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Development and evaluation of a gait feedback training system
considering individual differences using machine learning
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Female 112 [43] 126 | 20.5 | 15.2 | 15.4 | 207

Male 23 | 5.4 | 5.4 | 15.2 | 7.1 | 10.6 | 33.2
Total 15.1 | 47| 102 | 18.7 | 12.5 | 13.8 | 24.9
\ \ \ \
0 20 40 60 80 100
Rate [%]

o Stroke O Heart disease O Joint disease

O Dementia O Fracture and fall O Age-related weakness

O Other

Fig.1.1 Causes of need for nursing care for persons aged 65 and older.
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F2E  BEEHESHT

AT TIL, AFmSCCTEE L 22 OES) & ATICBT 2 —RNARB 2 TOERICON
Tik~%.

2.1 & BBEi OB X [2][3]
211 BHi0BIEXORLEY

B BB RN A RIS B2 011E, LEOHESMNETH D, AFETIE, LAITIC
RENDHEEHEES ORHFEEZHAND. 2O OFRFAFIETAAREEARZEE L AR
BV 7 — g VEZRRPHIET 5B A ENEE R S EEICBWTH VSTV 5.

- Jidh (flexion) & fHJE (extension)

JE IR OB E T, KEiIFE LTS, KEROAEN/NSL72D XKH REE)T
b5 T, Bl ZYo#E ThY, KREIFRLAEISNY, KEROM[EIRE R
HEOMREETHS. 2L, HEME, S, RIS L CIIRT S ~OEZB N E i, %7
~OEEHNMETH S, £z, FHEE, Fa, REH, BRFRICEALTUL, FEELITEE
~OEEN R, FEEZIIRE~OEEN MR TH S, —a9IC, 2RI hEE) 2
JEJE  (plantar flexion), fH/EES) %2 E (dorsiflexion) &5 . LIg, J&EIEN i EHSE)
WL CFER - HETRLET 5.

- 4Lz (abduction) & PN (adduction)
SN IR OB X T, (KEIRIRO T LENDE S A EBTHS. L, HE
T 5 EEOAMETIE, 90° 2iBE 5 L BIKOTLRICES L5102%. ITon
TiE, BHREFORMAGHENDBX 252210 ). W, S BOBETHY, Ik
NG RO FLITIE S EENTHh 5.

- S\ € (external rotation) & PNJE (internal rotation)

ST Eo#iE TH Y, BlMEEAL TORTmE2IMAIA~M < EETH D, NHE,
JELWDEE THY, AimANRIICHEZBHTHS. 72720, milcB L TiX, SMEIsi%
M4 % EE) &[4 (supination), WHEIZFZ YT HiEE)Z [N (pronation) &9 . LIf,
IO AR LT EB A R E & RiLT 5.

NS

43I L (circumduction)

SEITUIEERE AR 2 #< Lo EHTH 5. 2oL &, MEEEOLmIIE TH
0, EEITAEORME TH D, SEIUIE 2 #MEdD 2 WIXZHBAEcR 20, EEoEE))N
MAEDLIHZETEID. 2L, B ULICEEREXE e,
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- #k23 2 L (eversion) &WN23% L (inversion)

Sz LIL, REHOEETHY, BREMNAFZMEDTTHD. Ziuk, BB OlE
NESMEE, BHEOES LEEICTHS. N LIE, MENSNGTZmEERTHY, &
HioRESE N, REOEES LIZEETHD.

2.1.2 17 THBEMR X OO ES)

ARIETIE, AR (Rrls TR & Rmr) OB x & B v BRI 1T 5 5% Al Ei
AP HON TR %, BAHI lEhIEZ 7~ Tl Neutral Zero Method ZE:H L T\ 5 D T,
Neutral Zero Starting Position 23 AN Toh v, BERMETFHIAL & —FT 5. 7272 L,

JE BAERACEE il « IOV TR B2 B #is 90° Dz, JHBIESME - WHEIZ D\ T
(3R BAEIANES 0° CHFBAET 90° R ihfL, AT EISL - FIRNIZ OV T FRE R KRR I H
DI, IRBAGEISME « PEEIZ DUV TR B R it 90° TRRBASI R Hh 900 DL a2 ENnE
NEARRANLE LTV S,

- B3 (hip joint)

BBAFITE R H & RIRFIHE OMITESN S H BT BkBAFio—fE) ThoH. EBhih
X HEPECTH Y, TRl - R, NS - SR, NEE - SMEE S RILEBIFRETH D, 5E
AIENIA B IR 2 00 & LG, JRih2Y 1250, MEN 15T ThDH. Fiz, SRR
45° THY, NEN20ETHDL. IHIZ, IME - WiEE HI245° Thd. EEROKTF%
2.1 lTR”7T.

00

R Internal External
. Abduction i rotation rotation
Extension ~_ Adduction 19 -
Pl .
0° 0
o°

Fig.2.1 Hip joint motion (Reference from [2]).

- IEBAEN (knee joint)

JEBENIIISE & KERE, B3E & KIRFo _—>oEEoEAERTHY, SEAME (1
PRSI O —HE) Th o, BBIENITEM - R & SE - WiEEER 2175 . 72721, BEER
IROVIE - WEELR, BEBEEISERMBAL CIIARFIRETH Y, JEEh(L TR BIER Zn & =
2B Z5. £, BREHZMEL T, ZBRMEBAICRDER® D VIITERMEALD O il
ZhreH DN, KERE &EE ORICHTNIIOME - WIEEBINN I Z 5. Z AT AR
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BIFEER) & W\, REEEICK Z 2 EE TH 5. & AfEl /A EIT AR N Z 0° L LT,
JERTAY 1307, HEN 0° THhDH. EEOKFEK 2.2 1257

Extension

Fig.2.2 Knee joint motion (Reference from [2]).

- £ DEAfI (joints of foot)

B, 7TO0RMRE, SOOFEE, 40HEENLRY, BEELZFTL. BHOME
HilZiE, BRRRBEEE, RARMBEET (BRE NRIEN, MENZUERAHEN, BANAULBARN, BREESEIEN, M2
FHEAE), RARTPUERAE, R, R BEERAE, BEiMREEHSH 5.

(a) EEBRBEET (ankle joint)

PERRBAGN X, AEH O TRIMImE & NEB XL OWRE SN R4 B, B o v H 4 B
LT5, bEARE (BEEBE) Th2o. HRRREEEIIERE - WEATRETHDH. £, K
AL CIZBEI OWE D B D, DT DICNES - SR FIEETH 5728, RN CILBEHIE 2 B
A% [ < BeAiAte = od, WG « ST T X 7o,

(b) #EE FRIET (subtalar joint)

HE RREENE, BB o T s EE Eam & oM oS T, AR, PEREERIE, #
RO 3 SOy THEAT HERBEE TH S, B TEEIIAME - NERE AN Z L -
NN Z LBARETH H.

(c) HEMBIET (transverse tarsal joint)

RS ARBAR L, SMR O BENZEBET & NI FEABARI 2 6722 5. BUERBIEIOEENL, IR
BN ETH Y, JEE - I, S5 NS, A2 L - WX LA TH D503, E4
B OATENE TN S V.

(4) AR EBIET (tarsometatarsal joints)

AR BIENE, PR L L 1 R, TR 2 PR, AMAURR L L
3HRE, MHTELHEATRERBIOES TRELOMICHLEH ORI TH LS. DT
IRIEJE - ) & AMER - N ATRETH 5.
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(4) FEMEIET (intermetatarsal joints)
PR FBAENIE, PREMHAEOEEETHY, ROMT —F BRI NIE D THD.

(5) "R REEIBIET (metatarsophalangeal joints : MTP)
W LIRS, R & RIS O ORI TH 5.

(5) ELEEESHT (interphalangeal joints of foot : IP)
BEEGBIATIC 1%, FHEEE T & 5 I PIP B, DIP BIfi & 2WEEHECTH L. 7272

L, #EHZSWTIZIP BEEIRN —2DATHS. K - HENARETH 5.

R & O FIERIFIER A R0y, — RISV b, BRI Z S 32 LR

ZUN. RERSCTIE, DAk, BERRBEED & R ARM RIS, AR R, hRRBfiEZ &b T
SRS L R T D, SE ME A IR 2 00 & LT, K2 457, RS 20°
Thb. £72, SRS 107, WA 20° THD. SIHIT, ANRZLN20° , NAZ LA
30° THDH. EHBEOET %X 2.3 1T~ T.

Extension

(dorsiflexion)
-

\ . Inversion
Eversion 2

- Flexion '/ \ 0° Abduction ) Adduction

(plantar flexion)

Fig.2.3 Ankle joint motion (Reference from [2]).

T, WltOSZ BN A X, EARAME 00 & LT, MTP BfiOEEA 35 , ¥
JBAS 60" ThH. £iz, IPEBOKE 60° , HES 00 TH5. EHOKT#X 2.4
(R ARBELIS O SR B O B FTENE A 1S, MTP B OEE S 35° , EAN 400 Th
%. F7=, PIP BEEIOJKIEA 35° , HWHEN 0 THDH. X512, DIP B DK 50°

HIEA 0T THDH. EBORRT &K 2.5 (TR7.
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Extension ’

., Extension

"X
Ly

Flexion /

(a) MTP joint (b) IP joint

0 Flexion \

Fig.2.4 Great toe motion (Reference from [2]).

Extension —_

Extension o Extension

07 ‘/é\/ o %
0° Flexion / . Flexion
Flexion

(a) MTP joint (b) PIP joint (c) DIP joint

Fig.2.5 Toe joint motion (Reference from [2]).

- {K&¢ (trunk)

JAEIE, AMEOEBIZET 28 THY, HE - WE - WENLRD. HEEIL, 2EEL
THHEZER L T, LRHE - WM - ZHE - MoME - MEHE - (UHE - BHEIC DT oh D, &
FEX, b (RiE) - R (RIE) - AR - BIEAFTRETH 5.

FMELX, FHDO O L TR RS REBORTENEN B 5. SE s B XA 2
0° LT, HEhA 60" , HENS THhoH. Fio, Lfil bICEHEN 60° THY,
i3 50° ThoH. BEIOEFZX 2.6 IZ7R7.

Flexion

> ~N
Extension
N\

,/ Left lateral Right lateral

1 Left Right ~ bending bending
rotation rotation

Fig.2.6 Cervical spines motion (Reference from [2]).

14



FaHELX, R - [BI6E & o DREEED R - MBS FRETH DA, MEiE Vo H—Es L
“C@Eﬁbf“b‘bé?‘:&), ArENEII N S V. BEHELE, Jmh - R - RS RTEE T S8, [EllE
FFEAETERY. M- BEHER O A XM ER - SMERT - WIER TH L. MihEE
*Etiﬂb HEBHETH L. WIE OB IISMER - NIERH « BT « FAENLH T
HY, WEHEHIIMEER - B TH S, BIEOBEFIX, BIFEST MO R OPNIERES -
FTREEL N & PO ERT - HERECH D, BB rEg A TR Z 0° & L
JEEhAY 457, RN 30° THDH. Fio, AL BITEBEN 40° THY, {EA 50°
Tho. EHOKRF 2K 2.7 177

0° o°
Extension \ 4
s Right Left
rotation rotation

o JIL
Left lateral Right lateral
bending bending

Flexion

Fig.2.7 Motion of the thoracic and lumbar spines (Reference from [2]).

2.2 8 BITEE & BT 4]

FA DO OB B Rl OR Oz E TZE2ATEM (walking cycle) &5, F o F = -
mx-7i~ﬁEﬁUAEU%—vayﬁy&—(MAmm)Tiﬁzlmiaz%ﬁm
HOFKFNZ DWW TR D HFE X R Dol S 2 AV A k- TRE LTV D
IOZvFa-vaR - TI—aFREHNDZ LT, @%5ﬁkﬁm%ﬁ®w¢m%ﬁk
TEXDH10, ZLOBITHNDIZODY 7 b7 THLZORBREZH N TS

AT R D5 % 5y ﬂ: L7c XA X 2.8 (2o~ . A T7)JE T FE 3 S (stancephase)

L EE] (swing phase) (2431 HAL s . SEHI & 3 TE I F o B A NS DWW T D IR
Moz LThbv, WM TIWHE D, £, T E TATEEIR O E 23 w2~ & BfEd,
RO HLICE D HNANEEIN TOW Do Z ETh Y, SFlEIchE 5. ST L
WERIENE & HICSHENE 5o, WL 3 SOy T b, FAbT_XTITBNT 4
HOZIME ) THESR ) TEMOMORGBE) | OxRElZRIZL TS, £z, BIEK
DHIEIZ O WTIREZ R 5 & &, FHCIEFT 2 2 SR (single supporting
period) &\, TSRS D REH 2 WIS R T (double supporting period) &V 95 . i i
KEHNIFRR R ZEER B W TH Y, BITEHEOREWAITTIL, WEISCEH O REfE 2
R<725.

TR ORE TIX, HEEZ —EIRHOLIMIFIBR O W B BT (free walk), HEB D
A DOEEIZLDH %%ﬁﬁ (natural walk, preferred walk), h L v KIS A hr/ — A7
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EEMMLT,

N

<l
Y

BEELAAMZ

TR D D
£z, BIRBE T,

=
y

TR Z /T 5 #HH1T (forced walk) 72 &%
10m #3177 A k[s 6, 71°° 3m #1177 A F[8]75>%lﬁﬁéirté LA

RLANRC TEILINDEBITAAICHOWT, STREBT O X &%
5.

I AN

Table 2.1 Conventional term and the RLANRC method
Conventional term

RLANRC method
Heel strike Initial contact
Foot flat Loading response
Mid stance Mid stance
Heel off Terminal stance
Toe off End of pre-swing and beginning of initial swing
Acceleration Part of initial swing and mid swing
Mid swing Part of mid swing and terminal swing
Deceleration Part of terminal swing

Walking cycle

16

I
Stance phase Swing phase
Initial Loading Mid Terminal Pre- Initial Mid Terminal
contact | response stance stance stance swing stance stance
Fig.2.8 Subdivision of the gait cycle




2.2.1 H #HiEEH (Initial contact: IC)
SERNHE ISR AR CTH Y, BITEBOKD Y LihE 0 I (IC) TER

ns (X29). EAafkEll LI liize— Loy h—THEOLNAHORTS > 3 1z
ZDOHAIUTIIRBTHEEORY g

LTkE, BHRUNOHERELZTLZETHD.
NEBERINDOE S W ERET .

Aty

\

Fig.2.9 Initial contact (Reference from [4]).

2.2.2 15 WEIGEH (Loading response: LR)
VIR T E V , BIERL LM o HBEN - BRE £ CTAR W EISER (LR) &

WO (K2.10). BATEBOK 0~12%TH 5. ZOMHTIHAEENSTIZRLLIZIEE >3 <
FENTMIE->TL 5. Zud—FEIHOEMRCTH 5. &EE L UIEEORIL,
MEZZ TS O ORENEMRRT O, BI ORI ~O#E 22X —7T252LTHD.
REEH E B~ ERBITT A LI o TAULHEEN, E—rua v I—0OKHEIC X
STWINES DT, HEEEDPIRAEZE L THHRITM L <@z,

.
5
&

Fig.2.10 Loading response (Reference from [4]).
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2235 HFHE (Mid stance: MSt)

B & RHAO 2 i 2> S BN 72 B2 aR £ VO, BISEE OB R ) BB 7B £ ©
AT (MSH) & d (K211, BTRERBIOR 12~31%ThH 5. ZOMOEETNL, #
ML TWDEEIRE LIZRIT~O#IE, BIXOME RGO LEMEDOHEIRTH S, MSt O
B EMEMBIEICO Y, X2 TWAHO ETHEBHES-o-o8< & & bic, B
LEEDN R O R~ B 5. £7-, LR TR Z - 7= %R & BERIEE © 0@
DOIEENTA ST L, MSt ORBITIRIET 2. 2o & &, FRR=85 O OMEGHE 2
HOLZEMEEZHE L, 7o 7rnyh—ICk b FROMF~O8 & 2 HEICT 5.

S g

Fig.2.11 Mid stance (Reference from [4]).

2.2.4 75 N H#E] (Terminal stance: TSt)

B OBERIRD GBENTZBRENCAA E 0, B &l DI 0> 1C DBRE F T 2 ST
vy (K1.12), ZOMHOKDVIZHESEHR &5, BTEBOK 31~50%TH
L. ZOMOBEEE UL, FEE LRI VAI~NESZ ETH D, B MTP Bfi %2 X
SELTHE, HEREONINEBOXFEOE LN T, ELAF~BEIT5. 20
FICHIZR D S EEN, 2 OB, KRGO 78 OIERGES S & 2 Biic 2 e 8¢5 2
SN XLV RS & BRI Z ISR E T S, TSt TIiE, HERELAFFROE XV
HihbroT, FRIFMEH HEE FO XL IICHIT~ED, ZHUCX Vi ~0# % %
AU SRS, £, B ~OMEIZ GO ORI ~DBNZ L > THR—FEN5.
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Ay

Fig.2.12 Terminal stance (Reference from [4]).

2.2.5H AiERH (Pre-swing: PSw)

B LMD IC IZHAE 0, B D R RDED D EEN 7 BRIE £ T & bl &
W (142.13), BATEHTICEWT ZEH OISR CTH 5. BATEBIOK 50~62%
ThH5D. BRI S, BEESOTIELWEIC L > TERBOMEHASND. K
FEIFATEHOE L 6o, RiG~BEIT 5.

Fig.2.13 Pre-swing (Reference from [4]).
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2.2.6 IH FHHIFIEA (Initial swing: ISw)
BB DO R IRDR HEENLT-BRENCAEE 0, WO FERAS FAR T I BV TAZZE L 7= B

FCTHRFEHIHI E VD (X2.14). HITEBOK 62~75% Th 5. Z OO FE 7o BENIK
MO RZEETZ L&, BIENARNIOESZ L ThD. PSw 2 #K 2 7= & BOEH X8 i SRz
ThdHID, BERNGEE LR ~ET 72D REESE ORI TIER+9Th Y,

% BEET & ERIET D JR B X - THIO THIEEIZ 72 5.

hmn‘

=Y
@

| \»
q

}uﬂ

Fig.2.14 Initial swing (Reference from [4]).

2.2.7 1 FEHFH (Mid swing: MSw)
P D T ERA KT TR ZE LB AA £ 0, BB O TRENRIZK LB MAIZ 72> T

MECEERFHE VD (K2.15). BHATRAMOR 75~87%TH DH. Z OO F72&E &
LCIBIE 2| & Epi~ESZ L &, TORKEROBBOESEND 5. KERILE i
HEN 2R TR Y, BREEIIHE LED S, BITEMNSEN-EETHY, RKEEE DM

B VX e & R BAE O A BE IR 95

Mt

Ty

Fig.2.14 Mid swing (Reference from [4]).
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2.2.8 IH FHEHI#HEA (Terminal swing: TSw)
BIE O TRRDIRITK U CEMAIZ IR > TeBREIZ A E D, BIEB D 2 D3RI Al 72 It H]
(IC) FCTHRUEMKEI LS. BT DK 87~100% Th 5. Z OFITIMEMI A~ & LI
H~OBITHTHY, ER&EENL, BIEKEZANESZ LK T EHOREFETHD.

Fig.2.16 Terminal swing (Reference from [4]).

2.3 fii BAEDOFAMIEE2]]3]

BATIE, EAICK L O EBR AR LA D, 2Y 2B S8 582 EETHY,
THOXEH, T—A v FBLIOEEAICE > T, BT v RAOREEDHERE S LT
%, AT EER L UL OSEBTRED = & & — R (gait) &5 . BITRFZETIE,
B2 2R O SRR 2 T, AT L 2 BB TS, B ATOME %175
TWND. AEICHE, ST T L < VB A BEFMHEEIC W TlkR 5.

2.3.1 7 ZEEAREBIAYFEIE (temporal-spatial parameter of gait)
* AT
BT, BROERNPOEERIBETHSH. BACIXZENENEBBTT (free

walk : W & &2 —EIZROLSMNE, BTEDBBICIT O AMT) ROBTHENRH Y, Zhid
%2 DEREPIRIUCIIT HDHERERI N T  ADRBIZ/2 D X IR b TV D . B TR
3R & BALRER S 72 0 OB Ko TRESND. BMTHEZWET L5 Z LIIBESTH
D, DOMRE L DM ROZL D, MTHENERSCSATIREORELZ T L2 L
EHEL TV ZEND, HTHEEORIEL, HBEDITCTIIAERTHS.

o B
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- #31E  (step length) (%] 2.17)

RO L, WIZIHAOM AT 2 F TOEMEEZ AT v 7 (step) L\ H. —
AN N HRIIAT v T2 RT. ZOLE2OEAOHEMOERZARE WS . £,
DOAENE % #5FE  (step width, stride width) &V 9.

- BHEAR, AT A FRE (stride length) (1% 2.17)

FAROIRBE U, WIZEHRI O B3 5 £ TOIMELZ BEELSH D WIFA M T A R
(stride) W95, ZDOE EDRMIOMEMOIRZ BEESAEHHVIEIA R T A FREW
9.

Stride length

Step length Step length

Step width

—F —F

Fig.2.17 How to measure step length and stride length

- 7% (walking rate), 7 A 7 > A (cadence)
HNLRFRI S 72 0 OB EBITRH D WIET A T A LN .

- Z1T7H (walk ratio)
HIEASITR TR LIZ b OEHITHE WS .

N

N

« A MT A RHEFE (stride time)
1 ARTA RIZO»5FME A ST A4 R E WD .

- RRIKEFERE (toe-to-ground distance), HRHERFEEHE (thumb-to-ground distance)
DFETEIE, BTHICRRDBME D D WVITEEDICHEAMT 52 L EERSNDH T &
b, DETERTICHTLHEIEL UTRRIKMBEBEN WO D, £z, WA IR
0 TR O R IR I ERRE O/ IME 2 — A9 7 > F 27 U 77 A (foot clearance) & %\
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X hw 7 U7 Z A (Toeclearance) &9 . JEfTHFSECIE, ERRMERESC7 v 27V
77 AOMEE, #S PRIEMAESIORE S MO & S ZEIRICITOND Z EBRZ V. —F
THELDPNEL, HMTHICOETENEZL2HE, BROKBEWVIRHNOGSETZ L
MTRBEINDLZ D, F1HEHRHEESZEESE L, N WRREEREE L.

- FEASTIBER L (stance ratio)
BLER T O ST IR O WF ] & HE oD ST IR & D b 2 A2 A8 SEBIRFRE EE & oy, 2397 O b FRPE
R, Yy, WONHEFRIZE U T D08, FMBARE 7R SI3EAIERMTRCRS.

2.3.2 I EBIFEHIFIE (kinematic parameters of gait)

HEEV PRI AT, BERAD 2 T OMENDEEN T, BiE D NF — Iz LT
. EEVFROHT TR, RT3 OB ERITEE (E—TarFry I TFy) A=
FA=F R, RSB 2 EE OB & ZRFRINCY 7Y 7 5. BT LR
LIEHAW SN2 BB PRI TO b ORH 5.

- Baf A AL

FIRDOABEE L, BMTEYI O T, Thehig - Jodh, SME - NERoEE) 217> T
W5, TNEDOMAEDEEINRVEMTH 50, EHEHEOBITITTHAMED H %~ 7 —
YIRHBIA . BT TIBIET (BB - RIS - RBE) OFEBIC Lo TITTbh b &
6, FIEBAEA A TIHEIC B W TEEREETH 5.

- (RS o> [alfiE

H AT T, BEEIE, ZORICE L CHEEEE 217> TW\D . (KR &5 o imEH
1%, BHEBTRIC 3 Re IR T 2 BRI T 2R EEEZHERT 5. Rk B e TET
WG OEEES) L 72D, KERE, IKE b RENIE L TRET 5.

- i o> TEH)

ANFEHIBTRHCEZ IR > T\ 5. BTHICEBIT DT - B - FOEGIROMEE & BEIRICE
T 5 HATHIIEIC KL, 3 IRoCZEMIC IR DBEOIR Y SO L DB E 2425 Z LA
MEREINTND[10]. £/, BEAEBRICEE LIRETYH, SITRO T RLX — {48 A
IMUZRNWZ ERHER SN TWD[IL]. ZDZ LD, Perry Hid, BORY 34T VR
— R L9250, WIS HERERER TIIARWEREL TWDHII12]. 72, BOEY O
FEL, NCEoTRESHERY, MATHTHEEISRS BELZZIT TWD Z EnRE S
TV A[12][13].
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2.3.3 IH EH)SIFEAHEE  (Kinetic parameters of gait)

HEE) )P T, B1Z 2L LS EERTH S )L OREIZIWT, AMTEEZ o
L. ATIC L 2BENE, S ERBEARFFLIEEERLOEZKEBEISELZ L THY, N1F
I, NT U ADLEERNLEDEKE TH L. BTN B 5 EE) /)R FEEIC
IFUTOLDRH 5.

-« IR 7] (ground reaction force)
AATIEENR, FRUAEN 20035570, B, TEO@ESNC X 2873 X OMIE I

DOLRR N THD. EH - KIEAHOEANZ LY, SIHFETREN#EM L T & &, KE
BIOTEROHERET] - fil#) ) & L TRIEDN 2 =T 57 L RFED D, #MEmnrbRE
LTIERT 5. ZhvaRi v, BIEICIZIRK /15T (force plate) ZHWHILD. —
BN 7R R EHE, BITROMURICE S —UREBR VPRV 6T, KKSHD
=Hm5sr Qs 7], WHS R XOEES ) ORECIER A, EH v 2351
FoRkporzenTcEs. KENIMENDEKEIZLDHELZ T D720, —KANIAEET
E#bEN 5.

« 43 4R  (plantar pressure distribution)
BT R IEISIND D ES) 340 & RIEE A & o . BRIEEREICIE, 7 AHTHR B
WENZ Lo TERT LA L~y 2RO RFREAEES, Wz L CEEmg %
FORT DALE, FFBRRIEROCHIZR ERFIH SN DS.

- Bt — A > (joint moment)

FRESHFICBNT, BiIBKRIERL, 2ORNELTRRDPEET D, 2D L X
WER O DA HET DL LCTHEEIT— A M3® 5. BT — A2 MIFEITIND
DN RIS E LD LT — A 2 MIXHT L CTEHENERO B FRET D H1OE
— A M THD. EEHFTTH- THIRKIINT ML & BB O BRGNS0 X, )
JFRHBEICE VBT — A FE2ERIICE X 5 2 &N T, BEHEIEAY TEDOHBEN I
HEEL CWADEHEETHZ N TES. LanL, BfEit—A MCEVHEETE HA0E
Bi37c & X TEBESIRFFHEOE— A M EWORBLNTE T, BRGLBEIFHLH
LY EICEERIIZ EOFHRPMIEE L TWA0EAHTH L. Fiz, AMESEfIAR Eox
BRI K DMHEEDHET D 2 L I1XTE 220,
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2.3.41H AFAGIEEE (physiological parameters of gait)

AR U 7o 22 RORERIEY « SEE)RY - E =) ) PREEEE OIS, ABREEIRIC X 5B T
WHERD L. LLFICHBIToTIcHno s ERAHOEIEZH T 5.

- IS ENENL (electromyography)

A DAL PRI BLEE (T F © AL A ANEEVENL & VD . BE & TRk D T O fiEE) 4 &
BHEST 2 ZEIEIARETH D0, MHTEEIEAIC X > THMRRE A MIERRICIES 2 Z &7
TE 5. 5??3%‘“0)’%%@ X, B, BITHE, B, Fin, MR SR HEAERD
73, BRATIZR T 25EMEFOIEET 2R, TEEEITITBAMED H 5 /3% — 1R
5315, Battye Bl i&%%%‘@fﬁﬁﬁ%ﬁ@%ﬁ@/\&»*/Z%éa\*ﬁLfb\é[14]. HATH O TS
BEMAZWET D2 LT, ZAENOFHIER) L T AT 8 1] o IR B0 e KA e
W DIEEOHEZ D Z LN TE D, FEENEM OFHIITEICIE, B NI B
LA ZA T L RFEREICEBEZRV T2 4 7R b 5. EEREIZIY 1724
A FIIFRETH VLR TH D0, WO 2 H 5 HiEE & w1 KR35 2 LI
TR0,

- % & (oxygen consumption)

TRV —IHE L BITONEEFARDT2DIC, < OEITHE TSI THOBRREE &
PEERE LTHWSND . HEREEICEK T 2 =3 F—RE TR 5 DML rm w1 ¥
—Tbhd. LBERTZINF—DOKREITED L L TEIRISNIREYNIFR TR AbN
TR LIS/ T L EIIRET LT RLF—TH L. YN REYEIEZT> T
WHA, WEHEEE 1L %720 %) 4.83kcal D= RLF—RNFAT S0, —ERRINICH
DHFLTo L T OMBHERELZIET D2 LT, MEMICZXLE—IHEZ RO LI
L. FHANZIERER AT A E R VSN D . BRI A0 CTlE, FEREHRD T, ZOR
BEMBRELZNE L, BKOBRRE L OENORMNT 5.
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FIF  HITIlEORIENR LRE

KETIL, BET 4 — K ZHETFIEDOTATHIEIZ OV T, JefTHFZEIC B8 THE
RSN TWRWIREIZHOWTHERT 5.

34 BRI+ — KNy I HIEFERICET HETHRE

RS D Z ENHELWA COARBIS 2, R - BRER - fRRICT 0 — I
DI FTHZ BN T T 4 — KRy 7 L, T g— Ry 7 SNl AEEICHIET S
L ERBDLDIERTHZ LT, ARBREZACHETE L0125 2 EBWMESR
TWb., 20X 74—y 73X "B T —2a Oz WnW TSI T
B, SR EFRTEBAZEBPEEE, EERAEE, H2r0EE, AP0 EEZIEL,
BATHIZ Y TIVE A BMZHEEINZ 7 4 — Ry 7T 5 FERZHRE I TWD. £
7o, ZOXDREBIERT 4 — RNy ZIFEOTATHRZ o752 LIk, 20
AR A - 5 A & & H[15]. Stanton H1%, F LR ONIAL, &7, HITES 2
%P & LT EEN R, 150, AEERRIERE D 7 ¢ — RNy 2B 5 22 DM AL ERER
WA LT 24 FaSChEMEH L TA X217V, 7 40— Ry 7 JIITE A L ofRE
WL DA E D B RPKRE L, ZOIRNEHINHMER S D 2 L 2R L7z[16].
IFWHET 4 — RNy 7 I FEOBENEZ W O35, £, ZEZ7 41— R
ANy 7 HFRFEOB BRI D RGE, MW HBRERE, BEMEORESE 74
— KRy 7 HEEEEOEREZLTICRT (R3.1). ZOENOHBEET £ — K3y 7 I
VAT AELTIE, BESTIONRH LIeBRRIIMICEE T 28 61TV TV A[17].

AL R Ly RINVEHWIEHBITHT 4 — Ry 7 2 27 A[18]

TREDIL, RAEBREZRRE LT, by RIABRTHORE B2 R 25 2 &
THATHHZ BUG U, 2245 M oD SERIRE ) 22 F I~ 2 TR S 2 7 L &2 BAF L T2 (X 3.1).
ZOVAT AT, JIEME U TR OSTIIRERT, B & U CREMABE O ST IR &
REL, JIHEICRRT S, FIE ITREED BAREICE S KB REET 5. 2
AUC LD S X B OBREOLELIERIFNELFENT H 2 ENARETH S.

Real-time induction
of stance phase

A Stance phase time of unaffected leg
= (Target Value, Moving average)

__—Stance phase time of affected leg

s Ratio of stance phase time

EE - r (affected / unaffected )

Setting asymmetricity of —
““treadmill belt velocity x

Fig.3.1 Visual Bio-Feedback System of Gait Phase in Split Belt Treadmill (Reference from [18]).
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* A wearable system for gait training in subjects with Parkinson’s disease [19]

Casamassima DI/ X—F Y IRBEHEZ R E LT, FHBITRRO 74T X, HiE,
AT, BTOIETE, Rmpojglh, 7 V7 7 22 BF L, FRNCHKRE I BE L
FREDOMEEZ B L LTHRREDOTZODI A7 ZHH L, SHART 7V r—vavic
LoTERSNIEEFA v =V 27 4 — Ry 73573 AT L &2BFE L TV D
(X 32). ZHICTEY, ZOTATHIHBEDY AL LRESOUWE, FFHRIEDERE,
NEERBEDEEZ AR E LI E21T 5 .

Headphones
for auditory feedback

= ‘J Smartphone .\ >9§7
with the ABF :

User Automatic gait
corrects/maintains Performance
her/his gait evaluation
behavior
Real-time
\_y gait
analysis

Inertial sensors

Fig.3.2 A wearable system tor gait training in subjects with Parkinson’s disease (Reterence from [19]).

* Gait retraining using real-time feedback in patients with medial knee osteoarthritis: Feasibility and

effects of a six-week gait training program [20]

Richards DITEMERBEASIELEZ X2 E LT, Ly R IWBRTR O 2 BEEKF A
EZ2EEL, FIMFECHETEICT 4 — Py 75 2K A7 22 L TnD. =
D& &, BRMERBEEEEE I ISATROBBESNIZE— A PR REWZ b, KRB
PWIMEE— A > ORI E—27 & 10%B) S 2 BB EEAEZRIEL, ZhahH
FEE LT .

External
rotation

Left foot ' ©, current FPA

Fig.3.2 A wearable system for gait training in subjects with Parkinson’s disease (Reference from [20]).
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Table 3.1 Visual Bio-Feedback System of Gait Phase in Split Belt Treadmill (Adapted from

. Training . . . Feedback
Previous study . Handled gait variable Target gait
subject method
) ) Step length, o
. patients with . Empirically .
Hirokawa et al. ) time of double ) Visual,
bilateral ] determined based on i
(1988) [21] . supporting phase, . auditory
knee disease ) current gait
walking speed
) Affected foot load )
Shimada et al. Skeletal Appropriate load as .
i measured from pressure o Auditory
(2000) [22] disorders o ordered by physician
distribution
Children
Ledebt et al. ) . )
with Ground reaction force Symmetry Visual
(2005) [23] o
hemiplegic
. ) Presentation of the
Iwata et al. Hemiplegic . .
. Foot contact pressures paralyzed side Tactile
(2007) [24] patient
ground state
People with Trajectories pre-
Banz et al. neurological Hip joint angle, defined for each Robotic,
(2008) [25] gait knee joint angle individual by visual
disorders physical therapist
Value scaled to the
) ) ) trainee's segment
Krishnamoorthy =~ Hemiplegic . .
. Lower limb joint angle length based on the Visual
et al. (2008) [26] patient .
gait pattern of a
healthy person
Ota et al. Hemiplegic o Value of healthy leg .
) Lower limb joint angle Robotic
(2011) [27] patient (Symmetry)
Ando et al. Hemiplegic ) Value of healthy leg )
. Gait phase Visual
(2011) [18] patient (Symmetry)
Cadence, step length,
Casamassima Parkinson’s gait speed, gait A specific target set .
] o Auditory
et al. (2014) [19] disease asymmetry, trunk by a clinician
flexion, clearance
. Pseudo . : o :
Tomigawa et al. . . Lower limb trajectory  Free walking without  Visual,
hemiplegic . . . .
(2016) [28] fent and gait cycle pseudo hemiplegia auditory
patien
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Training Feedback

Previous study . Handled gait variable Target gait
subject method
Fukuyama, . . .
: Hemiplegic . Visual,
Ikeuchi (2016) . Ground reaction force Symmetory .
[29] patient auditory

. . . Presentation the
Kimura (2016) Hemiplegic Ground contact of the L .
timing of foot contact  Auditory

[30] patient sole
to ground

. . Decrease the first
) Patients with
Richards et al. ] ) peak of knee )
medial knee  Foot progression angle ) Visual
(2018) [20] abduction moment by

osteoarthritis
10 %

3.2 WRDOHBET 4 — RNy 7 FIBICK T 53RE

3.1 DopAERND LI, BET 4 — KNy 7R FIEORIENFSE TIE, R R
FaIFERRE L THDEHONREZ . FREEE OSRREEFICET 2 00ME2H I Tk
D, TNHEDOZ LML FMESEORRE L THA RBREEOLELAIENTERD 5. E
BUC R RS 26t & LoV AT AT, BAEME U CRUAE O <o /2 At FrbE oS B i
EENTEY, @IS B OF RN THL Z &b, BAROMEE BEE 35
ZLIFAEEMADOFEHEAEEZEB L TWDHENWRD. FDD, RBATSRE L
AR CIXEEEOREIIES TH 5. —J, FBLUANOBERES 2 Ox5 L
L7eiFgEcld, SRICEAT 22/ T2 AW L0 H O U E SN EE BAZE &
LTV HDONRE. 207D, BRI TZOITIZFAMN 23N LB D, Mm%
VP EHEEAERET Db WA GEE, FEE L EOBBNSE 2R TRONE
il (Bl IX ) WD & THDHN, IFBBABRRZRTRE, Bl x I X@mmE D EFE
DEEJEZ ML THITT 2 2 LI ERMAMARE <, @B TIERy. ZofMENLE
TR CIE, EHEDOBRNRY = BRI EDOE T AV FRIZEDETCAY—) 7
L7AfEZHIEE LT D HORH LD, REESEOIMESBIZN L TEEI AV M
ZRIET 5 2 LR BY COBRRIMEBET 5 EBENTIER. 2O L2 I1HEkD
FIETIE, AR CTHRE LTWS, SEICET 25288 & R4 L3 23, 3
BN ISE Y 2 BRI AT 9 2 SIXTE ARV, Lo T, BIEE XA SEARED “fi”
EHIELTHOTII L, ZOBRFIZEEND R 23 L ICBREERET N
5.
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FIE BRFBICELIFHOFE

Bt 7%  (machine learning: ML) &%, EEOEEOT —ZIZEHEN L/ — 2 « FFHH
Z, TOT =200 HEBNICFET D FEORKTHY, 2 OT T XLNFET .
M= N T HRE  (artificial intelligence: Al) ¥ A7 A EBLT 57200 1 DOFETH
L. HEE T T Y XLZE, RELS ST THMAR LFE, Hiid 0 5E, mbsEn
FAET D, 7220, BEFEITHEMARLFEICEENDI EWVWIZR HbH L. bk
WFEFEPS, ITTWEWF A7 IS CCHl LI FELRIRT 20E R H D, — kIS, #
fliZe LPENEY T 2820 o7 LIRoTHEME, Hhld 0 5383 L UG, b8 3o
7z LI sN D (4.1). RETHE, RENREREE 7 LVIT) XLLENLOE
PR BRI OV TR 5[31, 32, 33, 34, 35, 36, 37, 38].

Artificial intelligence  Human interface, Robotics, Expert system, ...

Machine learning

Unsupervised learning Neural Network
k-means, Auto-encoder, ... .
Deep learning
Supervised learning Convolution neural network,
Support Vector machine, ... Recurrent neural network,
GAN, ...

Reinforcement Learning

Support vector machine, ...

Fig. 4.1 Classification of Artificial Intelligence.

4.1 #HE%G LEE (Unsupervised learning)

FEHOMNRLRDANT =2 LT, T 2HHN7—% (HEh) RE526hTEDL
T, BAONEANT —FDORICESEFETLFELZMR LEE LD . Hille Ly
B, RS — 4 1 b AEH A HE 2RI L, BT LT\ ERE 52 5 £ 9
W EINDZ ENREL, RILZ TAZY VITRRTHIBIZHCLNS.

4117 75 A XY 7 (Clustering)

T — X 72 LT, (EEOHEEOT —Z B OMLE D 2 WIFXIEHELE 2 TFH1»0 I8,
NOEZWSONDOY(T TRAZ)NZITN—T53FT2HEE7 TAZ ) 7 L) (M4.2).
7T ARY T FREICNE, REL DT OB, Z 22 ) 7@ 220 7
Nbb. £, BEERSMICLD 7 TAZ Y T FRERDD. 77 A2 1) 7OFER
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BELIBEINTEY, EBER Y 7 2% 1 7121 k-means <° k-means++, k-medoids,
k-shape, AV XV )Ny T AR Y 7 WEM T 5 X421 o JICIXEERE A e A .
FEEHE, U4 — RERP=a2—I %y NUV—7O—EThHHHECHMbE~ Yy 7R ERH
5.

Cluster 0
°. o .'Clusterk
et e **J. «Clustern
., ‘.t ol Clustering ° e

el Cluster 0 Cluster n
° ° [ ] ° [ ] S e

Fig. 4.2 Outline of clustering.

4.1.2 78 ®RTHIE (Dimensionality reduction)

BIRILT — 2 DIEFHAE TE L TR DD, RWRILIZY vy B 735 2 & & RItHIE
L) (M43). RWKRICIZTEHTHZ LT, FHESENM ETHE BT, @MU/ A
AEBRETDZZENTEIUETRRBEOR ENYIFFTE 5. WITHIB TR TR 08T
RWBTEE RN, BIZHBI O R ERd 5.

Dimensionality
reduction

"

New dimension

Dimension 2

Dimension 1

Fig. 4.3 Outline of dimensionality reduction.
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4.2 i HEm&HYEE (Supervised learning)

EEOKG L 725 AT — 2K LTHIST B AT — 5 (HA) 25X BRTHY,
AN M OBBEMREFEH T 2 HiEZHAH 0 FEH L vwH . Hiid v FE 2 RE o0
L&, WADBKEBIEOY G L ERHEDOHERH Y, T HiE s BREE ()
WCHWHND.

4.2.1 7 53¥ERE (Classification)

SHEMETE, M7 =2 LTANT —ZICHIGT D0 TANREZ 6 TEDY,
AN EMNTOBREFE LT, ANT—Z0RFHET 57 7 A2HET D20BET V2B
T 5. ZORE7 T RATHERARETH Y, — AT L EEEN D, MBI k-
RIBESRS =2 —T NV Ry NU—2, FU X LT VAN, B R—FR7 v il
DHAVHENS.

DHEEOFIE LT, FEEXHETORBELIHTOND (K44). 00D 9 FEFTOFEX
LENEBT —2 L LTHEZLNTEY, BT =200 e T 2MFICHE LI ET
5. ZO%E, WEET MEIEBRT — X E AN, TNENOH T AN E LTHEEEITD.
ST T AN 2 OO EE 2MENHE, 3 U L0 EESESFEE NS .

Label Data set
0 000 0000Qeap/002 000
1 " T T T DA I A B T I R B
2 ﬂJlJJJl?ﬁQIJ;?lJTraining
3 3323333325533 83333
4 He r9Ya49 Yy Fyadqd g8y Classification
S 55 5835555857585 57 model
6 bbbl bbobaeéébtel
7 TI7777 707901 2F 777
8 ¥ F®E d P FEPTTYIFRUCD
9 $99999%494%494999
(a) Building a classification model using machine learning.

Input Output

Classification
model

Unknown data Label

(b) Classification of handwritten numbers.

Fig. 4.4 Using machine learning for the classification problem of handwritten numbers.
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4221 [EIFHIE (Regression)

EIRAIE T, AT —4% & LCANT —Z IS 2ii e EREN 52 5Tk
D, AT =21 T 5N ERELLS FHT2 TFHET VE2HEET 5. BURREICIE,
BRAN2R|IERC=a—T N Ty NI =0, ZAR=REERERHNLND.

EREEOR & LT, BRE QBN DIEMOIRERZHET IMERXT NS (X
45). »HHAOFEERE L FHKIRE AT, EMONEREL T E L TEEEITY, T
WETNVEWEST D LT, TALEIT RN E S FHRIROAEZTGT 5 2 & TEY
DOUEREE TRIT 52 LN TES.

Data set
Precipitation Temperature Yield
(input) (input) (output)
112.3 15.2 7,763,000 o
106.1 15.7 7,762,100 Training
117.5 14.7 7,845,100 Regression
124.5 13.9 7,542,100 model
99.2 17.6 7,638,100
(a) Building a regression model using machine learning.
Input Output
Precipitation Temperature . Yield
(input) (input) Regression (output)
model
122.8 16.2 7,772,800
Unknown data Predicted value
(b) Yield prediction.

Fig. 4.4 Using machine learning for the classification problem of handwritten numbers.

4381 #IE%E (Reinforcement learning)

HLEZONTEEMTT, RESINTEHMERRICT DL BRITHZROTH L 0I2F
B s HiEZEmbEE v, b E T, bV FEEO L ) IChEERHNITE A5
T, ITEERRZ B L CFEE T AT RLAHONENEH AT HLE DD, RERE
b5 Fik L LT, Deep Q Network [39]72 &3 5.
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448 RKRENCRBPEFELER
AHITIE, ARERREEN 2 LEE, bV FEFIEL ZOEELRERIZ OV TR,

4.4.1 T k-means ¥&

HEfs LRI L DI EREAL Y 7 A2 ) v T OREFEN L TIEE LT kmeans IERH D
k-means {EIXdRTTnH DY S VD = {x;,,x,}, x; € Ry%, T — XM OMELINEE RJE
2, MM UCDEDTKED 7 T AZIZHET5H. 2D MV OO REE % B
REEZW).

KT TAZDREEL DT MVOEEEM ={uy, -, T 5. BEHORESS b
ANZELT D7 T AL (Ba ) AfE%) 2Mu)E 35, iFHDOXT S bx; M (u)))F
BT 2 ErERTIFELERK g 1 TNE DD X O IZELRSIND.

1 (x; € M(u) D&
qu =
0 (2nLUstoBL

ZDE &, k-means IEOFHBRITIN@.2)D LS ICERESND. Z ORI OH D Z
Lh 7T AZNEEEY- ST (sum of squared Error: SSE) &Y 9.

n K
1(qi, wy) = Z Z it A, U2 e 4.2)

i=11=1

2L, dxpu)iF 2 2ORT MAHOBEETH Y, BHEREZ=2—2 ) v N T 5
e, R@IYDEHIIckEnD.

Ao, up) = 1o — U]l 4,3)

2 OFHTBIRICIE, g b wICBT B RGEEAEEN TS, wICBT 5 Rilikix, X(44)
IZ4E>THT 5.

0/ (qu, w)
aul

Zl 1 qaX;
21_1 qi1

= ZZ Gu(xi =) =0 > U = S (4.4)
Tirbb, £7 7 AZORERT MVIX, OV TAZITIFET 57 MIVOIWERT K
NERD. RN, ZOFHRT MDD Z L EELODINTE b A REWH . EE
Km,%km%ﬁﬁﬁﬁﬁk¢é®mﬁbw®f,MT@i5&7wﬁUXAT%ﬁM?
L. Tl ,:®%EMTwﬁUXA®W%%im%ﬁ AT HDT, BRI T iR
EAGD T DT, PIMEEEX CEITTHINERDD.
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VI nflDORT MV ET U Z DZKE O 7 T AZIZIED 550, TEnD T T AH
DELEZRD, uyy 1=1,-,k)&T5.

(1) qu\cBAT 2L E4TS. OF 0, wEETEL, REEHq, %@ 5)IHE > THRE
T 5.

1 (k = argmin;d(x;, w)* D&
i =
o (rrestoBs)

Q) wIZHET 2RELEITO. DFV, quEEEL, HiwZ2R (440> TRET
2.

(3) FHMBIH DM A NMURT 2 FE T (V7 AXITIRBET D27 MAZEENRRAEL 2L
725 FT) RO Z MY RS

PEEEREEICIX, =— 27 U v NEEEEOMIC, <~ T ) U2, F=bv > = 7R 5
g (YA FEEE) , DTW BREEZ EXAW G, #1957 — % OMEICE U CREER B
PEIRTIVNEND D.

442 BhHYRFEEMETE(Dynamic time warping: DTW)

W RHNT — X G b LCHMiR LB L0 T AXZ ) I &24TH5BE, LLTOHER
DN OMBHEWNTIETICOWTEETHINEND S.

Sl IV R S A

VR A

« ZODKRINDO R SN ERDLGE

- RERINC R FAET D56

c RANOTARIZEL TN D23, HHES DR D55
INHDMED S BT 7 & ZODRERINOR I N RR DG EEBET 57201, k-
means {EIZIVCTHREER EE & L CEIRYRFMEHMEE (DTW) BRBEM01A WO D Z &0
5.

DTW BEBEIL S DORERFIO AT O ROMAE OEIZIIT 5 B LSV TR 741 %
ERR L7- & 212, BRBEITHI DG & fE 5T — B v 7 X 2 D FEREER A /s & 72 5 73 2 O FhE
MTHsD. 2FV, ZODRRINT —X2XEYRH D EE. EVOEBEROLETOMAED
HIZHIT D HEEETHNER(4.6) TR i, HEEETHIOMEGZfESY — B 782 W 28D
<bhd., Zokx, DTW BTG TR NS,

6(L,)) = |Xi — Yj| ...................................................................................... (4.6)

P
DTW(X, Y) = minz 6(Wk) ........................................................................ (4‘7)
k=1
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443 k-Shape ¥

k-Shape IE[41IZFERANT —Z DA —1) 7L LULy 7 RB X OIS 7 M
THITARY T FHETHD. k-Shape D LK & LC, BHEER FEIZ Shape-based
distance (SBD)Z= 5 Z & &, BT RL b L THERYIT — % OJE K H (Time-Series
Shape Extraction)3 & 5 .

SBD I35(4.8), (4.9), (4.10)CEZEIND.

CC(x,¥) = FTLF(R)F(P)} vvrerrveesrmmesnee e, (4.8)

CC(x,y)

NCC, =
JRo(x, %) - Ry (,7)

SBD(x,y) =1- maX(NCCC) ...................................................................... (4.10)

ZOORRIN O EAAR] (Cross-correlation: CC) &K 5. WITH EAARRINEZ LN E i
DRI A SRR O RT3 Thr L CIERE SR EFABINCC 23R, NCC DK
ERDAT v I AL ZDMEEKRD D, SBDIF 025 2 ODMOMEZE LY, 0lCiEVEE
DORFRINTFALLL TN 5.

7 I AZRDELNY bV ERD D IZDORRINT — Z O IRFHNIILL T O TITbi
%.

CC(x,Y) = FTHF(X)F(P)} oo (4.11)

k-Shape 1% k-means O K 9 1T B I LV KRRINT 7 T A Z ZHID ¥ TS,

WL  nBORT "NV ET U X BNKED 7 T AZITIRY 53, ENENDY T ADHE
LDERD, w (1=1,- k)T 5.

(1) BEFRINAE S T AZDELRT MLEEEL, &LIITWELRT MLVDOT T AKX
IZEID TS,

Q) 7T AXDELY MVETHTD.

(3) LRI E 7 T A X IFIRT BT MIVITEFENIEA Ly, KERERD R E
L7 fEIC T 2 £ TRV IET.

4447 7 T RAZEOREFE : =/LR—1k (Elbow method)

k-means {£*° k-shape {572 & TlX, 7 7 A B EH O CORETLMERH L. ZD
7 T AZBITRMEMITR S, RERICITZ 7 A B SETHE, BLTWDHZ T RH
A THET20ERHD. ZDLE, JITAZKERETDHFILEELT, =R —
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A2V Ly MER ERDH D, AETIHE, TAR—EICONTIRAS.

k-means {£X° k-shape £ Cl, 7 7 AXHN+H5I1TMT 5 L, SSE A L, —EM
WK BEL. 22T, TAR—IETIE, 77 AXEERENES WL 12 SSE O H3
NS T2 B 7 T A B i@ 7 T A ZEE LTHRET 5.

445 ==2—7/)VRXy FU—7 (Neural Network : NN)

Za—=INxy bU—=2 (NN) &iF, KEIITMOMREREIEE O 26 LB T
NDZETHY, Bk 5HEHENR LFEOWGFIZEEND. AHTIE, ==2—7b
Xy NI =V B HET HICH > TEELRERIZOWVWTHRRD.

« RX—t 7 ~u v L EEE

N—t 7 e Ni=ma—T 0%y NT—7 ORbLIEARNL2T VI XAATHD. —t
TR K 4.6 DX ICEEOETEATE LTRITRY, —oOEFEHNTS. 2
DEE, ANMEDHZANTIEE N, HEOHZ I E WS . E£7z, FEEMENRT 5
FArhoma—nrERE —REWn) . =t F o OFHBELAHIIUTORITRER

nfEHDO AT MEx 1%, TNENH LD UDRE SN EHw &t RRENT-OBITIE I
L. 0%, EBbENEL, EEOBBFOICATITLZETHIyEHs. 2L X,
w; A (weight) &V, bZ/SA T A (bias) W9, F£72, BRSO ZIEMELBIS
(activation function) &9 . BHEAFFZEANEEOHNITHTLEEEEZRL, ST R
FZD /) —FORAKOLLT EERT. K46DLHITANBEHIED 2 @ THREK S
L=k hr BNt hrr S —RICEMAN—8 T b e T, EE(E
BB AT v TEEDI e NS . TEMCEEIZ AT v TEEE WIS —t 7 b e
VT BERTRE 7 2 E MR Z RS Z E N TE D0, K& L TRIESBER AT
REEICIIHWD Z R TE .
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Input layer

[

Output layer

Fig.4.6 Structure of a simple perceptron.

FIETBER FTREZ2 B &2 iR < 7212, B N—k 7 ho o A)E s HhEomMIciE %

BEGBIN % T51ED

b5,

Zokx, BshiEEYRREES D WTENE E VY, ZO

SRELZBR—t T ar by (K47). £7-, HAHED ) — FBRKRBEOE ) — RITH:

G

VA FEE EOIERIEBEBE AW ONS.

Input layer

Intermediate layer
(Hidden layer)

Activation
function f( )

. function f( ) -

Activation
function f( )

)\./ Activation

Intermediate layer
(Hidden layer)

Activation
function f( )

Activation
+ function f( ) *

Activation
function f( )

Fig.4.7 Structure of a multilayer perceptron.
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FRDO XS EFHET L, &/ — FTHEESNDEIZH LT 1 OTDIEFICFH R BT
bihvd. Lied>T, NEED/ — FOHIMERIE, N-1gHD% / — FTitRE I HIIIE
FEANELCEHEREEINS., 20X I AD»LHAIZmd) > TEFIZES Ml 5 L 9 7
FHEZERFE (feed forward) &V, JEEIECHE SN DXy MY —7 ZERERMN R v F T —
7 (feed forward network) &\ 95 . IEEEM LSO kL LT, BRxry U —2 (Recurrent
Network) 72 E03&H 5.

AR O FIETIE, EAENAL T AEIH LD UDRETILERND LM, W& ET5M
W, FRCHE T BEAR FTRE 2R IS X U Tl 70 B A & N A 7 A% FEI CIRET D DI R A]
BRCTHhd. 207, AEMMICKRERERE N, T AL FETHLFENPLELRD. =2
—INRy U= L=t 7 b a AT XN S TWRVDA, — RIS 722 &
RENRAL T AEHBTFET AR~ Db =a—F L%y hU—Z L) 2
EBRZW. Flm, =a—TFNA 3y NT—ZIZBWTENZEICR 726 0% — IS HEE

#3#  (deep learning) &9

- 1EME{EBE%L (activation function)

=a2—J Xy NT—=7IZBWT, ANMES ORI LTI E 72 138 E 2 H
EATWHII T 2 B850 = & Z1EVELBIs e W o . FERIEREWZ1TO 2 LIT kD, HMR
ARSI OBARIC KSR FTRE R KR ET VAT 2 Z LN ARE & 72 D, ETo, &EED
TEMEACBEIEIT NI T 2 2 E NE G BN RIIND 2 ENZ0. RERRIEMELE
Kol LT, 7% R, tanh B, ReLU B, Y 7 b~ v 7 ABBIZHOWTUT
RS . ETATEHELREBOAN T LN ORE RS 7T 7 2 4.8 12T

(@) A7 v 7B, B AT v 7B, BEEYES% (step function)
27w PRI, FICHMAA—E 7 b ofEHE B E L THW S, K4.14), X
48a)TEREINS.

_ (0 (u<g0)
f(u)—{1 (> 0) 77T (4.14)

27y TEBIFIANDR 0L TOHREIT0 AL, 0 LV REWVEEIZT12HhT5. O
F 0, EMHALBIE DO AT EDERIOEEGBIZB T L2EAMEANT) LA T ZADOMTH
DT EMD, BEAEOEIMIE ATORIRG HEIME (N4 TR) L RKEWEED )
— K (ma—ny) OFKEEHTLZENTES. LML, NNIZBIFDERENLT A
OREGEL T, E7AVOBRERBOE NI T 5584 ) — FoARZ W6 D03, K
48@MHMNDE DT, AT v TBBITIFEAEDANNIH LTARN 0 THY, #MHoR
ARECH D728, EAOEHFNTERV. ZTD7H, NN TIEAT v 7BEEBAVWLRLD
Z L.

39



(b) 7 A FE%%, =W 7T FE% (sigmoid function)

Z=a—FNFy NU—7 T, O RAEERIGHALEEE WG BICE A LN, T A
DEFHPITZ2NE NI DD, & TOAIMEICK LTS ATRECTh HIEREY 7 A K
BESFI E D, v 7 EA FEEITHEE OIEHACBIEC BRI T 5 @ oig
PEALBEIEBUC W B D Z 2. Y 7510 REEIEHAE.15), K 48b)TRIND.

1
flw) = T ool T (4.15)
TEA REEIZIATID/NEVIELE 0, KEWIEE LITHHET 5. L LI AT
SWNFEZITRKREWIGE, AEENIRY 72 < 0122 < . F72, Al O KMElx 025 E/hE 0.
INHOZEMND, FFZEEDO NN CIRAREARMEZ5 S Z L, FEMET 5858
NHD.

(c) tanh B9% (tanh function)

I EA FEBEOAEDRKMEA/NE WD I X 22RO BN S, FiEE
DOIEMEALBIZLIT tanh BISHWB D Z &3 5. tanh BT 71 FES L FIERIC 2
TOATNTK LT AIRE T H S, FEHER 72 tanh PIEIT(4.16), X 4.8(c) TR IND.

el — ot

.................................................................................... 4.16
et +e™t (4.16)

f =

tanh BABUI A DN/ N EVIE -1, KREWEE 1 ICHET 5. v 754 RO AR DR K
23025 THAHDIZK L, tanh O ABLORKRMEITZ 1 & REWED, > 7EA FEKE
el U T O A Tz W E W ) B A H o,

(d) ReLU B%% (rectified linear unit function)

VT EA RSP tanh BECCTITAEEERBERBAET 25608 H5 2 L6, NN Tl
T JE DTG ML BIEC ReLU BAESH VB D 2 L A3 0. ReLU BIEUE(4.17), 1X] 4.8(d)
TRIND.

0 (u<0)
u (u>0)

fa ={

ReLU BAEUI AN 0 L FOHGEIL 0 2], 0 LV REWGEIIANEEZ LT 5. 1272
L, EXTIIATINR 0 DL EZMOARFRRETH D72, NN TIIEEAINZANN 0 DL ED
A% 0 &35 Z L%, ReLU BEUIA NN IED & S IXFIZHABL 1| THDHTD, 4
FCVE RIS AE LT < & O FFECPFHRL S LM CRLER 23 I &y O FRH & 7o,
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(e) Y7 b~v 7 A%, EHLIEEEI% (softmax function)

V7 b=y 7 AT EICHBEREO SISO N DIEHEEMTH D, Y7 kv
AT @18)TEHREND. RBiIIFiI FHOAL=a2—a Ol niZHNNEDO AT =2
—nrOEEREL, B TIEANEFOREEE, SRIEIANESOEEEEOME R, L
ﬁofy7bvv72%ﬁ@MﬁiO#%l®ﬁ%kD,if@mﬁ@ﬁul&&é.ﬂﬁm
BHEME2LL, ~HOEFEOMEEZ 0 & LI EOMGOANNERIIHT DA OBFKEX
4.8(e)ITT.

SEMECBN TRy NV—Z OB TOAND=a—a ¥k, #7323V HE T 5.
L7z o> T, BREBICBWTY 7 b~y 7 AFEBEEGT 22 LIk, 173 OfRELR
HT 22 ENAlREE 2 5.

u;

e
flu) = ST (4.18)

e

(H) TEZEE%L (1dent1ty function)
TEERELUI EICRYRME O KA ICHW O L TEE LR TH Y, @19 THREND.

f(u) E R R T, (4 19)
10 10 [ — ] 100
. / -
06 061 / 025
0.00
04 041 / -0.25
| -0.50
02 a2 / -075
00 00 { ——— -1.00
-100 -75 -50 -25 00 25 S0 75 100 100 -75 -50 -25 00 25 SO0 75 100 = =% o= 40 1 2 34
(a) Step function. (b) Sigmoid function. (c) tanh function.
/-
/ / /
(d) ReLU function. (e) Softmax function.

Fig.4.8 Relationship between input and output of activation function.
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446 H BHAHB==2—F)Fy FU—7Z (Convolutional neural network: CNN)

AIH TR BEEBOHLD =2 —F Ny NU—27 TlE, T—XOBRPEH NS
EWOHENRH D, B, BT —F OSBEMBIC SN TE R D56, BT — & 13t -
B Fx 203 REIRTHLDIZH L, EfEE T 1 RITIRICERT 5720,
B OZERAR R AR > TLE D, ZORMBEERT5FEL LT CNN 2355, CNN
DR E LT, BHiAFJE (convolution layer) & 7 — 1V > 7@ (pooling layer) 723&% 5.

< BIIATR

BAIABTENE, EBALERIZI T D T 4 VA B E [FRROLELCTH 5, BHIAREEE1T
9T ET, FEEOHMEIT Y. BAARBIIEAR NS T AL, ZOERET—F
v (kernel) E721E7 4 4% (filter) &5 . Fiz, BHRIALED M) % —EHIZFE~ »
7" (feature map) &9,

B 4.9 [ZEAIARFEBEDOEI Z T AT —2DHA X (fit, #, Tv > 21V) 1% (4,4,
1) THYH, 74N EHAXF (3,3,1) ThDH. BHRARFETIE, AT —FHNDT 4«
NEAPAREE LN A ZXOFER (VA RY) ICEENIFEREI—RVOEKE TR %
FEHL, TROOMERDSL. TOMBHICE TS 1 20HEELRD. £, AT —
ZIZBWT A U R EBEIL, AROLEEIT). ZOLEXOBBEOZLEEZARNTA
REWH . AT —FNOEFIR T OWLIREITH 2 LIC LV BHRARFEEOH IR HES
na. L TREIC, BonBRAREREOMTIORBERII AL T AEZMET 52 L1
XV, BHRIARBORT) (R~ v 7)) 2155, vB, 74 NVFHTAXRA T A RIZA
NT—=ZIZEDE UEEICEENARETH H. CNN OFE T, I — RV OEHLE LU
AT AZBESE, FHEEMHICEY 2 7 — 32725 X O ITRiE(b3This.

i)
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Input data

Size (4, 4, 1) Kernel (weight)
Size (3, 3, 1) Size (3, 3, 1)
1 (2|3 ]|0 Size (2,2,1)
210 1 210 3
0|1|2]|3 Sum| 15
x| 0|1|2]=]0]|1]4 2
310 (1|2
110 2 310 2
213|101
Stride 1
—)
112 (3]0
21011 4101]0
01|23 Sum| 15 | 16
x| 0|1 |2]|=|0]2]6®6 =)
310 (1|2
110 2 0|0 4
2 3 0|1
T2 31 Output
> o1 > 1ol 3 (feature map)
o[ 1| 2|3 Sum| 15 | 16 | + bias 3 18 | 19
x| 0o|1|2]=]0]1]4 =)
310|112 6 | 15 6 |18
1|0 2 310 2
213101

Fig4.9 Processing in the convolutional layer.

[

- T=U T

TV U TREIE, AT —ZIZBWT, 5 A XOFEBORFME AT HETHY,
HARNA T AR EDFEINDNRNT A= ZFn. 77— 7@, EHERICE
T HRBEOWN LG DEAIZK T D /SR MEZfECR L, FHEREM 2 8 2 %E %
o, REWRT—V I FEICMax 7 — 1 7% Average 7 — U I 03b 5.

Max 7 — U v ZIC L BB OB K 4.10 (28T, ANT—2OH A X% 4,4,1) Th
v, EHEHROY A XX (2,2,1) THD. £z, ANTA NI2THD. Max 7'— VU 7
T, EHEBRNIZBIT 2R RKELZRFRESL LTHhlT 5. HEHERE A N T A RO537E
TR S, FRRICEREEZHET 2. A7 — % ORI LTl 217 o 7o/ 503
Max 7 — VU 7 OHI1THD. —J7, Average 7' — VU > 7 Cix, EHMBEEKNIZET 5
EAREMEE L Thith 5.
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Fig.4.10 Processing in the max pooling layer.

4.4.8 TH CNN@B#%ﬁU?—ﬁmwmﬂ

WS FEORMBE CENTREF S ENMON TS, £72, AROKE (5
?:t@fr%%ﬁg-ﬂﬂamk%@@f LB 2 a8 ME) 2RO Z LD, RERYIT —X
W2kt LRI 2288 ST 5. Ti B, #E - 8] - Befi 2 FE OB {42 %F L C CNN %
WIS L, BIRIATED T — R THE - B - REREIDT O 3 ROt ORI AN T 5 2 & &
MR L7-[43]. £, BHOIIZEERSRINT — & OZELHE O BEME ) b R & & i 9
L1202, 3F ¥ RNV DOT —H NI RGB, XYZ 422/, Lab 22 % FIH L7
BAEWZITVY, CNN 2 HWTHEE T 5 HIEEZRE L72[44]. Zheng HIX, ZEERRYT
— X OEERIIH L TEAARBERT, TN ENOEHIHE L f¥E LMt 25 07—
TV E BRI 5 9 % multichannel-deep CNN  (MC-DCNN) %248 L 72[45].

ST v FVEBEIA =2 —F VR N T —72  (Multichannel-deep CNN: MC-DCNN)

¥ 4.11 {Z MC-DCNN <7 /L Ol % 753, MC-DCNN 1%, 4 &RERFIOFE BT LT
ERNCFE LT B IMAREIT L o TREEI 217V, e R THEHIAHZEDO ) %
a5,
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- Convolution |_,| Pooling | | ]

layer layer

Fig.4.11 Constructure of the MC-DCNN.

4581 —a—3J)LRy FIT—UETILOEMEFE
—RENZ =2 — TRy NU—7 72 EOBTE T T L OMERERHMINE, RMDOT—XI
ML COREZREL L TTbd., TR0 d b & EORMT — X Ik B
ZEHET D HMZR T T a—F 1%, FTA L TWAT —Z D—E 24l > ThE & 2o A 3
—RT A= TETNVEFEL, FEICHOTWRWIISL 727 — X 23T D05 %2 FEHl 9
LHETHD. —EITIE, @&@%”%#%TwﬁﬁfﬁﬂT LT DR E D D
BWVET ORI FEE 2 O T ANRIIND. 2oL, FEICHWD T — 2 &7
At >~ & (training set), RHT — XX T HREFMHO T — & ZHRiEHE »~ K
(validationset) &\ 5. F7z, oot A XOT =2 EEEHNTET LVORFEZHD
KRUIESE, ZOET/MIMGEA > Mt L TEWVREZFFO L 5 ITREIES /A 73—
TA—BEREST L ERETHY, REEAE Yy MCHIRFE L TLE S /IEEMERH 5.
T, JIHEy FEBEERAEY FEIFBNZT A My FEHREL, BALET LOM
REZ RACHNCAHI T 2 2 L BME L 2 5. REITIE, —MRIRET VORI FIEICD
WTIR 5.

451 A—/VF7 YU FE (Hold-out method)

AL TWNDET =B+ 0E, m—V KT U MELEWI T—X5EIFIEIZE -
TET VORI ATTOND (X 4.12). =L K77 METIX, T—% & v k&I
Yty FERFEAE Y b, TAMEy MIREILTET LORE L ﬂﬁﬁﬁbhé.%ﬁT
DHENEITRE ISR D DAVIAEIT 20 A, —RICIIMREEH Y FET A by FE2ZERE
NERT —ZHD 1 ~2FNERET DT ENRZU.
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Data set

Training set Validation set Test set

Fig.4.12 Hold-out method

452 Kk-DBIRRZERREFEYE (Cross validation method)

AN RUVWERBD BT VAMEE T 572 0121E, TELHETREWY A XOFIHA & v
FNERWTFEEEITHOMERSHDS. LinL, Fﬁﬁb“(b\éT*&éﬁﬁVJ\fcﬁb\%é\, =)
K7 o METEBIEAE Y hOYA XN/NSL R0, HREOHEEDEAENKELS DL, T
DO E fifRT 5 Tk E LT k- \$|§C;E*§{>um{£ng7)é (4 4.13). k-ZrFIZ2ZEMRREE Tl
AL TWAT—X2DI BT A My ERWeT —2 % kflOT—4% & v NS \ilﬁ‘é.
ZLTC 1 HoTr—4%%y ety b, k-1 HOT—% %y bEFIHAEZY hE LT
FHEEAIT) . kO BIRERGREIT KB AR—V R 7 U MEX Y BB TH LN, iz
T RN SEKICHFI L TREL RDZETHY, A= F X=X DR &1T
DL EBET D EFREIFHEAKEIHEMT 2 ZERRATHD.

Data set

Training set Validation set Test set Score 1
Test set Score 2
| Representative
score
Test set
Test set Score k

Fig.4.13 Cross validation method

453 V—TJUUT U ME (Leave-one-out method)

A LTS T =X D3 Mmic 7 WG S, k-0 B EREEEIC B WO TREEAE SIS £
ﬂéT*&ﬁ%l&Lfﬂﬁ#ﬁbﬂé._®$%%)—77V77F%%6wﬁ9¥7
A THEENS.
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4.6 HBREEOSITHRAAOLATR

N OEEY 5 U T b8 238 3 2 0P85 5% < ST 4. Martinez-Hernandez ©
XU =7 77 VENE P OREMEE CNN IZ AT L CTRITIEEhEZ ML, —k~ra>
W& WD THRTREM O T 24T 5 72[46]. Lau DITAATHIE L BHOB & 2 R~ T
4y 7Y ERANCTHEL, VR — X7 X —< B HWTHE E5, BB TR,
H, EORBIOFORD S SOBITRMEZ S LIZ[47]. £72, Begg OIFEFRE & mn
F O basic, kinetic and kinematic gaitdata Z | E L, VR — h_XT7 X —< T 2 HWTEREH
L EE DBIT NS = D EAT -7 [48]. Lo L, BEE &2 AR ORI EIG L 7
WRFEITEB) OB AE B E LI bOn% <, RIFFETHE LTS K 5 sl
WIS LTV DRI 7200,
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F5E SWHMEAEZEZERLESERI4—FAY
DlES AT LDOBE

BB I KD H RN EEBR LICHEE T 4 — RNy Z IS 27 L OB 2[4
501, 2O AT A, £TIIRE OEBRIFRIE & ) FRHEEN DR SN D A &
BERT =2 HWET D, RIS, FANCFEEFHLOBRESNEET VAT, ZEEBRT
— X OB 7oy THERIBRLR |, E35N LI L 725 TFEBRARRRE ) 20
T5. ZLT, BEDETTUNDEORILE U8 a T U, et R 2 2K ic &
AE Il LR HBENEERET S, T LT, SRBBNEZmG L, HEFHRE
LCAMEICZ 4 — RN 755, JIEIXT 4 — KNy 7 SNTHBERENR 2 S51C
BN, EBMNICATOSREZTEST S, U EEZEVIRTZLIChY, JIFETag ok
Kz BERBRE ) 1TES< KO ICHET 5.

51T, BEIML AT L THODFHIBEERIZOWTIRR S, 52 fi T, ABFZETH
OXGR &35 THEREE] & EERBRE] OERICOWTIEND. F/z, 53HiT
SEBHRRT —F OF - ERRIC O TR, 5.4 8 CTHRE 2 72 @\ﬁc DT
WD, Z LT, SAHCTHRESEET VNS EORI L U7 R IC AN
DIREIWZDNTIRR S,

Camera of motion \—I

caplure system

P Marker

Three-dimensional
coordinate of marker |
' Treadmill with
) Built-in force plate
Provide feedback Setting the t ¢ qait with ref
; N . in r it with referen
to the trainee Measure the multivariate gait data etling the target gait with reterence
in real time to the features of the ideal gait

Fig. 5.1 Outline of gait training system considering physical individual difference.
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5.1 #i HELEREKES

c KRIFINIRT 27 v~ Lk h Ly RV (7 v 7 Hlk (#F), HPT-2200D) (X 5.2)
BRIV AT LTIE, SMTRES KO TROIRK N ZET 272012, EHEOV RO
FEICROIEHENE L7 b Ly RIAVEHWD. MLy RIVERKIFIOMAARE K 5.1,

52187, Py FIWE~VL MEHEZEABNCHIEATRE CH D, £z, RKIFHILEL

Ji (X #h), mitcdrm (Y @), BRI (ZEh) ORI E 3 EE Y ORKIE— A
N EHERRETH S .

Fig.5.2 Treadmill with built-in force plate.

Table 5.1 Treadmill Specifications.

Walking surface size Width 400 mm X Length 1910 mm
Speed range 0.0 —30.0 km/h
Speed resolution 0.1 km/h

Table 5.2 Specifications of force plate.

Fx +3000 N

Fy +3000 N

Fz +10000 N
Rated capacity

Mx +5000 Nm

My +1500 Nm

Mz +1500 Nm
Analog output scale +10 V

Resolution of the AD conversion 16 bit
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< R =R TENVEMENT > A 7 & (Natural Point Inc., OptiTrack)

RV AT LTI, BTH OIS OEB PR A 3T 272012, S =kocH)
VEfRHT S 2T K& AN D . ZOREEITRINRET AT (K53), ~7 (K54), KE~—70
(K55 ICX-oTHR SN TEY, BEEORNMED A I > TRE~— D 2 HRET 5
Z LT, B2 UORE SN RO JFRITK T 5 KO~ — 0 OFEIE A FHT 5. &
53RV AT ACTHWZRIMED A T Otk E R~

Fig.5.3 Infrared camera.

Fig.5.4 Hub for GigE connection type.
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Fig.5.5 Reflective marker.

Table 5.3 Infrared camera specifications.

IR LED wavelength 850 nm

Horizontal viewing angle of lens | 70°

Vertical viewing angle of lens 49°

Camera resolution 1644 x 1088 pixel
Camera Frame rate 30 - 360 FPS

5.2 fi AWFFRICE T 2 BBRBE L B HENBEDESR

TNERICEE O 5 R T o (RFRELI, SEERAC IR R 4 B AR R BEEE, T8 )21
WITIR IRRBEE— A v b, B PRICII BN E I B KET 2 N TN5S.
MR T RRH AR X D BBEA~O BN NS T X, EACHE LR TE L TRO LR
L. L, EPRRE LS Lo TEANOFHAGMHAZEZ D & mllES) &R0, HITIlRN
WBEL 72 %, BMNGEE)NC K o TA T 2 AR ORI 72 B2 1%,  BLIISCR 51 o0 S22 e
DIKTF, 2ETERVREBOY X7 DK, SMTEEOKT, MEEOKT, =X/ F—H
BOWMKRENDD. @inE D% < ORENE, BITHOooFFEICTRNT D 2 & AHE S
NTW5H[49]. Lo T, EN#EO I QOL D ED7=Hi2iE, DEFTERImTME DY X7
OERPEERMETHL LW D, KL TIE, TOETEICWHEE] 23O LEN
o TEAHARE ) L TERL, [DETERTVWHRE] 23R LETH L [FEEAHM
A7) L LTERTD.
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538 JEEDOLEESET —F OME

REVAT AT, WEEOSEE [DEFT I WEE] FIR [0 FFTE0T VR
TS, OE T, W R RS £ IIEEY IS 2 L ERSN
B8, HHERMEHES NS OHIARWZESF T ENRBET L AREENE N EEZ XD
Mo, EEEGIE, INETAE - THRAEE R M BRRE OB O c R 2 MRl & R ic R n
DR T2 2 L AWE L, @i OfHERMEHOK FiZ 5= oMt 4 &
D5 L AR LTZ[50]. ZO7, BATHOMFRRMERZHEST 2 Z L2k, FIEE
DHEFEEDETERLTIOBENL T DL LN TE L. L LRns, SEDEN R
HRAR BB D A E S A, A ITHRR S 2 R R N S I AR PR ) BE R oD 7 & 7
0, B IR TP R AR Rl B S S 2 b (B 2E, %R & RSN OB 2
) CTIHMOLENAZERECTE 5. WERRHO% FIZoETEDOV A7 2L T L
DTE LN, HLZEEDOIKR T2 EOREN D H7-O#b) Cidewn. LeRn-T, Ly
AT LTIIER A RBRRE BN DR SN D ZEESTT — 2 EHNT, DETELT I
BT & T 5.

BHE BN S0 2 BOEBNE Perry DI & - THE SH TRV [4, 12], Ao E O
B, ME, BiF%FEE, FHEOBEORD B, %HiAk, mI%E, siF%FREE, ~
oy 2emi T RE, RBAEI O+ 7)mdh, WO, PAME, AL, BRI O
oy Edh, ORI hE, ®hig, N, RESOWEOKEE, S, RO
Rt-gyreffe, WEOMENRO HND. BIGESIC K> RS D Ko, kg, B
o, KRB, RIS AERRETOIEK L LTEETHDS. AR TILIIHDORS
e LT, EBFBLEND b OMEICER L, @SB FBLE DR IIZE B
L7z.

5.6 ICHEESET — 5 OWEOBEEZ 73, SEIEA, FEE 3R ITF R b
Ly RIVEZBEBRBITTS. 20T, BTHPOKRKII3EGE MLy RILICHES
PR TRIET 5. £z, PR =ZWCEENT A7 L2 T, JIfEoy
RICELE SN~ — O 3 WGTEREZFHIT 5. 2 LT, ESNIRERYIT —ZITH L
THUAE 2TV, FESBICHVLBALEREZRNT D, €Ok, FHRERLHIGHIC
WG L, ATHIE R 5. AR TIE, FImaREE R, 177 mARERH J7 1 T 5175
ELEEBITT — X L ERTD.
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Camera of motion
capture system
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0.70/0.73(0.81/0.71f = = = |0.81 | Sagittal angle of trunk

0.89(0.81(0.64(0.54| * * * |0.64 | Frontal angle of trunk

0.91/0.78/0.91/0.86| * * * |0.91 | Sagittal angle of hip joint

Three-dimensional
coordinate of marker

Variates of gait
P —— ]

0.26/0.18(0.54/0.72 = = = |0.54 | Right Fz of ground reaction force

Treadmill with
Built-in force plate

Fig.5.6 Measurement environment of gait variables and generation of multivariate gait data.

5481 VT NEA LRBEENSE LIIEBENSEOBAZELER LS

DEOEREL LT, TOETEIKWER] L TOETE0TWHRE ] HOSRL &
ORFME (B ZIXFHME) 23573, I M H ERAEAZPFET D720, REMD
VP LR REETH D LIIRL2 . D), FESH DRSS Ul L1
EEMETLILERSD. LNLRND, KEEEZRET DIDD/NT A —2 ORI
ThHY, JFHANCHEOKLORE S ZWET DMEND HT-HOEMATIT V. £2T,
AIFZETIL, EEOREEHDOT —F DNF— 2 LEEMEEZHE - 8L, T—4DJ T 2%
ST DM EET VEROWCTHERENET .

FABTHENLELOIC, BRARELE T —V > 7T E2FEE L= CNN (TR RE
ERFEDOANTIT — X NONLEIZHTT D NA MEEFFD. F72, MC-DCNN 1%, £Z &k
RINTHANNT— 2 OEEMIT, L rgdhHaR 2 78 5. RIFJE Tl 5 2 A E&
KT —21%, FIFMBBEEREITKHGE L, 177 MDD St ind 2 228 Rk R 51 & 7
BRI ENTE L. CNN OFRtEN D, SEEBERT — %% AJ1E LT MC-DCNN % H»
THEOREE FET D &, BHREEITHICT 2 BHALBITEAEITE L7 Fs
ZHIHT 272007 4NV EEFEE L, =) T IEE ORI T AN A " MEERES.
BT, BEGEIL, SHERERICKHIGT DEEDEAZBOHNZH T HEELDOR
H, TROLBITNHSLHER LB OBERZFE TS, LR ->T, MC-DCNN Z M
CEERBITT =22 FEHTHZLICEY, MTHBHET VITMEANZEEZBE Lo EE2T
O ERHIfFIND.

KIFIETIL, FNENDOT —HZRA L N [OFFXICSWEE ] 75 RAFRT [oF
TERTWHE] 7 T AT NANTF ENTEZEESET — 21> M & T, MC-DCNN
WBERDEET NVEMEET S (K5.7). BRI CIE, JIE O EEBHBRT —F 2 HIE
L, U7 /W& A LT MC-DCNN BEGHE T /VIC AT L CHIE OBEE ToFF&I12<
W] I [DFTERLTWERE] 77 RTHET 5.
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Gait variable 1 Convolution Pooling

| layer layer
Gait variable 2 Convolution Pooling
layer layer Fully connected layer
Input ’ ‘ Output
Multivariate . . . c | Class
gait data —] Concatenate [— Dense layer [—> of gait
Gait variable n . ;
Convolution | | Pooling N _
layer layer

Fig.5.7 Model structure of MC-DCNN for classify gait related to stumbling. This model learns the filter of
the convolution layer for each channel of the multichannel time series, and combines each output of

the convolution layer for

5.5 i HBEDKBESE I LLSRFHENEDO TR

BB BT 280 5 BLRFICHEG Y EO ST ICBWT, EEFEETANANT —
HapHT DL EIS, HBEORME LIERENPEN T D ETT 232 FENHEE S
T D . JBREE 43 HT[51]X° Activation maximization [52, 53, 54], Layer-wise relevance propagation,
CNN X — 2 OEFE M~ » 7°[55]%° Guided backpropagation, Gradient-weighted class activation
mapping (Grad-CAM) [56]72 ESEIREINT WD, T b O L ) 7RG BIEITEH
REANZAT I TV D DS, Bl T — &2 SRR A NEHE ) b B O Rz ot 2 B THW S
o2 en%<, EEFIBA~OHIZEIT D . BGSEET AN ED XS Iekida ¥
B LI a2S T 572D bn TN D 2 ERE0.

CNN E 7 ADFE Ui, SPBORILE 72 D58 % AL 5 FiE 4, 2EBSKT —4
LOFETERT ICHT DSBS EET MEH LEGE, TorfifbInmnx I
FPTEELKWEE] HHNE [DFTECT VAR L LTHBELERIEERL TS
ZEMB, TNO ORHEEFT 2 IME B HE TS5 2L T, [DEFERTWEE] oREE
729, [DEF S WEE | O E- T X 5 IZAIRsTThns LM T 5. K
WHIETIE, FAEOT L FEZ MC-DCNN BRESIHE T VIS5 Z L1285, HRrE
NZLZZE LB RHBENR IR FIEEZREL, TOAMAME/RFT5.
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Wi kL R I VOB PR =R TCEERTEE O A T 12 B4R E Lz, £72, 4
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BB EICEE L (X6.2). &FQ)TIE, EBiAE X ERGRTE R X OV A O T
s, EREEICEY LA O, BEEHICES T A IR 2 AR L (FX
S S RBERT, EIRE LRI = 25— My b D (K 6.3). &5 TERT
NHETIEELRSE SHME >7-%, by RV % 120s BT Uiz, FEERET [
ZHIXL, BEERICHE, FEHEPOEESBELEES) LERLE. £5M4ICEB
WCEBRIGHFEOHBSITEARICT 72012, ERBHDEFO Y EERS MLy RI L ED
L EHERF T2 X DI M by RIVOBEE HEAOICHIE U7, JRAERBHERERE & R THE
IZBWT, &~ —h O ZIRGTIEERE & RT3 50 1% A ORI 5 & ST EfigpT 2
ZHAWT, TNENY 7Y 7S 250 Hz THIE L7, RITHREITE SR> & —m]
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Ground reaction force

Three-dimensional
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Treadmill with
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Fig.6.1 Arrangement of infrared cameras and treadmill with built-in force plates.
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Fig.6.2 Marker placement.

Elbow brace
(L/R)

Knee brace
(L/R)

Fig.6.3 Motion restriction orthosis (load applied to muscle and limited joint movement).
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Fig.6.6 Results of the elbow method and determination of the number of clusters.
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Fig.6.7 All the thumb-to-ground distance classified into each cluster (grey) and their mean and standard
deviation (red or blue).

Table 6.1 Representative values in the mean of the thumb-to-ground distance before normalization.

Cluster 0 Cluster 1

Local maximum value at
22.1+11.2 13.0£9.0

the initial swing [mm]
Local minimum value at
10.2+8.5 9.1£8.0
the mid-swing [mm]

Local maximum value at
100.0+£10.7 65.2+13.3

the terminal swing [mm]
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Fig.6.8 All the data of each variable in each cluster (grey) and their mean and standard deviation (red or
blue). X axis is walking cycle [%], and y axis is each preprocessed gait variable (left two columns:
trunk angle in the YZ plane, trunk angle in the ZX plane, right hip joint angle in the YZ plane, right
hip joint angle in the ZX plane, left hip joint angle in the YZ plane, left hip joint angle in the ZX
plane, right knee joint angle in the YZ plane, right knee joint angle in the ZX plane, left knee joint
angle in the YZ plane, left knee joint angle in the ZX plane) (right two columns: right ankle joint
angle in the YZ plane, right ankle joint angle in the ZX plane, left ankle joint angle in the YZ plane,
left ankle joint angle in the ZX plane, right ground reaction force X component, right ground
reaction force Y component, right reaction force Z component, left ground reaction force X
component, left ground reaction force Y component, left ground reaction force Z component).

61



648 DETEHBIICETEISEOSIRLMTFIZHT H2FR

ARETIE, DTW ZHWekilfEs 7 A2 V) o 7 L0 iREE#EE 7 7 A2 ) v 7
LT, ST 2Z2EELET —2% [OFTEITKWEE] 7T X, FF [2FF&ER
TWHEE] 7 RAELTTATT LIz, 22T, &7 7 RS- R Rt o
EHUERTO PG LA FAE A T 2 &, [OE T XIS WER 7 7 2 OHEMgIHIic#
ADRAEIE 22.1£11.2 mm, WERIFHENZERN D H0MEIE 10.2£8.5 mm, ERKHIICEKN
HREARAEIX 100.0110.7 mm THo72DIZKL, [DFEFTETVWRE] 7 7 2O HEHHIH
IZRADMARAEIEL 13.029.0 mm, W I RAL D M0MEIE 9.1+8.0 mm, WEHFEHIZER
NHMKRAEIL 6521133 mm Th-olz. —FH T, HHEH L Gl O R [ BRHEZ ik L
TeFex OWMEDFEFROFE R TIL, BHEEROER IR 2 WRMEIX 26.916.8 mm, ifF
I FR A 2 A/ MELE 13,1 14.8 mm, FEIFECHIC RN 2 MRKAEIE 99.9+17.6 mm T - 72
DITKE L, g ORI R 2 MRE I 26.1£9.5 mm, W HNZFR N 2 fov )Ml
1% 15.5. 273 mm, PEHEEICEN 2 BKMIZ 88.020.1mm Th-72[57]. [>FF X<
W 7 7 AOMBURH IS FERLFRETCHY, [DETEOTVWHEE] 77X
ORI IERE XS ERE L 0 IR 72. ST & OfERiriiE, MR EEE O T
<, M OBRBESCEEMICR S O ORIMEES), BHOEBEENICxT 58 EIC b
WEINDT2D, —BICHOETRBRELRIAT L LIIATRTH LN, WHERMEHO
B DAL, DETERTWERE] 7 T RCEENDIEEEBLRT — XX, G &
FEOOETEOMBMBEELHAHLTNDENRD.

X 10 05K 7 TACEENDZEBHRT — 2 OXEREOEHEE KT D L, [OF
FTERT WL 7 7 ADKE YZ FlEAEIISATRPEETIIL, 207 7 A0
IAMEESCTH S, Fio, MHORBREE YZ VA EXE T icsnwaohs <, g
HzkWnWTiIRE . £72, WO YZ Vi EARNERIC IS W T/ha <, #1
Pt & EFEINZ BN TR E W, S OIZHEIORK ) Y Bs 3 SE I BV TR E V.
ZOZ L, [DETERTWEE] 7 7 AOHEFE, W 3o TR B #h 23 R+
5y, EMREEIC BV CTRBEEIHREN R TH Y, BREMSIC IV TR BRI &2/ S
<, WEHHREHNCBW CTEBEEE R EN/NS Y, BEINAH N 2R L TWD. Fi, if
D R BIER ZX £ B OB &S ERE B W TORNES L, —HoT — 2 3R TE A
BIZBWTKEE L TWD. 2L, [OETERTWEE] 7 7 AIXE T 0 EREG1E )N
ARSI TS Z L aRT. Fin, FHHEICKRERETA O VL OO0, [HDF
FTERLTWHE] 7 7 AOKER (ZX VEIZBT D IRaARE, BB, M E,
It ) X 578 &) IIEERENRRE <, BlEERREWVEAR DS, 20 &, [
FTEOTWVWHRE] 77 AT, KBEERICIEY, KEEEZ LS 5 WIFSMESE T
WHBRNSZNZ EEBERL TN,

62



HTE  BEKMERZTZRET SHEAREICKLS
SERABEARERFE

FRERTFIETIE, AHE OBRE B LT EROEANZE L2 BE LT BRRFFEENE ORRR A
VETHDH. KETIHE, JIEOSLEESRT —XIZEEND CNNETANFEE L [
FTEESWHEE] 77 A2HLWVE [DEFTETWVWHRE ] 7 7 ADFHUE /LT 5 F
BEEREL, TOFEOLEIHA~OH RO\ TR T 2.

7.1 & {BIEKMEBEREZ RE T RO AR F ik

CNN £ 7 /U2 X B 0 ORI % vl 117 5 FIEIZ Grad-CAM 23 & 5[56]. Grad-CAM I3,
ANIATHN DB ERNE T T ADPERBRICG 2 5 EBE b — b~y 7 TrfbT 5 ik
ThD. WEETNANERHNC, EEOT—HE2WNWL D07 TR LSS, FED
7 T AAIHIET HHBE L — b~ > 7L I TOXTHLND.

L¢ = ReLU(Q (X,L(‘Ak) ................................................................................. (7.1)
1 a20¢

ay = EZZ GAT, T (7.2)
i t

ReLU(X) = MAx(X, 0)  «reerrreeemeeammmtammntasiia ittt (7.3)

ZIT, 037 T AclcxT AHAEOM I TH D, A IMEBOBHRIAREDRT v
ZOMNTHLFE~ vy 7 ThY, KITRRERDEBHARBO T 4 VEZFTHD. —KH)
7% Grad-CAM T, HEDBIFAFBRKRIGIZ/D Z ENZ 0. (LIRS~ v 7T D17 L
SN\DOFF, ZIZiEjOETHDH. £, RO L->TTZ T AcDkF H O~ ~ 71254
DEMEMalER BT D, wIZ, RIS K> TEMEKaLZ T Ui~ v 7 A% N
T2, 2LT, EMABEBRe LU DN 2 E e — b~y T LERT L. FHET AN
SYFEREIHIWT ORI & Lo AJATHIOBER OALEE, ZOREEL — h~y 7 &2 HWTH
HHNCEEATRE T H 5.

X 7.1 2R EMEFRITH CNN BT /UK LT, REMPBoligE N1, 5L,
Grad-CAM %3 L7z "3, TR 77 2H2WIE ) 7 7 AT @0 )
BT EE — by 7ZHHEL, ANEBREAKRT . TORE, ADHEHKIZEWY
TENENOFMPEMINTIY, SEET/VIFICESLE, LR E LThhl, %
BL, HEOMBILLE LTWDZENSND. K721, ZOFHEEZSEFSECHEN LA
A=V hRT. ARAFZEICEBIT D HEARDEEET VL MC-DCNN Otz L TR0, KHEEE
BICHT 5 ERAREEHT D72, Grad-CAM (T X D EHEIE, KERITBT 2 EEhah

63



HES OB OBIZRT L TETL, SREBBICHEONZHEEL — N~ v T 2F I
9 5. Fio, —MM7% Grad-CAM TliX, TNZhOt — b~y 7 ORKETH—t /Sy
TEEEIEFET DR, AL TIIANT —F OBFERMORMROMS 2 T 5720
W2, 1 DOSEEBHERT—ZE AN LTEBEO [SDFFTEIVEE] 772 [oFF%
RV 7T AW OREREDORKRMETIERILEIT D). AT TH DL ERBBET — X
B LRI D DD R BB DRI T — 2 Th D720, RS2 E e —
N~y T OITEFNIHATRMIT O/ LR EBITOXMERT. £/, b— b~y 7 HNEN
LTWAERTX, BHFOBFIZEEND [DETEICWHBRE] 77 A0 E ToFF
ERTVHRE | 7T ADKMAETYT. koT, ZOb— =y FE&IFHEICIRTTE L
T, AIHE I SN T D_RE AN, BT A IV TRERTE D, Fz,
PR SN RS A 2B IIME N B FOSFEREST 22T, [DFF IV
Kl 77 ADREERMTI-L, o [DETERLTWHRE] 7 7 ADOREAETHT-S 720K 5
AT 2 2 M TEDLEEZLND.

Position X Position X

C——— oooO /) C——— oooQo /)

Position Y
Position Y

o 50 100 200

Influence degree on Features that are grounds
classification output as dogs for classification as cats

Fig. 7.1 Application of Grad-CAM to dog and cat classification model.

Trunk angle in YZ plane

Trunk angle in XZ plane

Right hip joint angle in YZ plane

Variates of gait

Right ground reaction force
Z component

Example of Influence degree on
classification output of gait classification
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Fig. 7.3 Structure of the MC-DCNN model for gait classification.
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Table 7.1 Layer description of the MC-DCNN model for gait classification.

Layer name Layer description
Input 20 x 400 x 1 Two-dimensional data
Convldn_1 Filters: 32, kernel size: 25, stride: 1, padding: causal, activation: relu
Max poolingld n_1 pool size: 2, padding: valid
Convldn_2 Filters: 64, kernel size: 10, stride: 1, padding: causal, activation: relu
Max poolingld n_2 pool size: 2, padding: valid
Dropout Rate: 0.25
Flatten -
Dense 1 Units: 256, activation: relu
Dense 2 Units: 64, activation: relu
Dense 3 Units: 16, activation: relu
Output Units: 2, activation: softmax
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Table 7.2 Classification result of multivariate gait data and output of softmax function using MC-

DCNN model for gait classification.

Output of soft max for the  Output of soft max for the

Class Data point  Result of ) )
) ~ “gaitrarely associated with “gait rarely associated with
of input data No.  classification
stumbling” class (x107!)  stumbling” class (x107%)
1 Correct 9.9987 0.0013
2 Correct 9.9984 0.0016
3 Correct 9.9996 0.0004
4 Correct 5.3405 4.6595
“QGait rarely
5 Correct 7.5767 0.4233
associated with
6 Correct 9.9992 0.0008
stumbling”
7 Correct 9.9987 0.0013
8 Correct 9.8296 0.1704
9 Correct 9.9993 0.0007
10 Correct 8.1583 1.8417
11 Correct 0.0017 9.9983
12 Correct 0.0001 9.9999
13 Correct 3.9809 6.0191
14 Correct 0.0026 9.9974
“Gait frequently
15 Correct 0.0035 9.9965
associated with
16 Correct 0.0001 9.9999
stumbling”
17 Correct 4.6168 5.3832
18 Correct 0.0003 9.9997
19 Correct 0.6475 9.3525
20 Correct 0.0001 9.9999
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Fig.7.4 Thumb-to ground distance and each variate data for the verification of the influence degree

visualization (red is data point 3, orange is data point 4, blue is data point 16, and green is data

point 17) (column 1: trunk angle in YZ plane, trunk angle in XZ plane, right hip joint angle in YZ

plane, right hip joint angle in XZ plane, left hip joint angle in YZ plane) (column 2: left hip joint

angle in XZ plane, right knee joint angle in YZ plane, right knee joint angle in XZ plane, left knee

joint angle in YZ plane, left knee joint angle in XZ plane) (column 3: right ankle joint angle in YZ

plane, right ankle joint angle in XZ plane, right ground reaction force X component) (column 4:

right ground reaction force Y component, right reaction force Z component, left ground reaction

force X component, left ground reaction force Y component, left ground reaction force Z

component).
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Fig.7.5 Influence degree heatmaps on the output of the soft max function, which is the output layer, for each
class of each place in the input multivariate gait data (GRF means ground reaction force). These

influence degrees were normalized by the maximum value of each data.
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Fig.8.1 Target multivariate gait data setting method using activation maximization.
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Fig. 8.2 Structure of the MC-DCNN model for gait classification.

Table. 8.1 Layer description of the MC-DCNN model for gait classification.

Layer name Layer description
Input 20 x 400 x 1 Two-dimensional 7— &4 > |
Convldn_1 Filters: 32, kernel size: 25, stride: 1, padding: causal
Activation Activation function: tanh
Max poolingld n_1 pool size: 2, padding: valid
Convldn_ 2 Filters: 64, kernel size: 10, stride: 1, padding: causal
Activation Activation function: tanh
Max poolingld n_2 pool size: 2, padding: valid
Flatten -
Dense 1 Units: 256
Activation Activation function: tanh
Dense 2 Units: 64
Activation Activation function: tanh
Dense 3 Units: 16
Activation Activation function: tanh
Dense 4 Units: 2
Output Activation function: softmax
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T, 7AMEY bO2QEOT—2KRA LV " AL, BEI T AERFE L. TA My
MIEEND 20HDOELERBSRT —F KA > M 5 HF1JE O softmax BIE D H /1 & 45
HRRAER 2T, T—HRA L P33 X T0FFEICWEBE)] 7 7 RCHTHHAN
Db REL (0.999870), T—HKRA L b 16 1F [OFFTEFTWVWEE) 77 22x4 2
HAD b REW (0.999841). Tz, THRALBR10 E 131, ENENDY T ADT
—ZOHT, [DFFTEILWER] 77 2L [DFTECTWVWERE] 77 20H NN KD
INEW (ZFREH 0610133 & 0.996495). ZZT, THOD 4 SODEERSET — XKt
Jid D R R REEE A X 8.3 127K L, 80%7 5 100%D&FHIZ I 1T D kGl D IE B LR

Table.8.2 Classification result of multivariate gait datapoint and output of softmax function using gait
classification mode.

Class Data point Result of

softmax Osoftmax
of input data point No. classification rarely frequently
1 Correct 0.999844 0.000156
2 Correct 0.999867 0.000133
3 Correct 0.999870 0.000130
4 Correct 0.999792 0.000208
“QGait rarely
) i 5 Correct 0.999854 0.000146
associated with
6 Correct 0.998480 0.001520
stumbling”
7 Correct 0.999794 0.000206
8 Correct 0.999506 0.000494
9 Correct 0.998228 0.001772
10 Correct 0.610133 0.389867
11 Correct 0.001384 0.998616
12 Correct 0.000224 0.999776
13 Correct 0.003505 0.996495
14 Correct 0.000206 0.999794
“Gait frequently
15 Correct 0.000281 0.999719
associated with
16 Correct 0.000159 0.999841
stumbling”
17 Correct 0.000349 0.999651
18 Correct 0.000455 0.999545
19 Correct 0.000378 0.999622
20 Correct 0.003183 0.996817
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Table. 8.3 The maximum non-normalized thumb-to-ground distance at the terminal swing.

Fig. 8.3 Normalized Thumb-to ground distance for the verification of generation (red is data point 3,
orange is data point 10, green is data point 13, and blue is data point 16)

Class
of input data

Non-normalized

data point thumb-to-ground distance of

Non-normalized
Class .
) data point thumb-to-ground distance of
of input data

No. the peak in the range No. the peak in the range
point point
from 80% to 100% [mm)] from 80% to 100% [mm]
“Gait
“Gait rarely 3 141.14 13 80.01
) i frequently
associated with ) )
) associated with
stumbling” 10 93.91 16 59.84

stumbling”
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Fig. 8.4 The Mean of each variate of each class (the dotted red line is the mean of the “gait rarely associated with
stumbling” class, and the dotted blue line is the mean of the “gait frequently associated with stumbling” class)
and the each variate of the original data point 16 (blue line), and each variate data point generated based on the
data point 16 (red line) (column 1: trunk angle in the YZ plane, trunk angle in the ZX plane, hip joint angle in
the YZ plane of the target foot, hip joint angle in the ZX plane of the target foot, hip joint angle in the YZ plane
of the non-target foot, hip joint angle in the ZX plane of the non-target foot, knee joint angle in the YZ plane of
the target foot) (column 2:, knee joint angle in the ZX plane of the target foot, knee joint angle in the YZ plane
of the non-target foot, knee joint angle in the ZX plane of the non-target foot, ankle joint angle in the YZ plane
of the target foot, ankle joint angle in the ZX plane of the target foot, ankle joint angle in the YZ plane of the
non-target foot, ankle joint angle in the ZX plane of the non-target foot) (column 3:, ground reaction force X
component of the target foot, ground reaction force Y component of the target foot, ground reaction force Z
component of the target foot, ground reaction force X component of the non-target foot, ground reaction force Y
component of the non-target foot, ground reaction force Z component of the non-target foot).
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Table.8.4 The maximum and minimum values of each non-normalized gait variable and the minimum value
of the non-normalized ankle joint angle on the YZ plane of the target foot in the range of 80% to
100% and the minimum value of the non-normalized ankle joint angle on the YZ plane of the
non-target foot in the range of 40% to 60%.

Mean of the multivariate

Original multivariate gait data of “gait rarely

data of data point 16 associated with
Gait variable stumbling”
Non- Non- Non- Non-
normalized normalized normalized normalized
maximum  minimum  maximum  minimum
value value value value
Trunk angle on the YZ plane [°] 9.40 2.71 3.22 2.29
Trunk angle on the XZ plane [°] 12.70 -0.17 2.85 -3.19
Hip angle on the YZ plane of the target leg [°] 3.66 -24.49 7.84 -20.12
Hip angle on the XZ plane of the target leg [°] 15.68 -4.03 3.43 —7.67
Hip angle on the YZ plane of the non-target leg [°] 0.78 —28.32 8.28 -19.82
Hip angle on the XZ plane of the non-target leg [°] 6.14 -10.92 7.50 -3.49
Knee angle on the YZ plane of the target leg [°] 36.34 —0.40 59.19 -0.32
Knee angle on the XZ plane of the target leg [°] -9.97 -34.12 3.26 —6.39
Knee angle on the YZ plane of the non-target leg [°] 47.20 8.77 58.43 -0.74
Knee angle on the XZ plane of the non-target leg [°] 19.55 3.51 6.53 -0.41
Ankle angle on the YZ plane of the target leg [°] 14.43 -10.49 16.72 -8.84
Ankle angle on the XZ plane of the target leg [°] 152.40 75.18 43.58 -71.20
Ankle angle on the YZ plane of the non-target leg [°] 12.05 -12.04 17.24 -8.32
Ankle angle on the XZ plane of the non-target leg [°] —-48.02 —-145.09 72.38 —42.00
Ground reaction force X component of the target leg [%)] 20.12 -8.42 8.89 —6.26
Ground reaction force Y component of the target leg [%] 16.98 -8.44 18.22 -18.26
Ground reaction force Z component of the target leg [%] 127.18 -4.15 123.39 -2.90
Ground reaction force X component of the non-target leg
%] 10.61 -20.82 6.18 -8.59
Ground reaction force Y component of the non-target leg
%] 11.27 -13.09 17.78 -19.22
Ground reaction force Z component of the non-target leg
(%] 128.27 -3.06 123.04 —2.75
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Ankle angle on the YZ plane of the target leg in the
range from 80% to 100% [°]
Ankle angle on the YZ plane of the non-target leg in the
range from 80% to 100% [°]

1.86

0.59

-2.21

-1.20

Gait variable

Generated multivariate gait data

Non-normalized

maximum value

Non-normalized

minimum value

Trunk angle on the YZ plane [°] 9.77 2.75
Trunk angle on the XZ plane [°] 12.67 0.27
Hip angle on the YZ plane of the target leg [°] 4.07 —24.68
Hip angle on the XZ plane of the target leg [°] 15.73 -4.94
Hip angle on the YZ plane of the non-target leg [°] 0.78 -28.32
Hip angle on the XZ plane of the non-target leg [°] 6.22 -11.03
Knee angle on the YZ plane of the target leg [°] 43.04 -13.27
Knee angle on the XZ plane of the target leg [°] -9.98 -32.55
Knee angle on the YZ plane of the non-target leg [°] 48.88 -4.22
Knee angle on the XZ plane of the non-target leg [°] 18.86 3.67
Ankle angle on the YZ plane of the target leg [°] 19.83 -16.15
Ankle angle on the XZ plane of the target leg [°] 143.36 73.16
Ankle angle on the YZ plane of the non-target leg [°] 11.68 -11.42
Ankle angle on the XZ plane of the non-target leg [°] -45.16 -138.63
Ground reaction force X component of the target leg [%] 20.09 -8.75
Ground reaction force Y component of the target leg [%] 17.48 -8.61
Ground reaction force Z component of the target leg [%] 128.31 -4.04
Ground reaction force X component of the non-target leg
(%] 10.75 -20.67
Ground reaction force Y component of the non-target leg
(%] 11.36 -13.32
Ground reaction force Z component of the non-target leg
%] 125.33 -5.00
Ankle angle on the YZ plane of the target leg in the ) 1615

range from 80% to 100% [°]
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Ankle angle on the YZ plane of the non-target leg in the
range from 80% to 100% [°]

- —-0.55
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Fig.8.5 Softmax function output QS°Ft™M* yerqus input and its derivatives. The number of elements of
the input vector was 2, and if one element was set to 0, the output of the other element was used.
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Fig. 8.8 Each variate of the original data point 16 (blue line), and each variate data generated with and without restriction
based on data point 16 (red and green lines are data generated without and with restriction, respectively). (column
1: trunk angle in the YZ plane, trunk angle in the ZX plane, hip joint angle in the YZ plane of the target foot, hip
joint angle in the ZX plane of the target foot, hip joint angle in the YZ plane of the non-target foot, hip joint angle
in the ZX plane of the non-target foot, knee joint angle in the YZ plane of the target foot) (column 2:, knee joint
angle in the ZX plane of the target foot, knee joint angle in the YZ plane of the non-target foot, knee joint angle
in the ZX plane of the non-target foot, ankle joint angle in the YZ plane of the target foot, ankle joint angle in
the ZX plane of the target foot, ankle joint angle in the YZ plane of the non-target foot, ankle joint angle in the
ZX plane of the non-target foot) (column 3:, ground reaction force X component of the target foot, ground
reaction force Y component of the target foot, ground reaction force Z component of the target foot, ground
reaction force X component of the non-target foot, ground reaction force Y component of the non-target foot,
ground reaction force Z component of the non-target foot).
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Table 8.5 Maximum and minimum values of each non-normalized gait variable, minimum non-
normalized ankle joint angle on the YZ plane of the target leg in the range of 80% to 100% and
minimum non-normalized ankle joint angle on the YZ plane of the non-target leg in the range

of 40% to 60%.

Gait variable

Multivariate gait data

generated without

limitation

Multivariate gait data

generated with limitation

Non-

Non-

Non-

Non-

normalized normalized normalized normalized

maximum  minimum  maximum  minimum
value value value value
Trunk angle on the YZ plane [°] 9.77 2.75 9.96 2.77
Trunk angle on the XZ plane [°] 12.67 0.27 12.58 0.78
Hip angle on the YZ plane of the target leg [°] 4.07 —24.68 4.45 -25.03
Hip angle on the XZ plane of the target leg [°] 15.73 -4.94 15.78 -5.81
Hip angle on the YZ plane of the non-target leg [°] 0.78 —28.32 0.76 -28.31
Hip angle on the XZ plane of the non-target leg [°] 6.22 -11.03 6.85 -11.10
Knee angle on the YZ plane of the target leg [°] 43.04 -13.27 42.84 —7.15
Knee angle on the XZ plane of the target leg [°] -9.98 -32.55 -9.94 -31.39
Knee angle on the YZ plane of the non-target leg [°] 48.88 —4.22 50.34 3.03
Knee angle on the XZ plane of the non-target leg [°] 18.86 3.67 18.39 3.71
Ankle angle on the YZ plane of the target leg [°] 19.83 -16.15 19.49 -14.17
Ankle angle on the XZ plane of the target leg [°] 143.36 73.16 143.49 64.52
Ankle angle on the YZ plane of the non-target leg [°] 11.68 -11.42 11.14 -11.46
Ankle angle on the XZ plane of the non-target leg [°] -45.16 —-138.63 -39.28 -132.58
Ground reaction force X component of the target leg [%)] 20.09 -8.75 20.09 -9.06
Ground reaction force Y component of the target leg [%] 17.48 -8.61 18.18 -8.82
Ground reaction force Z component of the target leg [%] 128.31 —4.04 129.63 —-4.54
Ground reaction force X component of the non-target leg
%] 10.75 -20.67 10.92 -20.62
Ground reaction force Y component of the non-target leg
%] 11.36 -13.32 11.52 -13.88
Ground reaction force Z component of the non-target leg
(%] 125.33 -5.00 122.17 -8.01
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Ankle angle on the YZ plane of the target leg in the
range from 80% to 100% [°]

- -16.15 - -3.32

Ankle angle on the YZ plane of the non-target leg in the
range from 80% to 100% [°]

- -0.55 - -1.61
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Fig. 9.3 Training setup. Training protocols.
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Fig. 9.4 Training setup. Training protocols.
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Fig. 9.5 Scene of training.
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Table 9.1 Average and SD of maximum thumb-to-ground distances [mm]
(*:0.01<p = 0.05 **:p = 0.05).

Before training After training p-value

Right foot 50.85+12.81 77.81£6.75 oK
Participant 1

Left foot 61.15+5.84 64.79£10.75 *

Right foot 52.64£7.16 96.26 +4.58 ok
Participant 2

Left foot 39.89+5.59 86.17%£11.75 o

Right foot 58.73£4.27 62.2£8.22
Participant 3

Left foot 71.18%5.82 82.11£9.80 *

Right foot 30.85+4.79 56.85+13.73 o
Participant 4

Left foot 45.41+8.10 64.61+5.31 ok

Right foot 31.34%7.55 57.44%8.01 ok
Participant 5

Left foot 48.26£7.01 60.99+12.67 *
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g 2 6 — Average of “gait rarely associated with stumbling” class
22 50 Average of participant 4 before the training
g 3 — Average of participant 4 after the training
594 \;A___‘, . £ Average of participant 5 before the training
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Fig. 9.6 Average right thumb-to-ground distance and right-joint angle of the data sets used in
the learning model, and the data before and after training.
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