FERAS PE
Pratts} Taubin®] 5o 2

CH: 2C7'— CP (24)
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o|t}. Pratt, Taubin, Hypere] WHoZ wWE 7} =4=4
T2 et 7ol +3  Jtk(Chemov & Lesort,
2005; Gander et al., 1994).

1 T
c —2—A(D EF) (25)

Ext

(93]
>
i

_le

i

Eu IAFAES Fske AEEed A=

3} 2t} <Figure 1>3F o] IREEFA A ]
slAFA el SRl 2 AAsiith AT =T

2% g 729 4N v 2r|9A=EEA 34
] 9l slskd ZAl) m=(0, 0, 20)", m,=(0, —20,
20)%, m;=(0, —40, 252 3N Z}z} AR} (greater
trochanter, GT), |&S7H%, 21Z}(lateral epicondyle,
LE), W=H(medial epicondyle, ME)l| 313 ETHHY :cm).
FYTS 27 FHAIA A 2 W el
A ooz Zb7F wakd Fo = BAYMLE vl &
9] (amplitude) AFERE AT & H S (range of
motion, ROM)= =141 (y), W/ (g) BT 10, 15,
30, 60°= ] 7He] S AAsIITE Fiaol sFdEHE
ZtEe= Al e ol R ESSETE(sampling  fre-
quency) 60 Hzell a9 Z&== 7H2}F 30, 60, 90%/s%
ol ZbzF =Zyid 7F 5, 1, 1.5°%9] Qe sidEn) &
EHAS} AEE F a1 wapEA] o3 127]9] A g
| 747} We] AmE AAdsiict Ame] AES A (1)9]
By Azt oS FUleI o miF o] A 0}t

Mot mlo

2 fo i L

-

O

2

ATh2 19 g). 718H3e] GaEE2 =107 w7iA]
WA FlslE s sllom 27132 DK 4%k
< olg3nt 2E]la B AFeXe LEH oA AR
He & T 354 9 8 (transformation
approach)Zte] H|w%= F8Y&}3Att. ©]= Woltring(1990)2
TBASFES] 7P 7Pk SEARE B JleE o
71 ARSEE S E Y ksS4 Kim(2011)
AN AREE WS o]&3t e ©]E pivotel2t ST
FAE 3 HAFAUE ¢ 9 W7H= RMSE(root mean
square error)E ©]-&-3F3Att.

1000
s = el
1000 k

k=1

EE AF2] Agl= MATLAB ver 7.3(The MathWorksyS
o]-g-3itt.

. &

}

=W ool Zhw o] 7o wE Zkzb 10008 9] AlE

go]d A3l o]3k RMSEE <Table 1, Figure 2>} 7+
o} A¥A3 W 08773-19.6746 = UERITE Spiithe]

FAEE A3t 7P oF 2H(HS - 14.0530-19.6746) ©]
= A IS A RISt A= A my W
folth. o] mpAdl RIZkg Whg-S dlo] JFe A7t
et Zloln, Aol Yep Al FAIRE v mig Al
Qg Yz AR Fr1doz Adst A3 o 3%
I fAkE AHE A 5 AT wEbA

Spithe= °]4zk(outlier)dll ol W7ksl FAubgolgl o

R SEOAE TelH EYTFRE BEAAE 22 1, 5 vk SFA] Ud BE F5uE RMSEE £5
JA(Ehrig et al., 2007; Gamage & Lasenby, 2002)=2 3} 7} AR wig} ZAEJTE 22i4} Pivor2 TFE #HY
Table 1. RMSE of the estimated center of rotation by fitting methods over 1000 sample (unit : cm)

ROM LM Landau Spith DK Pratt Taubin Hyper Pivot

30 1.1735 1.1667 18.6314 2.6638 1.1666 1.1666 1.1666 10.3561

10 60 1.5655 1.5617 17.4796 2.5549 1.5617 1.5617 1.5617 5.1136

90 2.0063 1.9956 14.0530 2.8679 1.9956 1.9956 1.9956 3.5056

30 .6403 6394 19.6746 1.3348 6394 6394 .6394 10.4005

15 60 .8911 .8874 19.6555 1.3539 .8874 .8874 .8874 4.9602

90 1.0281 1.0242 19.6441 1.3848 1.0243 1.0243 1.0243 2.8552

30 2392 2389 18.8352 .3895 2389 2389 2389 10.0896

30 60 3230 3221 18.8167 4392 3221 3221 3221 4.7403

90 .3897 .3885 18.7992 4766 .3887 .3887 .3887 2.6200

30 .08812 .08773 16.3460 1151 .08798 .08798 .08798 9.9962

60 60 1244 1234 16.2813 1422 .1245 .1245 .1245 4.5791

90 1516 .1499 16.2105 .1670 1520 1520 1520 2.4344

Note. ROM = range of motion(°); = angular velocity(°/s)
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25 ---He--- 3path
—4—-Pivot
20 Mo —&—DK
W' 4 Landau
g Pratt
o1 A A A Taubin
/ / / Hyper
J f / 7
N P A A A
g;_‘@__—o X X X
1] =50 (S ey
9060 30 90 60 30 90 60 30 90 60 30

Angular Velocity
ROM 10 15 30 G0

Figure 2. Profile plots of RMSE of the estimated center of
rotation

3} vlwsl HokS wl RMSE®] #Hago] o A Yet
Wtk B8k Pivot A9l RE o] RMSEZL &=
7} AE&4E 2051} Pivotol] &3 WhHL dijg 7+
&7t Aopxlel] wit RMSEZ} AXH ZHEiEgk ofy
g} BE EHLelA tE W vws] Bk o Rt
o] ATHHS] :2.4344-10.3561 cm). 718F8EHe] 74 LM}
Landau= A9l H|=d A5 AU oA g 735
Pratt, Taubin, Hyper= A¢] 543t 235 (&F dAAE]
o] fr&seat) vERITH(Table 1).

DK& o732 5HeI7F 28 7 RMSEZL 27
Ueht HFFFAS & 5 don FHevE AL
= RMSE7} Zolx] Hel7b Zo]EA|% LM, Pratt,
Taubin, Hypere} Blwsl] HokS wl SARIAIAY O o}
A= k. 7P £ AHE Bl AL L
60°]32 74557t 309 W 78k ¢S LM#t Landau,
=2 $He Pratt, Taubin, 22|32 Hypero| Qxh= <F
.09 cme|t}.

QT Tl RolelA] MlwE A gl A7} of
S A AP el 3319 7ol A
2 Fshed Lulw Ag

A3 iRe] Fghe SNt ALSE Ue g
99 A7 UEpld. 2 e5udle) Hde5e A3
el F& © AW 7= D] wFolth. Spithe]
RMSEE ol 28] 1 olfi v wiolt). o7]d) 5
FuE Gre 238 $29l0] 2l et Spiith
o Fgslold mige] shel zhe] AN ofF wigh
a7l Fake vA Zlow AZbE, w8 g 24}

2STE e A9E Bed ol 4E5Ert FobA
Az Q] 7 F7Rsk] i BolA| AL ofef| wlet @
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