A Study on Information Constraining

Coordination of the Respiratory System
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(Cohen, Holmes,
& Rand, 1982; Rand, Cohen, & Holmes, 1988) (Iberall, Wilkinson,

& White, 1993)

(synergetics) (Haken, 1978, 1983)
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(Kugler & Turvey, 1987)— —
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f =7 + 180°

Figure 1-2  Hoyt & Taylor(1981)

Haken, 1978, 1983
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Kelso(1984)
Kelso(1984)
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Figure 1-2.
Hoyt & Taylor, 1981; , 2000



f=0
WC
Haken, Kelso, & Bunz 1985 Kelso(1984) 2
2
V
V =-acodf )- bcog(2f ) (1-1)
(1-1) V a b
b/a (Hakenet al.,
1985) (1-1) o - — - — (1-2)
f'=-asn(f)- 2bsn(2f) (1-2)
fo2 (Haken et al ., 1985)
f V

(Shaw, Kugler,
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Kinsella-Shaw, 1990)

Kelso(1984)

(1-1)

Figure 1-3

(critical slowing down)

Haken, & Kelso, 1986)

—_ f—— f

b/a w,

Figure 1-3

(1-1) f=0

(critical fluctuation)

(Schoner,

Df

(Kelso, Scholz,

& Schoner, 1986; Scholz, Kelso, & Schoner,1987)
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-1 T
b/a=0.0

Figure 13. HKB
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HKB

- 12

f =Dw- asn(f)- 2osn(2f )+./Qx, (1-3)

Dw detuning
Dw =(w, - w,) e.g., Cohen et al., 1982; Kelso, DelColle, & Schoner,
1990; Kelso & Jeka, 1992; Kopell, 1988; Rand et al., 1988; Sternad, Turvey,

Schmidt, 1992 Dw von Holst

asn(f )- 2bsn(2f)
Turvey & Carello 1996 X,

Q>0 (stochastic force)

Schoner et al., 1986

e.g., Schroeder, 1991 (1-2) (1-3)
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Haken 3 HKB (Haken-Kelso-Bunz)

HKB (1-3) HKB
Figure 1-4 (1-3) f
ya W, f
f f
¢ ¢
Figurel-4 (1-3)

(Amazeen, Amazeen, & Turvey, 1998b; Schmidt

& Turvey, 1995; Turvey, 1994)

(). Dw =0 f sabte =Y
(b). (i)Dw <0 fome-y <O (ii)Dw >0 fowe-yY >0
(c). Dwt 0 y =0 y =p [y
(d). w, |Dw] ——
(e). Dw=0 Dw A ——
.y =0 y =p Df
(9. w, |Dw| Df
(h). Dw =0 Dw W, SOf
f sable fy
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Figure 1-4. HKB

Dw 0



(e.g., Kelso, 1984)
(e.g., Kelso & Jeka, 1992)
(e.g., Fitzpatrick, Schmidt, & Carello, 1996; Fitzpatrick, Schmidt,
& Lockman, 1996) 1 (e.g., Schmidt, Shaw, & Turvey,

1993) 2 1 e.g., Amazeen, Schmidt,
& Turvey, 1995; Schmidt, Christianson, Carello, & Baron, 1994; Schmidt &

Turvey, 1994 2 Schmidt, Carello, & Turvey, 1990

Kugler & Turvey (1987)

20 cm

50 cm 0.02 kg/m 0.41 kg/m°
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HKB

Schmidt & Turvey, 1995 ) HKB

HKB

HKB

- 21 -

Dw w

Amazeen et al ., 1998b
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2-1.

Locomotor-Respiratory Coupling LRC

e.g., Bramble & Carrier, 1983; Bramble &

Jenkins, 1993 e.g., Takano, 1988

e.g., Funk, Milsom, & Steves, 1992

LRC

LRC
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2-1-1.

Kugler & Turvey, 1987

Figure 2-1
1)
e.g., Bramble
& Carrier, 1983; Bramble & Jenkins, 1993 2)
Hoyt & Taylor,
1981 3)
_ 4)

- Wrist-Inverted Pendulum Movement:

WP
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Figure2-1.
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Amazeen, Amazeen, &

Turvey, 1998a

WP
10 4 6
3 25.0cm 1049 [ SHORT] 37.5cm
139 g [ MEDIUM] 50.0 cm 178 g [ LONG] WP
60 kg 1.516 1.200 0.970 Hz
Kugler & Turvey, 1987 1.2
cm 2.5¢cm 12 cm
Figure 2-1
METABO
Penny & Giles
WP DAT

RD-135T TEAC
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Apple Macintosh 7100/80AV A/D

National Instruments NB-M10-16L
200 Hz  A/D
3
WP
(sagittal plane)
WP
1 90 3
WP 2
Ventilation: VT f,
f =1/(time of peak extension ,,, - time of peak extension ,) (2-1)
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WP VT f f

(Yamanishi, Kawato, & Suzuki, 1979)

, time of pesk extension ;. , - time of start of expiration .,

f.=20 — : . . (2-2)
time of peak extenson ,,, . - time of pesk extenson ., ...
f f. f meanf f Df
Figure 2-2 meanf -1.0 2.0 rad 26 3.0 5.0 rad
4 -1.0 2.0rad
meanf

SHORT  r?(7)=0.902, p<.001, y=4.48x-111 MEDIUM r?(6)=0.916,
p<.001, y=518x-1.25 LONG r?(7)=0.832, p<.001, y =5.18x- 1.29
r’(24)=0.869,

p<.001, y=4.89x- 1.21 3.0 5.0 rad

r?(24)=0.987, p<.01, y=5.28x+1.77

meanf Df
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MEANT yp_yt (rad)

—O— SHORT
| —I- MEDIUM m
—A— LONG
N ©O
. Ao
. ng
B s gon BB A
[ g°"a "

0 0.1 0.2 0.3 0.4 0.5 0.6

FREQUENCY (Hz)

Figure 2-2. Meanf
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2 1
meanf -0.43 1.94rad 0.13 0.61Hz 26 1 meanf  3.38
5.08 rad 0.30 0.62 Hz
RIUE Radial flexion -
Inspiration & Ulnar flexion - Expiration RIUE
UIRE
Ulnar flexion - Inspiration & Radial flexion - Expiration

UIRE 2 meanf

WP VT 2

meanf =4.89f - 1.21 meanf =5.28f +1.77

RIUE>UIRE meanf =4.89f - 1.21 meanf  RIUE

RIUE  UIRE

1 €Y
@) 2
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RIUE

UIRE 2

HKB

HKB
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2-1-2. 2 2

1 WP-VT 2
meanf WP-VT
HKB
HKB
Df
meanf SDf
2 1
WP-VT
1) 2)
3) 3
3 WP
f
WP-VT RIUE UIRE x SHORT MEDIUM LONG x

1.0,1.2,1.4,1.6,1.8,2.0Hz 2% 3% 6
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Ambulatory
Monitoring Inc. RC

Ab METABO

1) WP
PC Apple Macintosh 7100/80AV
1.0 Hz 2.0 Hz
0.2 Hz 6
5 1.0 Hz
WP

1.0 Hz 10

4)
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3 WP RIUE

UIRE
1
WP
WP VT
WP-VT

1 30 6 x 5 6 X

3 18

RC Ab WP

2 5

VT RC Ab FIR 0.5 Hz
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WP VT

S)f WP-VT

Ab

meanf . Ay

VT

fwevr

qWP qVT

WP-VT

q; = arCtan(Xij/D(ij)

]

WP VT

1 200

(2-3)

WP VT j
Wp VT Fwe v =Awe; = Qv
fwevr meanf .\t f wevr
RC
WP RC WP Ab meanf ,p. e
Df wpre  DF we o
0.5 fwevr
2
x 9 162
972 Schmidt, Bienvenu, Fitzpatrick,
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& Amazeen (1998) fwevr

(stable) (unstable)

(transitional)

erors) 1 f e
( ) WP-VT
(other mode) fweovr
2 x 3
x 6 36 3
100x / X
f wevr RIUE
Table 2-1 UIRE
3( )x 6( ) 2

F(5,40)=13.89, p<.01 F(5,80)=2.21, p<.05
UIRE 1.8 Hz SHORT

LONG HKB

f WP-VT meanf WP-VT SDf WP-VT
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Table 2-1. UIRE f
Frequency (Hz)
1.0 12 14 1.6 1.8 2.0
SHORT
stable 100 100 100 96 78 67
unstable transitional 0 0 0 0 19 26
errors 0 0 0 4 4 4
other mode 0 0 0 0 7 4
MEDIUM
stable 100 100 100 93 85 74
unstable transitional 0 0 0 4 11 26
errors 0 0 0 4 4 0
other mode 0 0 0 0 0 0
LONG
stable 100 100 100 96 96 74
unstable transitional 0 0 0 0 0 19
errors 0 0 0 4 4 7
other mode 0 0 0 0 0 0
RIUE (unstable)
RIUE



WP VT RC Ab 2 x 3 X 6

F(5,40)=5734.59,p<.001

F(5,40)=5863.33,p<.001 F(5,40)=352.01, p<.001 F(5,40)=3401.56,p<.001

Mean@
RIUE f =0 UIRE f =p
RIVE
UIRE (2-3)
RIUE f-OUIRE f-p meanf meanf . r

meanf o . Meanf . A, Meanf

Mean® ,o.,r Meanf o 2( )% 3( )% 6(

) 3

F(2,16)=18.63, p<.001  meanf ,, SHORT MEDIUM>LONG

F(10,80)=5.46, p<.001 1.2-1.8Hz meanf .,  SHORT MEDIUM>LONG

2.0 Hz SHORT>MED IUM>LONG SHORT



(a) RIUE mode

2 —
—O—1.0Hz
19 r @12
L 1114
S 18 16
g 18
S 17 r —A—20
S 16 F
2 15| o\cﬁ
z O ’
L
S 14+
13
12 1 L 1
SHORT MEDIUM LONG
LENGTH OF PENDULUM
(b) UIRE mode
2 —
-O-1.0Hz
19 F @12
1114
S 18 16
g ék\ A-18
= 17rF —A—20
i - D._\
z 16 F
g I
z o7
L
S 14+
13
12 1 L 1
SHORT MEDIUM LONG
LENGTH OF PENDULUM
Figure 2-3.
WP-VT
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meanf ., 1.0<1.6-2.0Hz 1.2-1.4<2.0Hz Figure 2 -3
Mean® e Meanf, . o 3
F(2,16)=19.76,p<.001  meanf p qc SHORT MEDIUM

> LONG

F(10,80)=5.13,p<.001 1.0-1.8 Hz meanf p.
SHORT MEDIUMSLONG 2.0Hz ~ meanf,pnq.  SHORTSMEDIUM>LONG

LONG meanf , o« 1.0-1.4>1.8-2.0 Hz

Figure 2-4

Mean® ., Meanf,. 4,
F(2,16)=15.99,p<.001 meanf o ap SHORT

MEDIUM>LONG

F(5,40)=7.67,p<.001  meanf,,,,  1.0-1.6>1.8-2.0 Hz

F(10,80)=3.92,p<.001 1.0 Hz meanf ., ,,  SHORT>MEDIUM LONG

1.2-1.8 Hz meanf 5 Ay SHORT MEDIUM > LONG 2.0 Hz meanf 5. Ay

SHORT>MED IUM>LONG SHORT meanf 5 Ay
1.0>1.8-2.0 Hz 1.2>2.0 Hz MEDIUM meanf . A,

1.0-1.2>1.8-2.0 Hz 1.4-1.6>2.0 Hz  LONG meanf .

1.0-1.4>1.8-2.0 Hz 1.0>1.4-1.6 Hz Figure 2-5
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(a) RIUE mode

r —O—1.0Hz
1971 12
18 F 1114

r - 1.6
1rr <18
16 I —-A-20
15 F
14
13
12 r

MEAN® p_rc (rad)

1 I 1 1 1
SHORT MEDIUM LONG

LENGTH OF PENDULUM

(b) UIRE mode

18
17}
16
15 F
14 |

13 -o-10mz
- e 12
L2 514
11F =16
1 i -~ 18
[ _A-20
09

MEAN® p_rc (rad)

08 I 1 1 1
SHORT MEDIUM LONG

LENGTH OF PENDULUM

Figure 2-4.
WP-RC
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(a) RIUE mode

12 i
11 I
2 08
s 07
=z 06 e-12
S o5 14
p= - -m-16
041 A138
03 L 420
02 1 L 1
SHORT MEDIUM LONG
LENGTH OF PENDULUM
(b) UIRE mode
12 i
11 I
= I
& oo}
2 08
s 07
= 06 -e-12
S o5l O-14
p= r @16
041 _A-18
03 —A-20
02 1 L 1
SHORT MEDIUM LONG
LENGTH OF PENDULUM
Figure 2-5.
WP-Ab
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SDg

Meanf VT RC Ab WP Sf SOf vt SDf e e
DFf e ao 2 x 3 X 6 3
SD@ e SDf e vy 2( )% 3( )% 6( ) 3

F(1,8)=8.94,p<.05  RIUE<UIRE

F(5,40)=16.22,p<.001  1.0-1.4<1.6<1.8<2.0

Hz Df e vr

F(5,40)=5.02,p<.001 1.6-2.0Hz SDf e vt RIUE<UIRE

SDf oy RIVE 1.0-1.6<1.8<2.0 Hz  UIRE
1.0-1.4<1.8<2.0 Hz 1.6<2.0 Hz Figure 2-6
SD(p WP-RC S)f WP- RC 3 S:)f WP-VT

F(1,8)=11.64, p<.01 UIRE

RIVE Df e

F(5,40)=18.41, p<.001  SDf . o

1.0-1.4<1.6<1.8<2.0 Hz

F(5,40)=5.74, p<.001 1.6-2.0 Hz  UIRE SDf e RIVE

SDf e RIVE 1.0-1.6<
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SD@ yp-yr(rad)

06

04

- —O- RIUE mode
01 - UIRE mode

O 1 1 1 1 1 1
1.0 12 14 1.6 18 2.0

FREQUENCY (Hz)

Figure 2-6.
WP-VT
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SD® yp_gc (rad)

06 1
05

04

- —O- RIUE mode
01t - UIRE mode

o 1 1 1 1 1 1

1.0 12 14 1.6 1.8 2.0
FREQUENCY (Hz)

Figure 2-7.
WP-RC
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1.8<2.0Hz UIRE 1.0-1.4<1.8<2.0Hz 1.6<2.0Hz Figure

2-71
SD® oy SDF e ap 3
F(1,8)=3.58,p<.10
F(5,40)=17.56, p<.001 UIRE
RIUE SDf e an
SDf e an 1.0-1.6<1.8<2.0 Hz

F(5,40)=5.71,p<.001

1.6-2.0 Hz  UIRE  SDf,,.,, RIUE

Df e an RIUE 1.0-1.6<2.0 Hz  UIRE
1.0-1.4<1.8<2.0 Hz 1.6<2.0 Hz Figure 2-8
Figure2-3 2-8 VT RC Ab meanf
Df meanf Df
VT RC Ab 4

meanf 3 x 2 x 3
X 6 4

F(1,8)=66.38,p<.001
F(2,80)=36.23,p<.001

meanf
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SD@ wp_ap (rad)

06 r
05
04
03 F %ﬁ‘ /
02 r
- -O- RIUE mode
01t —- UIRE mode
o 1 L L 1 L 1
1.0 12 14 1.6 1.8 2.0
FREQUENCY (Hz)
Figure 2-8.
WP-Ab
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1.0-1.2 Hz meanf . ., meanf . . >meanf . ,,
1.4-2.0 Hz meanf . ;> meanf . .. >meanf , 5,
SDf 3 X 2 x 3
X 6
F(1,8)=19.33,p<.001
F(2,10)=7.07,p<.01
F(2,10)=2.59, p<.01
SDf
RIUE SDf WP—VT<S:)fWP—RC<33f WP- Ab UIRE SDf WP—VT<SDfWP-Rc
Df e ap
HKB
RIUE UIRE
HKB ™
SDf HKB (h) UIRE
RIUE RIUE UIRE
Meanf meanf =0
meanf meanf >0
SHORT MEDIUM  LONG meanf
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HKB (d) VT WP meanf
0.2-0.4 Hz
WP 0.970-1.516 Hz
Dw?tO HKB meanf 1 O
SHORT ~ MEDIUM 1.516 1.200 Hz
LONG WP 0.970 Hz VT
HKB meanf  LONG
SHORT meanf HKB
(e) WP VT meanf

HKB f=0

HKB

HKB

HKB @ ®)()(9)
() Dw =0
€Y
(b) Dw<O0
Dw >0 meanf Figure 2-3

meanf >0 (c) ()
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(),
©)
e.g., Amazeenet al ., 1998a; Schmidt, Shaw,
& Turvey, 1993; Sternad et al., 1992

HKB

Rafder, 2000

UIRE
RIUE

Raller(2000)

RIUE 1.5-1.8 rad
Rafler(2000)

1.5rad
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UIRE  Raller(2000)

meanf . ;> meanf ., .. >meanf ,,, ,,>0

meanf HKB
VT RC Ab
RC Ab
VT RC
Ab
RC Ab

Konno & Mead, 1967

- 51 -

RIUE



057

~ 04 r
S
o
S
T
03r —O—SDQ yp_yr
—A— SDQ yp_pe
—++ SD@ yp_ap
0'2 1 1 1 1 1 1
1.0 12 14 1.6 18 2.0
FREQUENCY (Hz)

Figure 2-9.
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Df

Df e vr < SDF o re < SDF e ap Figure 2-9 HKB

meanf ..+ >meanf ,, rc >meanf 5 ,,>0

S:)f WP- Ab< S:)f WP- RC < S:)f WP-VT
Ab RC VT
Ab VT RC
1.2 Hz Figure 2-10
VT RC Ab
(h) Riley, Santana, & Turvey, 2001 VT
RC Ab
r
r=4/x% +(x/w)? (2-4)
X (5w )
q q=1°
r 360
r r
r=1 (h )
h 3 x 2 x 3
6 4
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(b) VT at 1.2 Hz

08
06
04rF
0.2

0

VELOCITY

-0.2
-0.4

-06F

-0.8
-0.1

POSITION

(b) RC at 1.2 Hz

0.8
06
04rF
02Ff

0

VELOCITY

~02}
04}

-06F

-0.8
-0.1

POSITION

() Ab at 1.2 Hz

0.8
06
04rF
02Ff

0

VELOCITY

~02}
04}

-06F

-0.8
-0.1

POSITION

Figure 2-10.
1.8 Hz

(e) VT at 1.8 Hz

us
06r
04r
02r

oF

VELOCITY

-02r
-04 F
-06 r

-0.8

-0.1

(e) RC at 1.8 Hz
06 r
04+
02r

ol
02l

VELOCITY

-04 F

0
POSITION

0.05

0.1

(f) Ab at 1.8 Hz

08r
06 F
04+
02F

oF

VELOCITY

-02r
-04 F

-0.05

POSITION

0.05

0.1
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-0.05

0
POSITION

1.2 Hz

0.1



F(2,16)=30.35,p<.001
F(1,8)=11.70,p<.01 F(5,40)=17.28,p<.001 h  VT<RC<Ab

RIUE<UIRE 1.0>1.2>1.4 2.0>1.6-1.8 Hz

F(2,16)=4.03,p<.05

RIUE  UIRE VT<RC<Ab VT Ab RIUE<UIRE
F(10,80)=5.26, p<.001 1.0 Hz VT RC<Ab  1.2-1.8 Hz
VT<RC<Ab 2.0 Hz VT<RC Ab VT
1.0>1.2>1.4 2.0»1.6-1.8 Hz RC 1.0>1.2 2.0>1.4-1.8 Hz Ab
1.0>1.2>1.4>1.6-2.0 Hz Figure 2-11
Ab VT
VI RC Ab

Beek, Schmidt, Morris,

Sim, & Turvey, 1995 Beek et al.(1995)

van der Pol Rayleigh

RC Ab RC
Ab

HKB

- B -



03r1

0.25

015

HARMONICITY

01r

—0— VT (RIUE)
—e— VT (UIRE)
—o— RC (RIUE)
—&— RC (UIRE)
—A— Ab (RIUE)
—&— Ab (UIRE)

0.05 : :
0 12 1.4 16 18 20

1

Figure 2-11.

FREQUENCY (Hz)
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WP
HKB
meanf Df

VT<RC<Ab Df

HKB
Riley et al., 2001;

Schmidt et al., 1993

Df o SDf Df ,,;

Tuller, Turvey, & Fitch, 1982

Df

Goldfield, Schmidt, &

Fitzpatrick (1999)

RIUE
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UIRE 1) 2)

UIRE

RIUE
Df f Df
Df
[critical fluctuation]

HKB
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(1990)
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(1990)

HKB



RIUE UIRE x SHORT

MEDIUM LONG x 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 Hz
9 18
4 5
1 2 SHORT MEDIUM LONG 3
SONY ECM-360
SONY CFD-700 A
SONY MDR-AV280
B
10cm 2.4cm Figure 2-12
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Penny & Giles

PC Apple
Macintosh 7700/80AV
0.6 Hz 2.0 Hz 0.2 Hz
8
0.6 Hz 2.0 Hz 16.7 12.5
10.0 8.3 7.1 6.3 5.6 5.0 64.3
0.6 Hz 9x 2=18
A/D National Instruments
AT-MI10-16XE 200Hz A/D PC EPSON
Endeavor VZ4000
2
Figure 2-12 A
2 3
1 A B
RIUE UIRE
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Df

864

12

48

(2-2)

108

- 63 -

meanf

f



100x /

f RIUE
Table 2 -2 UIRE
3 x 8
2
F(2,16)=3.64, p<.05 F(7,56)=14.14, p<.01
UIRE SHORT
LONG
Mean@
UIRE 1.6 Hz f
Table 2 -2 HKB
1.6-2.0 Hz
f  meanf Df meanf
2 x 3 x5 3
F(8,64)=2.06, p<.10  meanf 0.6 Hz
SHORT<MEDIUM 0.8 Hz LONG<MEDIUM  1.4Hz LONG<SHORT
SHORT meanf 0.6<1.0-1.4 Hz
Figure 2-13
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Table 2-2. UIRE
Frequency (Hz)
0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
SHORT
stable 100 100 100 100 100 89 67 44
unstable transitional 0 0 0 0 0 11 28 50
errors 0 0 0 0 0 0 0 0
other mode 0 0 0 0 0 0 6 6
MEDIUM
stable 100 100 100 100 100 78 50 44
unstable transitional 0 0 0 0 0 22 50 56
errors 0 0 0 0 0 0 0 0
other mode 0 0 0 0 0 0 0 0
LONG
stable 100 100 100 100 100 67 61 39
unstable transitional 0 0 0 0 0 22 39 61
errors 0 0 0 0 0 6 0 0
other mode 0 0 0 0 0 6 0 0
RIVE (unstable)

RIUE

65 -



(a) RIUE mode

13
—O— 0.6Hz
12 ——038
—+ 1.0
= 11f - 12
g - 14
= 1r —A— 16
a =~ 18
= 097 20
Z osf
L
= o7t
06
0.5 ! L 1
SHORT MEDIUM LONG
LENGTH OF PENDULUM
(b) UIRE mode
1.3
1.2t
S 1.1
©
= 1r
@
2 09¢f
b=
! 081 —0— 0.6Hz
= 07t —e-03
—-10
0.6 | — 12
—— 14
0.5 ! 1 1
SHORT MEDIUM LONG
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