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Principal Motion Ellipsoid: Gait variability index invariant with gait speed
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We proposed a gait variability index invariant with gait speed based on generalized principal mo-
tion analysis (GPMA). GPMA finds base functions, which are called principal motions, that maximally
separate distinctive types of motions and that weaken the effects of gait speed within individuals. We
computed principal motion ellipsoids based on principal motion analysis (PMA) and GPMA, and com-
pared how distributed the samples between gait speed conditions. As a result, principal motion ellipsoids
based on GPMA is invariant with gait speed. However, the principal motions obtained by GPMA can
be difficult to interpret what the motions represent and we cannot understand how the walking motions
vary. Therefore, when we can interpret the meanings of the principal motions, the principal motion

ellipsoid can be more useful index.
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HBITIESDERKREVEETH D, TDIEXS DS |HEEEY
27 LHBRDEH DL VI REEDH S [1]. HIAIE, England 5%
Bruijn 5 Z#HEDIES D EDBHN S, HTEHEDILSDE %
Fam L7z [2,3]. Owings 5 IXHTHOFEDIXS D EITEHL
g R LTWD [4]. ERSHTIZH L TR TR, dhirisdk
THOMAMOEEDIES DE 2 L - MEb H 5 [5,6]. %
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2.1 Principal Motion Analysis (PMA)
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ZMVTHSB. WHPRBZEEY Y TVH 2T TEADT SN
EBERZ PV ORIEERTRE SN S:

a) ~ vyl (5)

2.2 Generalized Principal Motion Analysis (GPMA)

bihvbnlE, PCA O£ TdH 5 linear discriminant anal-
ysis (LDA) ZRRFIFMIHEHTE 5 X 5L L, generalized
principal motion analysis (GPMA) 2% L 7% [13]. ZOFik
XN —THEOE#H»Z DI N —THROEENZE L TiokibE
55D E RO B FETH B2, HESFMREDORE
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2.3 FEIMFRRERN

TEHER AT ONAN SN T L IZEHE I NS EAEHO KR E
XERBSITOIES D EFIIEIEEL L THWS (Fig. 1). Z OfiAE
M % EEEARE T LIRS [14). EEEEEREHOK S X 13EE
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F s OBEEMNOEMm (m=1,...m) OEX% ¢ T35,
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e &, KEHMOEXZHWT
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i=1

LREHTS. Fig. 1I3BME s 1220WT, Hle LTEHE 1-2 8
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1 EHECELTESDVWT WS, A TI3E 3 XEfExc%
ALIDSE Ry

N
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3.1 =BHE

AL T Ullauri 5 OFHII L 7248477 — & [15] Z AWz, Z
nix, MRRB LIUHERRIZEEDOR VAR 10 4% 0%
WHITEBRET-725DTH 5 (FE: 172.5 £ 0.05 cm, {KE:
63.9 + 8.9kg). @ERSMLE O E RITEMTH -7z, HITH
JE5efh1d 3.5 km/h ZEBWAITHE, 4 km/h & #WATHEE L
U, ZMBEBRELELETI LY RIVEE 5 SRIST L.

3.2 EETF—s 2

Wik U2 T S, EEEHE» SIROEFEERE T 14
TRME 3 28FEE2 100 7RSO MH L. 722075 —%
E%2%A2571-%, $47RM% 0-100% CIEFML L 7=, BfiAE
VXFEARIIALZE D S AR T 2 A EE, MET S AMEA
LU EARESRiAES L CEABESRhAE, AR
REF TS R f & b S & U 7= I BE o £ 8 L e B i %
2 EnTERR & B ET & IR A RS A S ERRO R T AL U,
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Fig.1 Definition of the size of PM ellipsoid for participant
s. An error ellipsoid (red) is calculated from the
distributed samples (black dots).
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;—» Stance phase 4—;‘ Swing phase i
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Fig.2 Gait cycle normalized to 0-100%. Defined from the
left heel contact (0%) to the next left heel contact
(100%).
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4.1 E{REER

PMA, GPMA IZB\WT, EHEEA T D04 SHANTH
FERENRED & S ITRHE U2 ERT 5. Fig. 312 PMA(Z5),
GPMA(H4) Ik > TRONBZEEERATONFHERT. £
BRI3EE 128 2 XEMEEE, TFERIZEE 228 3 XEMEEETH Y,
PMA TN EEfEORSRIX, 61 FEEN97.5%, 2
FEIED 0.91%, 553 FEED 0.62%, GPMA TIE, 1 ¥XF)
YED 95.5%, % 2 EEED 1.32%, 2 3 EEEN 1.23% TH -
7. Thotz. FEOKMIE 3.5 km/h, HEOHEMIL 4.0 km/h
THIT LY Y s Boh XEfFEAErTHh 5. S
ZXZ, YUTANEOEMIEEZTL S TRLTWS. PMA T
WA AN THATEE Z & OFEOLFEEMESA K E VDI L, GPMA
TIZEOMEEIBD TN o7z, E>T, GPMA 2HW3
ZETCHANDOEEZERAIZTAZ INT NS,

4.2 FEMFREHEAOKRES
FITDIESDEDAZIIIONWT, EHEBRNEDRET A
INTWVWENERILL7Z. SINE s DHE ¢ THITLUZBOE
BRI ORE S % &) LT 5. AANTO®E MBI
B2 EBFFEBHORE SOIE E® = e{7) /el) crim
N5, ZOHEHWT, BEFECEWTEANTHEER ML D
BREHBMICHEL TV 2R TIEEL diff® = [E® — 1| T&
F L7z, Table 1 IZ&FIENSBINE Z LB B SNz diff 2R
3. PMA, GPMA IZ8W\WT 10 AD&ME D diff DFEHfEIx %
NFN0.19, 0.17 TH-7z. LHL, GPMA IZH W\ THEHE(FE
7023 L REWD, HERPSBINE A 2R L. TOFER
SEYfEIE PMA, GPMA TZNZ40.17, 0.10 TH H, 1EHE(H
ZIFFENTN0.08, 0.06 TH-7z. TD7-8, GPMA ZH\/z
FENMEEAEBHIZSHTOIES D EDKRE XITOWTHEETERIZH

No. 20-2 Proceedings of the 2020 JSME Conference on Robotics and Mechatronics, Kanazawa, Japan, May 27-29, 2020
1A1-M02(2)



[ABCDEFGHI J

[O++x00ADYV %

Participant

— 3.5km/h — 4.0km/h — 3.5km/h — 4.0 km/h

“1nS
100 0 2 10
E ‘ﬁN’ 5
g N () (D g
E of W& E o
El LR 5
= K=Y &
g — g
‘B -100 E -2
2 éﬂj = =
o o
2200,
550 600 650 700 750 -0 95 9 85 8
1t principal motion aos principal motion *10
2
g g ®
] g=] o8
: " oS ®
E & 20 &
= S ORI ®
g 0 @ g ®
£ S E ®
=] % QR T &
= Q =)
" o D p 7
-100
200 -100 0 00 4 3 2 1 0 1 2

2nd principal motion 2nd principal motion *1 0

Fig.3 Scatter plots of the 1st—3rd principal motion scores
of PMA (left) and GPMA (right). Top: 1lst—2nd
principal motion plane. Bottom: 2nd-3rd princi-

pal motion plane.
BEZIFIT W,

4.3 EFHEREBHOBE

W2, HITDIXSDEHIZOVWT, EEHRNVPEORET A
TEINTOVEDEMGEEL 7z, WEIZIE, AR EBI/ERERM
DEHBOAHE ¢ (0 < ¢ < 90) ZHWZ. & 1-2 FBEEEM,
% 2-3 FEMEFM LD EEMEREMM % g & U7z, Table.
2IZEFEPCBELINT ¢1-2, ¢2—3 ZF. PMA, GPMA
IZBWT 10 ADSIED ¢1_o OFHEIZENZFN 34.2, 6.33,
o3 DIFWMEIZZTNEN 115, 21.2 THo7=. D=8, HH1-2
TR TIE GPMA % W72 /R PR SR I
BrzHiz< <, % 2-3 FEEFE T PMA % HW- EHIfFE#R
ZEMNHE RN EEZITIT W,

5 EER
5.1 FEMEOMEIR: PMA

BEEEZMINT 22 2T, MANTHITOIESDERNED X
S5 THolh BT 5. Fig. 41 PMA, GPMA IZ&->TH
SN 155 3 TEEAMEORMZ(L2 KT, AL
AEDRZZERT 57720, ARMED 0 &S IXRiiAED 0 JE
ThHdILE2ERL, AMENER S IZETSOEI, & s MR
EEKT 5.

Fig. 1 BB X b, 8 1 REEIXMIN & & (i R 2 E
i (IE) U, Z2uzfio TREGARM (), SR (&)
THEMEERLUTWS., ZHIESFEINC B 2 BHiAE DY
HREfEE R LTWS. £oT, 1 EEEIEEN R HTEIE
ThdLMRTES. B 1 EHEICR - T2HTH 2 TV OnHEk
i, MOXEEEIZHR>70MED EREL, ZLOBMEITOV
TH 1 XEED, SITEEOERIZTS DS 2T 5.

Fig. 1 B & v, 62 TEMEIXMH & & 128 ORI TR,
JEBAE AR (F), RESNER (B) LTsh, diiost
THEBEHAME (A) LTWwa. Zho BN sTEIfE2K
BUEEIBEMETH B 95, SRR TORMEDOEA%
KUTWDB., £oT, 2 EEMEIISHTEEOMMICE T 2 EH)
fELRIRT & 5.

Table 1 The ratio of the size of principal motion ellip-
soids (diff). Without participant A, the mean
value of GPMA was 0.10, whereas that of PMA

was 0.17.
PMA GPMA

Part. diff Part. diff
A 0.39 A 0.83
B 0.10 B 0.08
C 0.26 C 0.10
D 0.16 D 0.12
E 0.20 E 0.12
F 0.11 F 0.04
G 0.09 G 0.04
H 0.24 H 0.05

1 0.15 I 0.03

J 0.18 J 0.30
Mean 0.19 Mean 0.17
SD 0.09 SD 0.23

Mean (B-J) 0.17
SD (B-J)  0.08

Mean (B-J) 0.10
SD (B-J)  0.06

Table 2 The angles of principal motion ellipsoids be-
tween the gait speed. It was calculated on the
1st—2nd principal motion plane (¢;_2) and the

2nd-3rd principal motion plane (¢3_3), respec-

tively.
PMA GPMA

Part. ¢1-2 ¢a-3 Part. 12 o3
A 73.9 4.24 A 20.6 0.56
B 36.5 10.2 B 4.15 39.2
C 42.3 4.37 C 3.64 2.75
D 52.7 7.11 D 6.67 2.69
E 26.4 3.82 E 4.77 18.2
F 4.87 65.3 F 4.05 2.74
G 25.1 4.84 G 6.85 30.9
H 4.81 1.97 H 0.14 53.9
1 49.4 10.4 I 7.84 55.5
J 26.39 2.84 J 4.58 5.07
Mean 34.2 11.5 Mean 6.33 21.15

SD 20.4 18.1 SD 5.17 20.9
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Fig.4 Loads of each principal motion of PMA (left) and
GPMA (right) computed from joint angles. Top:
1st principal motion. Middle: 2nd principal mo-

tion. Bottom: 3rd principal motion.
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