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2.2.4 AHF 7 B4

7
>
g
o
o)

A, AQ)ye eEots MEs FHen

sX(s) —x(0) = AX(s)+ BU(s) 3)
Y(s) =CX(s)+DU(s) 4

Agehes 2713H7 0d W AHUG) S EHY(s) Abele] #AlolRR, 27

7S x(0) =022 =3 A(3)S Aestd

(sI —A)X(s) = BU(s)
X(s) =(sI-A)"BU(s) %)

A5)E Aol ddsk gelsh

Y(s) =C(sI—A)"1BU(s)+ DU(s)
Y(s) = [C(sI —A)~'B + D]U(s) 6)

upebA, A9k 7k A e 2k

Y
66) = 08
_[€(s1-=A)"'B + D]U(s)
- U(s)
=C(sI—A)™'B+D (7N

AlxEle] ezt 2, 3E A4,B,C,D7F FolAW Aadr B G(s)T
ot = Fo]x A2 e (Transfer function)ol] thsh A e &t 222 ofe] 7j7F QlTh

VP W] E-o](Nonsingular)3] & o] v,

e A1) x(@OWA A2 FE T 2(0) = Px(OF Folshd

x(t) =P z(t) ®

11



A®2) 2% #1¥ah

z(t) = Px(t)
= P[Ax(t) + Bu(t)]
= PAx(t) + PBu(t)
= PAP z(t) + PBu(t) 9)

Al A®)E Bkl z@ms Yels

y(t) = Cx(t)+ Du(t)
= CP'z(t) + Du(t) (10)

219)(10)= gk, 242 AAn12)= FE7F fvh

z(t) =A;z(t) + Bu(t) (11)
y(@®) = Ciz(t) + Dyu(t) (12)

21(11)(12)¢] A3 4 A, B, C;, D+ Y= 2t

A; = PAP™!
B, =PB

c; =cp?
D

D2 A AF z@) ol B ARy FENHA0R z2()E AHASF
2 3 A2E AEezirdo] Hoh

=
AMEE A EzE 29, = A11)(12)9 A3 6,()= TalEd

G(s) =C(sI-A)'B;+D;
= CP(sI — PAP"))"'PB + D
= C(sI—A)'B+D (13)
=G(s)
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Cheng®] 17" o] HREZEL F& AFe %o thsh HRE&HS REF o]
7FeRou, el A7k ol tid HRSHE EdF el v skl

|\ - T |
Exercise intesity | Increased
Walking speed | Central | heart rate

| response I i

I I

I |

I I

: Local :

| response |

I I

e e e e e e e e e e e o

Feedback model
1% 8 Cheng®] A|Iqtet HRO v XY T2 4

1% 8+ Cheng®] A|Fst HRS W F 2ol

x(t) =AL[(t) + B,0(z(t)) + B,u?(t)
z(t) =Cx(t)
A14NA, x(@) =[x @) 17, 6(z@®) = 5(Z(t))a—14 i

(14)

P 713(=): A=B->AE BE A3}
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s a=[g ] m=[g) m= (Gl e=[f

webA, A(15)3 2ol ArEr

%(8) = —a;x;(t) + apx,(t) + a,u?(t)
X(t) = —azx,(t) + a(z(t)) (15)
z(t) =x(t)

8(:0) = 8(0) -

+% oo HR&H2 A-&417 Al(Central response, x;)ZFE T%

wEo®E QE grrEdFo® A7) REG(Local response, x,)0l T4 (x)oE I E
W wo] HREHS ARty 7Hdeta RdES otk x & 3= @)l o

wEoE Qg AAe) AtALL TR
()7 ¢k @A AHRe] ©]3F 1 HE &5 (Z)(Z(t))ol A () H 0] ) 0R =
dxlAE $EAEW?) A AHR(x;) @D FJ=w @ gjaLe ko] W3}

(x)7F FA o] AHR(x = 2z)°] 8o AYH}
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2.2.7 Nonlinear least square system identification 4

Levengber-Marquardt(LM) 2 1] 3 & 4 2} 54 A (Nonlinear Least Square Problem,
NLSP)E F+ Ydnb4d<Ql wo|t) NLSP+= R34l 49 dolg EQJAE Apo]d
ol 2 Al & $H(Sum of the squares of the errors, SSE)S # A 3}stH, S Ho|HE 7|¥lo g
2o vpyiaeE 4 5 vk 283 NLSPE Rdo] v dEgd wf Ay siri20].
NLSP F& W2 SAdolg g Zddoly o] oejE A3 sh7] 28 wi7is
+=5 H A 3slsl= wHE 73 (Iterative improvement)dhs AHS £ 3T LMS £ 7HA
A=l Sl sy 718 7]-317(Gradient descent, GD)®H] ¥} t}
(Gauss-Newton, GN)®H o]t} GDWH S SSE7} # AA}<5(Least
2] 847 (Objective function)] |t ZAAFH3Fe] wioulgko 2 wjjsj
AT S YUolE A7]&= WHelth OGNS 524357} Locally quadratico] 2k 714
stal, HATETY HA#S F5C0EHM SSEE 9 HFolve HAi#oE FHE

=
A7t H24 goziE de 3l wWe GD el 7HAl Zeolrtal,
el

Lo
Y
EY
fr
N
I o
e
I

) -U

[72]
Ne)
[
z
o
!
92
N
%
e
o
e

B

k)
=
<
N
>
N
o

(@) Z[y(t) y(tl.a) (16)
1
E[y y(@)]"wly — y(a)] (17)
1
Ey wy —y wy+2y wy (18)

A16)lA y(ty)e A4 SHE voleloli, j(t,a)°lr ac E& EA2 2 wi7f

W wEo v, 9(t,a)x= FEE Rl SN S, #4889 2] dolHolth

O_u

wi 7t A -3 E (Weighted matrix) 241 wy; = %OJ tf 7} &) & (Diagonal matrix)©| t}. & HEA]

O 2 NLSPo|A HAEGF= 7ha A #H AR5 (Weighted least square) @ B o]t} o] 7] A 7}

SA= exp7l 2 oy AES 1A o HolE AEe ZtEAE ol gorA
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2.2.7.1 Steepest Descent Method (SD)

GD®WH 2> 37 3k(Steepest descent, SD) WH o= de <dujx Qlth o] WHS
H = e

BAG5 71e7)e] W He ggow b

_O‘Lt
rlr
4 b
N
lo
2
X
[
o b
il
e
e
o
rk
o
i)
=
Iz
2
2
> 0
>
N

Kl 0 . T ~
25@ ==-(y-3@) w(y-3@)

=-(y-3@)'w (afﬁf))

=-(y-y@)'wJ (19)
21(19)el A Ji= Jacobian A H =R, HZA g9 2z w74 ¥ 7]-& 7] (Gradient)

g nojFi wEY o

1=
21(19)2 S(a)9] a°ll &3t E3rr2 7157 9EH = JTw(y — y(a))°lth

W e 2120)0] HHEAAC R HAGEE HAodtels WEFOR FHE

Qi =a;—pthgy (20)

2120)°lA ui= SDO Step size®l i, u>0%0 AFolth h, e a; o148 HATS
S(@?2] 71&71°1™ 2(21)3%

hga = J'w(y —y(a) 21)

18



2.2.7.2 Gauss-Newton Method (GN)

GN S H 2 &j(Optimal solution)o| Al 7178 w7 o] tfaff 24342
FEE ZAsRsto] FAeth22, 23] AwbAow HA S| ARG Z7]-wisf-RiF gk
(Initial guess parameter)= & -9, SDRE T} W& FHETE Rl

AA dlolE gk A B4 HolEl7H %A (Residual)= T = y — F(@)ol T F(a) 1A
a’t V4 g hRbE WS W] gE y(a+ h)olet shAb

y(a+ h)E BlYE 55(Taylor series expansion)= %17l 3l H.H

9y 109> 109°

y(a+ h P - 22
Y@+h) = 3@+ h+ g g 22
21(22)S 13 HdY F42 dsd
~ 0y
+h) =% =
y(a+ h) y(a)—i-aah
=3y(a) +Jh (23)
21(23)% 2(18)° i)t
1
S(a+ h) =§rTwr
1 T T 5 1 o~ T ~
=5y wy-y w(y +Jh) +§(y +Jh)'w(® +Jh)
1 T T yardS 1 Ty arS SN\T 1 T T
=Sy wy-—y'wy+sy wy— (-3 w/h + >R 'wih (24)

S(a+h)+ holl #3F 223 El(Quadratic form)C. = A, S(a+ h) 2] Hessian
matrix(H)"= JTwJ 2 AP 3o

T Hessian matrix(H): 2%} 38 1] (Partial derivatives)2] 738 & (Square matrix)

19



| A,

DSt h) === 3)w] + KW (25)

Sa+mE 243l n®, Zs@+h) =0 ¢ W, 57 Hagdr)

2@25)F delstd
--N'wW+hJ"'w] =0
J"whh =]"wly -9 (26)
h =hg =J"wH Y wly-» (27)
21(27)¢] w(Weighted matrix)”7} I(Identity matrix)2Hd 21(27)&
hyw =J"INY Iy -9

(28)

=J0'DY'-»
21(24)2] Hessian matrix= JTJo] 11, JT= Gradient(V)'"o] ™, (y — 9 r2 THA] 221
hgn = (Hyeq)  Vr 29

A~ ®l(Gauss-Newton step)°] 1, 21 (30)= & @& 2t

229)¢] hgp & 7F2rE
7] §1% wHEA kA o)},

=a; — hyy (30)

" Gradient(V): $52] HHWFE] e Aol (Partial derivatives)

20



2.2.7.3 Levenberg-Marquardt Method (LM)

GN'H& NLSPollM 7|34 @3} HA sl eke] Aol7k 2 A, ke 5 gl
LMY 2 SDo} GN W2 Z3kste] wizfisE Ads] H# 9 gow duolE 3
TH20, 24]. 2 (26)= T #o] Wg A7t

J"wj + ADhy, =J'w(y-3) a1)
hy ='W+ ADw(y - 3)

23D by S LM Stepolth Al=0Y A9 228)S] GNPk el
AM=codd A9, SDUHH} FASHA H2 EFdow miArsE FHAAILT LMY
W B Ao W A S A, SDEH A FAreHAl HAE W R
S8 ok vk HAE A A9 Fto]l FAaEe], GNEHoR HAFE
2A Fsth 2(32)¢ hy,©l LM Stepo] th.

him = (Tw] + 2 diag("w])) YT w(y - ) (32)
A7 gre 27) 98 WRAA 4 A(33)0]h

iy1 =a;—hyy (33)

¥ Diag(A): A 3 d 2] Ft)Z-AdE(Main diagonal)©] 7 "3 2 (Square matrix)
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2.2.7.4 SD, GN, LM #9 HF = 59

HA 3} duglFe] A5 HAE 83+ o4 F, ¥ 22 Rosenbrockd+%
o] g-sto] 37kA] WHE ApolHS RAT 1

Y 92 Rosenbrockd <% Non-convex 3=
& 4 9191 Rosenbrock¥ 5 FHAsbsheE FHAE 2 FAx,)oltk 1¥ 10 SDW

NS
or
oX,
ftjo
%

o} Z=t}h AN 271%k
| 63 WrEQAMoR FHFY. 1Y
o= GNWH A oo FA3] uk
2A533]) HAM =z FHTS

[o5

find local minimum

N

-0.5 0 0.5

1% 9 Rosenbrock function 7% 10SD 10003] %38

find local minimum

find local minimum

L {
0 0.5

% 11GN63] 33
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o ATelA Aljtetes, EdEY 25 &

-,

F2ERste Bl o g

X () = —ayx(t) + apxp(t) + azxs(t) + azu®(t) (34)
X () = —asx,(t) + 0(x. (1)) 35
X3(t) = —agxz(t) + agx, (¢) + agou(t) (36)
y1(t) ==x.(t) = AHR (37)
y3(t) = —Cx3(t) := ASkin Temperature (38)
A7, O )= O, w@={y (S, o) A vae a3

135 A 3kst ja =y Rdojth Ajkshs K] e, AdHiHs, ad(E9)
Foll gefeiRd, vk 2k

u(t) = A5 5 EdEd S5 dg
X, (t) = &FOF Q% AHRS W3 AR
X)) = TEOoE QT HAY AthAe T Wit ZEI 2
X3(t) = TFOE QAT APYFES ®ig) ZEE 3
y,(t) := AHR. =d
y3(t) := ASkin Temperature. =4

P

7 %A

flo

x(t) =[ x,(0) x,(0) x3(0) "=[0 0 0]" °]az, w74 q; €R,

0 °lth. AR y(©) = [»n(®) 0y:O]", ()= FEIHZNH

2] AHR, y5(t) =<Fg el 2 FE 2] ASkin Temperature©] i u(t) == E =L £E 24
8Km/h g r3tst £5, ¢ =% A& AlHolth X ()2 5l &§ HRE F&

Aolir, % (1) & AF2%e F W3l QQlojth 1 A, x,(t) v =g 3

Local peripheral®l] 2|3t H] A3 2]l wigtalo|t}, opA] watd, o] Ae]at

FAE(E ) s A e = Che

A

e maE g ol

T

CER, a;>0,C>

1*

fo

o

F

25
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o
=
(39)

ko>
(6]

s}

0¥t} ok
= HA
A A

R

~

k)
ggoz At TF 3

&

F71 woltt. LefA
Al =3 e whek A

=

©

9

E)
o e} A

=

=
=

21(39) ¢
i

A=
7}

=

oy A

)
%

[e)

R

L

o
27t

s S

(39)

3
A

k<)
-

Al
&l

L 5
<

A

o] AHRZ QFIAElZ Zolrty

H] &

o
tH25].

sheie.

el
B9 A FE —ax;() o= AAFAY. 2FC % % AHRO| W3}

[e}
—a;2, (t) + ayx,(t) + azx3(t) + a,u?(t)

s
2

1

Zl
&

KR
i
pS|
=

=]
=5

%1 (1)

= QI%k AHR®| WEEE A= (]E)7F A1A =W AHR

5o

T?__
SERT ) AvldE

ax,(t) + azxs(t) =

A
A ThA

3w %
O N
mﬂ R ol
= T
% i <]
oy = <
) E
o0 F oy
= o
i
)
oV
T

D)
/1\:]'
2 A% #o15]. 29A ANEE WIS A (40) 3

FEREE YYOE 5O ¥ )

~

<

—

N

Njo

oy
oA

w
yooor M
%_E o &
. op 2
1%%1@
.q_mmuﬂnx_.
u_mja._/nﬂdl.
G s
g x %
2o N O®
%%EHE
R
o &) T AW

(40)
e

(41)

=
=

vl A

—agx3(t) + agx,(t) + azou(t)
26

—Cx3(t)

x3(t)
y3(t)
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TOoR Agk AtAte T RstE AAS] A wel dgol gle AF

ATIALQ -7 = 0otk 1ElA]

Mo

X (t) = —asx,(t) + B(x (1)) (42)

O(n(D)= 559 A¥PLEs AHRY EelwES RPN 1Ay BE

B(x; ()2 o] 29 S ta3 Zh
o aeX1 ()

@) o= 1+ exp(—x.(t) + a;) (43)
x,(t) = ->0@(x;)=0 (44)
x(t) »a; - exp(—x () =0, =2 0(x,(8) = agxy(t) (45)
() Ka; ->0(x)=0 (46)
2](44)2 AHR(x;)°] 71¢] 00l 2%, RGeS ottt ojwf v dH (@)L 9l
U= ojmfolth. A(45)2 AHR(x;)°| a, Bttt 343 2 W, ¥ o] 12 T} H

Ag(@)del AddskaS vldth. 4(46)2 AHR(x))O] a, Bt Hs] & o, &
5 o] &4 @l vlsf ggs] ArE v AY(@)E el 002 FHEE T oot
A, 99 B Aol x(t),xnt)E AR Solth thAl Tahw, 2)(44)(46)
o kg A @ L% FubelE x (1), x,(t), %) 7 SHola, v 2459 LE5L
AN B Fol AL 9(x, () = agr, (t) OF AVt vl A Calx
E(Drift) S HolA Hrh o] =ElZE dAe ol mdggor, vl A
Au = thrt o7& WstE ofnlsi
7hl, 21(43) oA x,(0) = x,(0) = x3(0) = 0, u(t) = smalld 2%, 5 g3 2
e EF 2714 20 0(z(0))E &nl AA 7ol F=3 x,(D)E 002 A

steh o A, 2 @7)48)3 o] TdEh

e,
(o

N

-

%) = —a;x;(6) + azxs(t) + a,u®(t) 47)
X3(t) = —agx3(t) + ajoul(t) (48)
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R, A@3)el A u(t)7h Fw8] Avd F, AHEs] & LA EolA xS 2(43)
o] p(z(®))F= 2Aml A BH71el TR x,()E © o1 @l FHAIA EA
gk wepA] o] BEe u() o] 18 Aol whep vl Hibsixivh o714 local & H
MO @O 2717 2 # 9 g7t e e 4 F AT 4O 09 x5(0)
of wEMIt u(t) A7l FEFE WAL, xp(6)7F A=W Hol Sl HH, Hd3]
Z =AM xO7F k()0 FFE

1A, 2(49)(50)2 o] wEE T

% (1) = —a;x;(t) + apx,(t) + azxs(t) + a,u®(t) 49)
X3(t) = —agx3(t) + agx,(t) + agou(t) (50)
1R AT AREEH Ah 2UEELEIAE GuldHn deid )

O 2EHA 400 AMEE w®)E EERe ARslod, Aladeld A wi(t)

b Al w(® waE sk
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ERL:

ion<

A|4%; System Identificat

41 584 dlolg

Aol AA AR E 1

roj stk 919

K=

o gyel AT

,.mo

1o

i

)|

ol
£}

=5 A, BMI

1 @2 A=A AJu: o], 7],

v
ar

BMI

23.03

23.94

23.67

E5A(Kg)

65

75

70

7] (cm)

168

177

178

Hol(Age)

29

25

26

2}

3
=

S1

S2

S3

42 43 O3 9 33

13

Njo

A)
=

Shlvh LefA 2

A}

F2r W3lE HAs)

£}
o

il

%2 FA 5k

30 £ 59

2Rt

}E}

Fl 24 +1CE A8k,

AL oo AL o] §3

&
=

beaeh. =)

s

S|
=

H2)(5, 6Km/h)Z

s

3}
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421 438 T2 EF

Dol 158 AER Sith £5 Folb 15809 #9715 24 SAnh g
3RS YA Y A A dolE g WLt E /Eagw, LETH
3 GBI F RE Juse NPers FAsdn. HEsds @4t
A AAE fASES Stdrh A9 $% 2EE 74 @AE Y ZzeIy 2
o] SKm¢} 6Km28l°] AA At v ew HolEE A5t
32 158 158
oba el Eecy 25 ER]

a9 14 4 LTREE

4.3 Hlolg +3&4 4 dHoly Az

i

AZRES A4 Add Aoz &5 % AARs} AL 540 Hsad. »
=3

9] MCUE Cortex-M3(ST)°|H 2 & ZEWE(Polar)ol] Z25le] HJAEe A2S A=
AT BRES FHo AAR9 dRLEE A=3lo] PCY LabviewE EFFAES
o] &3le] dolEHE HAEItl L AME LX90615ESG-DAA(Melexis)E A 52 A2

3V, Al EEE 40~+15E7HA] on AR 0.025=0]th UF-o Z¥FEH 7|9} of
g2 e WgEe] 9lal, 16bit ADC3ZE EFeta glon PCIE Ao AE o] &
atol AlA FRiZEe =AY 2xvF tA" gow FYErh o] AAME A
(Calibration)©] Z 2 ¢l Al o]t}

A dlolE = 10(Sample/sec), A A=+ 360(Sample/sec)= 7] =313 Th 7] 5% Ho]
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Elt MATLABS ol&-ato] dlojEl el & stk Jdwe] s RRUAS Fato] 1

27407 gAZYste] BgAule2 Taieith IR E golHE 1271408 g
REY T

&tk o] dlolH 5 /S 37 (Parameter Estimation)S 918 10% ©]%
it FEE ol gste]l At 10x HACE Al YAELST B wiWSs

5+7J (Parameter Estimation) 2} 7 o] A wo] AebQl & Al A st A4 3] AA A" st
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4.4 292 dj7j¥S$ 34 (Parameter estimation)

sl

Aol 2AT QSIS HolE ) FHEIRLE, HRE HFOE AXE B

dof ] MIMO w7l ¥H 4 F4& 33t

MIMO-Parameter estimation<> arg r%irlo S(a), & B2A3F S H43letE a
aeR,a>
= HA g EAolt
(1) = f(x(®),au®) (51)
y() =Cx(t) (52)
21(51)(52)°l1 A,
x(0) =0
X =[xy X1z X13 Xpq Xpp Xp3 |T €R®
a = [al al "'alo]T € Rlo
u = [u; u,]’T € R?
Y = [Vi1 Y12 Y13 Y21 Y22 V231" € R®
1 0 0 0 0 O
[ 00000 0 ]
C _]0000 0 —1]_pes
1 0 0 0 0 O
l 0O 0 00 0 O J
0 0 00 0 -1
AGDHE A7Ksk,
(%, ] [-¢, @ a 0 0 0][x,] [a 0] 0]
X, 0 -a;, 0 0 0 || x, 0 O 1
X, 0 a a, 0 0 0 ||l x a, 0 U? 0
‘13 — 9 8 13 + 10 Szkm/h + ¢(x1)
Xy 0 0 0 -a a a| x, 0 a, (U, 0
Xy, 0 0 0O O —a; 0 || x, 0 O 1
_)'CBJ _0 0 0O O a, ag || X, K a, 0]
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2(52)5 AN

o171A,

Y11

Y21
Va3

Il
el
2
jas)
-~

|
r [e]
o
o3
Ru)
jas)
-~

= AHR(5km/h)

= AthAFZ(Skm/h)
= A2 % (5km/h)
= AHR(6km/h)

= AthAFZF(6km/h)

= A% (6km/h)

Y
Y2
i3
Va1
Vo
Va3 |

o o = o o =
S O O o o O

= X11

Il
)
2

o £
>
ok
oft
|
rO
ol
o

S O O O o O

AHR(5km/h)

S O O O o O

S O O o O O

= ~X13 = A2 (5km/h)

= X321

= —X23

AHR(6km/h)
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5, 6km/he] dlo]El 9] &8-S 3o MIMO el E W $kslo] MATLABO. 2 17|

X, AEPH (K, X, X3)0) 2L, ?ﬁui% Ef =Y £5(5 6Kmh), =8y, = @49
T =, 7 "ol gk aAdebest Aot
EASFE
S@ =[yt)—yt,a)]"[ yt)—y(t,a)] (53)

21(53)9) i =123, y(t)= AEIF Aol F=3F =9 dolHold, (¢, a)
F49 wWAATE ast o gk 2ol o] ©lo]H A|EE MATLABZ ©|&
3} Levenberg-Marquardt method = " 7| aEs F73 3T}

et 5-6Km/hel 7 7He] o HolHAESE 7 e &9 HelHAESE BT
5 TEoke 2o HA vyl S a=[a; ap - a]" €ERY, a; > 05 ZF @A HE

ek

rr

X!

4.5 N EHoldH AA dolg e FA HA

=
o
Ay
1o
o

G Azt wE ASGE etk WA AlEdeld EolE e A5 )
olEIztell A5HdAlF AHRMSE)SE A7 AFR)E 7T £ 2o A3y

tlo

BaZue e B Agow FAdnth A HHe 54 HolE e AEHol
A @ dlolezk #Aate] wlaolth dolEe] WAk el AFdold HolHst

o,
o
A1)
=~
=2
S

abell Zpol7h tke THEE FFE(1%)lE te F-H % (Two-
sample F-test)ys T3 tE F&E p-value’t F5w Rt 2 A5 J7HE & 7]
& g gl S vl HolE7E Y EArolghs kolvh I v A= 7 vlolH
TAbe] BAA O R TS FES 1%VNe| 2R, Hlo]H o FAto] tETE giHME S

AeetA Ak 7172 MATLABS o] &3t

L

O
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A 48 d3 3 B9

51 F49 Ae33 229 miAds

%) = —a;x;(t) + apx, (1) + azxs(t) + a,u®(t)
%) = —asx,(t) + 0(z(1))
X3 (t) = —agxz(t) + agx,(t) + a;ou?(t)

y.(t) =10=xx,(t) = AHR

y3(t) = —2#*x3(t) := ASkin Temperature
agx, (t
4714, o(z0) = 1+ exp(6—9161((2) +ay)
wo =70 5
¥ 28 AYE FlA MATLABLZ 78 w4 e] ghs HolFErh o] gh&
o] gste] Al Ed ol Tk
¥ 2 7 A F4E vz
Subject
Parameter S1 S2 S3
al 1.751 1.975 2.802
a2 1.042¢-3 3.421e-1 2.649¢-1
a3 8.377e-2 8.820e-2 5.346e-2
ad 7.483e-2 1.966¢-1 1.730e-1
as 1.000e-3 4.095 1.000e-8
a6 23.449 29.411 29.898
a7 9.9502¢-3 2.804 5.000
a8 1.614 1.486 3.654
a9 4.507e-2 6.900¢-3 5.559e-2
al0 1.073 1.030 1.775
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U

b

ko
(09
1o
2
L
o,

¥ 32 5% 82 549 HRY JH2E, AEHo|A dHolg e Ay EFHA
R’ , F-Test(alpha=0.01), A} 7 #| 3 2 XHRMSE)S K. FT}.
¥ 3 FAdolete}t AlE ol dlolE 9 FAdolH
gt H Data Mean STD R? F-Test RMSE
5km/h 57 -0.307 0.218
0.930 0.0111 0.074
Skm/h Al Ed o)A -0.318 0.248
AT F-2 5 -
6 km/h =73 -0.506 0.346
0.950 0.7126 0.091
6 km/h Al & o] A -0.475 0.347
S1 .
5km/h =73 23218 15.991
0.972 0.4457 3.288
Skm/h Al EZolA 21.257 16.388
AHR -
6 km/h =73 30.262 23.626
0.966 0.7713 4.651
6 km/h Al E# o] 31.649 23.007
5km/h =73 -0.316 0.246
0.966 0.5376 0.060
5km/h Al E# o] -0.289 0.257
AT F2 5% -
6 km/h =7 -0.436 0.373
0.973 0.8195 0.068
6 km/h Al E# o] -0.435 0.369
S2 .
5km/h =73 21.377 12.751
0.952 0.0026 3.725
S5knm/h AlE#E Ol | 20.892 15.388
AHR .
6 km/h =7 48.663 33.230
0.973 0.5486 5.085
6 km/h Al EZ ol | 47.805 32.290
5km/h =73 -0.266 0.166
0.916 0.1173 0.054
Skm/h Al EZolA -0.291 0.174
AT F-2 5 -
6 km/h =73 -0.465 0.277
0.874 0.0523 0.102
S3 6 km/h Al & o]A -0.428 0.249
5km/h =73 23.587 11.757
e 0.913 0.3317 4.004
Skm/h Al EHolA . .
AHR = 22.199 12.520
==
6 km/h =74 30.840 16.259 0.922 0.0661 5 4299
6km/h A& o] A 32.666 17.933
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I% 17()F @A 5-6km/hell A T F-] WS AlEH ol g ZAijo|t)
ARAT RS 27 09308} 09502 FA A O 2= AlEHolA vlolE FH 54
dolel7t 2 FAsk S BojFErh w3 F-A P AT p-ValueZt 27} 0.011, 0.7126
o7 FFE 1%olA F oHolEr FARAAE & = Uk 29 17(b)e ek
3t diolEl= ZAAG @®RH°1 ZH7F 09669 0.97201H, F-H A= 25T 1%

A dolEl FoRAlS o 4 quh wEla, REgAns £A40w Ag).

Subject 1

Delta skin temperature ( °C)

Time(mins)
(a) AYF&5

Subject 1

Delta HR(BPM)

Time(mins)

(b) AHR

I% 17 382 A Bl Ao B (A ) S HolE(FA)

37



a% 185 @A S-6km/hell A FF2E8 HRE ®WIgtE AlE#old g A
olty, F-A A3} p-valueZ} 0.002Z Skmv/holl HREJCIE]7} F94F 1%04, F dlolH
o] ko]l A ¢rthE Adrb gtk st AAAST GRS
AlEFolA dlolg FHel ZHAd ey & FHs e s &
3.725% Zof AZvolHE AWats Aele et sl #

Aehe mele ggstrin @ & ek

0.95 o]4}o=

=
el

+ 93, RMSE%k
= e 2=t S = P )

Subject 2

Delta skin temperature ( °C)

Time(mins)
(a) AYHF-E5

Subject 2

Delta HR(BPM)

Time(mins)

(b) AHR

a9 18 JEA2e] AlEgelddelE (A S volH (R4
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ABSTRACT

A study on design of nonlinear state-space model to estimate

response of skin-temperature during treadmill exercise

The aim of this study is to design a nonlinear state-space model to estimate response of skin-
temperature during and after treadmill exercise. The model was designed with state-space equation
based on physiological mechanisms. The model is composed of three components to describe the
autonomic nervous system, local metabolism, core-temperature. It is a feedback interconnected
system. System Identification experiments for three subjects were carried out to estimate the
parameters of models. Through this experiment, a step input of the model (5, 6 km / h) for the
output of the system was collected. After that, the input and output data consists of the subjects
MIMO (Multiple Input and Multiple Output) system, and parameters were estimated by
Levenberg-Marquardt technique to perform the optimization process. And simulation of the model
and real data are compared to check the suitability of the system. As a result, it was deemed
suitable for individual models.

In this study, the proposed nonlinear dynamic model can be useful of skin temperature
control. In the future, through the deep temperature measurements, the design model can be

applied to predict the temperature in thermal protection systems.

Key words : treadmill exercise, nonlinear state-space model, core-temperature response,
system identification, skin temperature prediction, feedback interconnected

system
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